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Abstract

Thesis abstract

There is a great deal of demand for construction of transplantable bioartificial liver
grafts for patients with end-stage liver diseases due to a shortage of organ donors. Recent
advances in tissue engineering enabled in vitro construction of whole-organ liver tissues
using decellularized livers. However, it is still challenging to construct transplantable
liver tissues, because these tissues are limited to short-term transplantation due to the lack
of intact vascular networks. Therefore, the construction of functional vascular networks
continuing from large vasculatures to microvessels is critical for development of
transplantable liver tissues. Nevertheless, little is known about formation of microvessels
in a decellularized liver. This thesis focuses on the construction of whole-organ vascular
networks including microvessels by regulating mechanical and chemical factors.

Chapter 1 summarizes the background and objectives of this thesis.

Chapter 2 describes a construction of microvessels in a decellularized liver.
Experiments were performed based on the hypothesis that fluid shear stress and surface
coating with fibronectin can induce formation of hierarchical vascular networks including
microvessels. The results demonstrated that a combination of perfusion culture and
fibronectin coating significantly enhanced formation of microvessels, which were not
observed in static culture. These results suggested that mechanical and chemical factors
played important roles in the formation of in vitro microvessels.

Chapter 3 describes investigation of microvascular formation including anastomoses
using a microfluidic chip because vascular anastomosis formation is an important step in
construction of arterio-venous networks. It was found that coculture of human umbilical
vein endothelial cells (HUVECs) and human mesenchymal stem cells (MSCs) effectively
induced formation of microvascular networks including vascular anastomoses in a gel
region. The results indicated that a HUVEC:MSC ratio, and corresponding gradient of
biochemical factors were critical for the efficient formation of microvascular networks
including anastomoses.

Chapter 4 describes construction of functional vascular networks by regulating
mechanical and chemical factors using a decellularized liver and validates the
antithrombotic function of the constructed vascular networks. This chapter indicated that
improvement of endothelial cell coverage in a decellularized liver reduced platelet
deposition. This result indicated that constructed vascular networks in a decellularized
liver showed antithrombotic functions. The methods described in this study will provide
useful insights for construction of transplantable livers.

Chapter 5 summarizes the results of this thesis and describes future prospects.
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Chapter 1 General introduction

Chapter 1 General introduction

1-1 A major issue in organ transplantation

Over 40,000 people pass away in the United States annually due to chronic liver
diseases and cirrhosis (Xu et al., 2018). However, orthotopic liver transplantation is the
only fundamental treatment for patients with end-stage liver diseases, which cannot be
replaced by any other therapeutic modalities or artificial devices. As a result, a lot of
patients pass away globally while waiting for vital livers for the lack of sufficient number
of gifted vital livers from donors (Japan OrganTransplant Network, 2019). To overcome
this problem, alternative therapeutic strategies to liver transplantation are needed for

patients with end-stage liver diseases.

1-2 Function and anatomy of the liver

The liver provides functions required to maintain homeostasis in the organism. To
achieve this, the liver synthesizes numerous essential molecules of diverse sort: extracts
and metabolizes a plethora of nutrients and xenobiotics brought into the body through
alimentary tract; stores, exports, and/or excretes the metabolic products; and neutralizes
numerous foreign antigens and microbes from the gut. These various functions take place

in a structurally complex, multicellular tissue with a unique angioarchitecture.

1-2-1 Liver function
The liver is the largest solid organ in the human body and performs more than 500
essential biochemical reactions, including detoxification, protein synthesis, and the

production of digestive chemicals. The major functions of the liver are as follows:

1) Bile production

The major function of bile acid is to sustain nutrition for the growing organism by
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solubilizing dietary lipids (Hofmann, 1988). Bile is a complex fluid containing water, bile
acid, cholesterol, phospholipids, bilirubin, and electrolytes that flows through the biliary
tract into the small intestine. Especially, bile acid is critical for digestion and absorption

of fats and fat-soluble vitamins in the small intestine.

2) Glucose metabolism

The human liver possesses the remarkable ability to produce glucose that is released
to the systemic circulation and used by other tissues or organ, particularly during periods
of fasting. Hepatic glucose production derives from glycogen breakdown
(glycogenolysis) and from de novo synthesis of glucose (gluconeogenesis) (Adeva-

Andany et al., 2016).

3) Drug metabolism

Metabolism is a biotransformation process, where endogenous and exogenous
compounds are converted to more polar products to facilitate their elimination from the
body (Almazroo et al., 2017). The process of metabolism is divided into 3 phases. The
most common phase I drug-metabolizing enzymes are represented by cytochrome P450
(CYP450) superfamily. CYP450s are the major group of enzymes that chemically modify
drugs into their water-soluble products to facilitate the excretion by kidney and/or
liver. During phase II drug metabolism, the drugs or metabolites from phase I pathways
are enzymatically conjugated with a hydrophilic endogenous compound with the help of
transferase enzymes. Phase III pathway is classified into 2 main superfamily: ATP-
binding cassette (ABC) and solute carrier (SLC) transporters. ABC transporters are
dependent on the ATP consumption to actively uptake or efflux the drug from one side of
the cell membrane to another, whereas SLCs facilitate the passage of certain solutes (e.g.,
sugars and amino acids) across the membrane and actively transport other solutes against

their electrochemical gradients by coupling the process with other solute or ion.
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4) Alcohol metabolism

Alcohol metabolism occurs largely in the liver. The bulk of ethanol oxidation occurs
in the liver via alcohol dehydrogenase, which is predominantly expressed in hepatocytes.
The second major pathway for ethanol elimination is the microsomal ethanol oxidizing
system catalyzed by CYP 2E1. CYP2EI activity pathway is elevated in chronic alcoholics
and induction of this pathway contributes to the metabolic tolerance to ethanol observed

in alcoholics (Lieber, 2000).

5) Liver regeneration

Liver regeneration is popularly associated with the legend of Prometheus in ancient
Greece. The ancient Greeks recognized liver regeneration in the myth of Prometheus.
Having stolen the secret of fire from the gods of Olympus, Prometheus was condemned
to having a portion of his liver eaten daily by an eagle. His liver regenerated overnight,
thus providing the eagle with eternal food and Prometheus with eternal torture. In modern
times, the best experimental model for the study of liver regeneration is that introduced
by Higgins and Anderson (Higgins and Anderson, 1931): partial hepatectomy (PHx) in
which two-thirds of the liver of a rat is removed. The residual lobes enlarge to make up
for the mass of the removed lobes, though the resected lobes never grow back. The whole
process lasts 5 to 7 days (Michalopoulos and DeFrances, 1997). For example, in rodents,
the first wave of hepatocyte proliferation after PHx produces clusters of 10-14 cells,
without the formation of sinusoids and additional extracellular matrix (ECM). Penetration
of these clusters by stellate and sinusoidal cells occurs 2—4 days later, and is associated
with laminin deposition (Martinez-Hernandez and Amenda, 1995), but it is not clear
whether there is formation of new lobules. In both rats and mice, regeneration is mostly
completed by 10—14 days after PHx. Human livers also have a great proliferative capacity.

After right lobe resection, the donor liver representing 45-50% of the original organ
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grows to 70—-79% at 1 month and 80-90% at 6 months after transplantation (Pomfret et

al.,2003; Haga et al., 2008).

1-2-2 Liver anatomy
1) Hepatic structure

The liver of adult humans weighs from 1,300 to 1,700 g, depending on sex and body
size. It is a continuous sponge-like parenchymal mass penetrated by tunnels that contain
interdigitating networks of afferent (supplying) and efferent (draining) vessels (Elias,
1949). Major features of liver structure are a functional tissue (parenchyma) composed
of at least seven distinct types of cells (Fig. 1-1). Cells in the liver are categorized as
parenchymal cells and non-parenchymal cells. The parenchymal cells occupy almost 60%
of the total number and 80% of the total volume of the liver, while the non-parenchymal
cells occupy almost 40% of the total number and 6.5% of the total volume of the liver.
For example, hepatocytes are categorized as parenchymal cells, while cholangiocytes,
liver sinusoidal endothelial cells (LSECs), Kupfter cells, lymphocytes, dendric cells, and
hepatic stellate cells (HSCs) are categorized as non-parenchymal cells. Especially, it is
known that hepatocytes perform the majority of numerous liver functions and consume
oxygen at a > 5-10 times higher rate than most of the other cells (Kmiec, 2001). These
cells conjointly possess capacities to synthesize, metabolize and eliminate a wide range
of complex molecules and to carry out immune functions, all arranged in a matrix that

facilitates their corporative interactions.
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Hepatic lobule

Hepatic cord

Bile canaliculi

Space of Disse

@) Hepatocyte (@) Cholangiocyte [ Sinusoidal endothelial cell

Fig. 1-1 Schematic illustrations of a hepatic lobule. Blood enters into hepatic lobules via
the hepatic artery (HA) and portal vein (PV), which then form hepatic sinusoids that
drain into the central vein (CV) in the centrilobular region of the liver. Bile canaliculi
are located between the two cords of hepatocytes on the contralateral side of the
sinusoids, which drain into bile duct (BD). In the space of Disse, which is the space

between hepatocytes and LSECs. Image modified from Gordillo et al. (2015).

2) Portal vein, hepatic artery, hepatic vein

The blood vessel and their investments of connective tissue provide the soft, spongy,
liver with its major structural support. Larger afferent vessels such as PV, and HA are
contained in connective tissues called “the portal tracts”, which are continuous with the
mesenchymal components of the liver’s mesothelium-covered surface capsule (Glisson’s

capsule). Portal tracts also contain BDs, lymphatic vessels, and nerves.
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Vasculatures in the liver are mainly composed of three large blood vessels, HA, PV,
and hepatic vein (HV) (Fig. 1-2). The HA carries blood at systemic levels of oxygen,
pressure, and composition from the aorta to the liver, whereas the PV carries blood
containing the digested nutrients from the entire gastrointestinal tract, and also from the
spleen and pancreas to the liver. These blood vessels subdivide into smallest capillary-
size vessels, which are known as “sinusoids”, then lead to a lobule. On the other hand,

HV carries blood from the liver to the heart.

Hepatic vein

Hepatic artery

Portal vein
Gallbladder

Common bile duct

Fig. 1-2 Schematic illustrations of hepatic vasculatures. Hepatic vasculatures are

composed of the PV, HA and HV. BD transports bile from liver to gallbladder.

3) Sinusoid

Sinusoids (approximately 10-20 pm in diameter) are interposed between afferent
terminal PVs and efferent HVs, which collect sinusoidal blood and merge to form larger
HVs. Terminal PVs supply blood to sinusoids. LSECs form the wall of the liver sinusoids

and represent approximately 15-20% of liver cells but only 3% of the total liver volume
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(Maslak et al., 2015). LSECs are highly specialized endothelial cells among mammalian
endothelial cells (Poisson et al., 2017). Normal endothelium of microcirculation can be
categorized as continuous or discontinuous subtypes and, LSEC is categorized as both
fenestrated and discontinuous subtypes, which has gaps within the cells and or between
adjacent cells. Fenestrated endothelial cells (ECs) have pores that are either closed by a
diaphragm or are fully open (Fig. 1-3). The LSEC cytoplasm, open fenestrae, and lack of
an organized basement membranes (BMs) reduce the distance from sinusoid to the

hepatocyte and thereby optimize oxygen deliver.

Continuous Fenestrated Discontinuous
capillary capillary capillary

7

Fig. 1-3 Schematic illustrations of continuous and discontinuous endothelium. The
endothelium is generally categorized as three subtypes such as continuous, fenestrated,

and discontinuous.

4) Bile duct
Intrahepatic BDs, a complex three-dimensional (3D) network of conduits within the

liver, provide delivery of bile to the gall bladder and the intestine, which are composed



Chapter 1 General introduction

of biliary epithelial cells (i.e., cholangiocytes). Cholangiocytes represent approximately
3-5% of liver cells. Their major physiological function is ductal bile formation, which
occurs via a series of secretary and adsorptive processes contributing to the final

composition of bile (Boyer, 1996).

1-3 Tissue engineering

The concept of tissue engineering was defined approximately 25 years ago by Langer
and Vacanti in 1993 as an interdisciplinary field of research that applies both the
principles of engineering and the life sciences toward the development of biological
substitutes that restore, maintain, or improve tissue function (Langer and Vacanti, 1993).

Three general strategies have been adopted for the creation of new tissues (Fig. 1-4):

1) Isolated cells or cell substitutes

This approach avoids the complications of surgery, allows replacement of only those
cells that supply the needed function, and permits manipulation of cells before infusion.
Its potential limitations include failure of the infused cells to maintain their function in

the recipient, and immunological rejection.

2) Tissue-including substances

The success of this approach depends on the purification and large-scale production
of appropriate signal molecules, such as growth factors, and, in many cases, the

development of methods to deliver these molecules to their targets.

3) Cells placed on or within matrices

In closed systems, the cells are isolated from the body by a membrane that allows
permeation of nutrients and wastes but prevents large entities such as antibodies or

immune cells from destroying the transplant. These systems can be implanted or used as
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an extracorporeal device.

Various strategies have been developed over past decades to fabricate tissue-
engineered hepatic constructs in vitro (Damania et al., 2014). Although regenerated liver
constructs had normal structures and hepatic functions to some extent, further refinement

and optimization are necessary before real application in clinical settings.

Tissue-engineered constructs

Cells

Growth factor

Scaffold

Fig. 1-4 Three general strategies for tissue engineering. Three main factors in tissue

engineering: cells, growth factors, and scaffolds.

1-4 Alternative approaches to liver transplantation
1-4-1 Hepatocyte transplantation

A potential alternative to liver transplantation is hepatocyte transplantation, in which
transplanted cells provide the impaired hepatic function once engrafted into recipient’s
liver. For example, it has been demonstrated that transplantation of hepatocytes isolated
from human liver through PV of a recipient (Fig. 1-5), which results in the poor
engraftment rate of hepatocytes (< 30%) (Fox et al., 1998; Palakkan et al., 2013). These

results indicated that hepatocyte transplantation is not suitable for clinical use.
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Hepatocytes

Fig. 1-5 Schematic illustrations of hepatocyte transplantation. Hepatocytes are

infused through PV and engrafted in the liver.

1-4-2 Cell sheet technology for liver cell transplantation

To construct functional liver tissue in vitro, Sakai et al. (2015) engineered cellular
sheets consisting of human primary hepatocytes adhered onto a fibroblast layer (Fig. 1-
6). The engineered hepatocyte/fibroblast sheets were transplanted to the subcutaneous
space of mice and showed superior expression levels of vascularization-associated
growth factors such as vascular endothelial growth factor (VEGF), transforming growth
factor-B1 (TGF-B1), and hepatocyte growth factor in vitro. Moreover, this engineered cell
sheet developed into vascularized subcutaneous human liver tissues contained glycogen
stores, synthesized coagulation factor IX, and showed significantly higher synthesis rates
of liver-specific proteins such as albumin and alpha 1 anti-trypsin in vivo than tissues
from hepatocyte-only sheets after transplantation. Other groups also showed promising
potential of cell sheet technology in regenerative medicine (Tatsumi and Okano, 2017).
Although these approaches have potential for establishing novel cell therapies for liver
diseases, the size of the reconstructed liver tissue was still limited due to the lack of

adequate tissue oxygenation via blood vessels.

10
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Cell seeding Cell sheet

Fig. 1-6 Schematic diagrams of hepatocyte sheets. Hepatocytes were inoculated onto a
cell culture dish coated with thermo-responsive polymers. After several days of culture,

the dish was incubated at 20°C to induce the formation of a detached cell sheet.

1-4-3 Fabrication of liver buds

Recently in vitro liver buds (LBs) has attracted a lot of attention in tissue engineering
and regenerative medicine. Takebe et al. (2013) developed vascularized and functional
human tissue-engineered liver constructs from human induced pluripotent stem cells
(iPSCs) by transplantation of iPSC-LBs (Fig. 1-7). iPSC-derived hepatic cells self-
organized into 3D iPSC-LBs by recapitulating organogenetic interactions between
endothelial cells and mesenchymal cells. Immunostaining and gene-expression analyses
revealed resemblance between in vitro iPSC-LBs and in vivo LBs. Moreover, human
vasculatures in iPSC-LB transplants became functional by connecting to the host vessels
within 48 hours.

In recent years, to overcome limitations of reproducibility and scalability, Takebe et
al. (2017) eftectively generated LBs in a highly reproducible manner using hepatic
endoderm, endothelium, and septum mesenchyme. Furthermore, they achieved human
scalability by developing an omni-well-array culture platform for mass producing
homogeneous and miniaturized LBs on a clinically relevant large scale (> 10 cells).

Furthermore, Koike et al. (2019) developed an integral multi-organ structures

11
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including hepatic, biliary and pancreatic structures by mimicking anteroposterior
interactions in vivo. However, continued scaling efforts and appropriate cell scaffolds

would be anticipated for clinical use and transplantation.

Hepatic Mesenchymal Endothelial
cells cells cells
ay 3 ”
v ' Liver bud

-
80 =~= @060

Fig. 1-7 Schematic diagrams of generation of LBs. iPSC derived hepatic cells,
mesenchymal cells, and endothelial cells are seeded onto Matrigel and they form LBs

resembling in vivo LBs.

1-5 Decellularization techniques

To achieve adequate size of tissue-engineered organ constructs in vitro, organ-scale
platforms for cell engraftment is needed. One of the most promising techniques for tissue
and organ engineering is decellularization of native tissues, in which ECM is isolated
from its native tissues and genetic material in order to produce a natural scaffold. The
ECM retains its inherent structural, biochemical, and biomechanical cues, which allows

us to fabricate functional tissues or organs.

12
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1-5-1 Various approaches for tissue decellularization

The ECM represents the secreted products of resident cells of each tissue and organ,
is in a state of dynamic reciprocity with these cells in response to changes in
microenvironment, and has been shown to provide cues that affect cell migration,
proliferation, and differentiation (Zhou et al., 2015). Preservation of the native
ultrastructure and composition of ECM during the process of tissue decellularization is
desirable for cell survival and engraftment. Clinical products such as surgical mesh
materials composed of ECM are harvested from a variety of allogeneic or xenogeneic
tissue sources, including dermis, urinary bladder, small intestine, mesothelium,
pericardium, and heart valves have been used for clinical application. The term
decellularization has not been defined by quantitative metrics. Based on the findings of
studies in which an in vivo constructive remodeling response has been observed and
adverse cell and host responses have been avoided, the following minimal criteria is

needed to satisfy the intent of decellularization (Crapo et al., 2011):

1) <50 ng dsDNA per mg ECM dry weight.
2) <200 bp DNA fragment length.
3) Lack of visible nuclear material in tissue sections stained with 4’,6-diamidino-2-

phenylindole (DAPI) or hematoxylin and eosin.

The most effective agents for decellularization depend on many factors, including
the tissue’s cellularity, density, lipid content, and thickness. In the decellularization
process, 1A) chemical and 2) enzymatic, and 3) physical, or combinative approaches are
commonly utilized to remove cells and DNA from the tissue while preserving its

structural and regulatory proteins (Gilpin and Yang, 2017).

13
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1) Chemical approach

Acids and bases cause or catalyze hydrolytic degradation of biomolecules. Peracetic
acid is a common disinfection agent that doubles as a decellularization agent by removing
residual nucleic acids with minimal effect on the ECM composition and structure (Hodde
et al., 2007; Gilbert et al., 2008). lonic, non-ionic, and zwitterionic detergents solubilize
cell membranes and dissociate DNA from proteins, and they are therefore effective in
removing cellular material from tissue (Cox and Emili, 2006). However, these agents also
disrupt and dissociate proteins in the ECM. Especially, ionic detergents such as SDS are
known to disrupt the native tissue structure, and result in reduced concentrations of GAG

and loss of collagen integrity (Woods and Gratzer, 2005; Lin et al., 2014).

2) Enzymatic approach

Enzymes reported in tissue decellularization protocols include nucleases, trypsin,
collagenase, lipase, dispase, thermolysin, and a-galactosidase. Enzymes can provide high
specificity for removal of cell residues or undesirable ECM constituents. However,
complete cell removal by enzymatic treatment alone has not been achieved and

combination with detergent seems to be necessary for decellularization.

3) Physical approach

Freeze-thaw processing effectively lyses cells within tissues and organs, but the
resulting membranous and intracellular contents remain unless removed by subsequent
processing. A single freeze-thaw cycle can reduce adverse immune responses such as
leukocyte infiltration in vascular ECM scaffolds (Lehr et al., 2011). On the other hand,
mechanical loads inducing a pressure gradient across tissue during decellularization can
also be used to supplement enzyme treatment, which prevented the disruption of dermal
ultrastructure (Prasertsung et al., 2007). However, in previous studies, decellularized

tissues were limited to relatively thin or avascular samples due to the diffusion limitation
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of chemical reagents.

1-5-2 Whole-organ decellularization

To fabricate organ-scale complex decellularized tissues, perfusion has been
employed as a technique for decellularization of organs while largely preserving the 3D
architecture of the organ from which the ECM has been isolated. Vascular networks exist
within organs that minimize the diffusion distance for oxygen in blood to cells. For this
reason, perfusion through the vasculature is a particularly efficient method to deliver
decellularizing agents to cells (Crapo et al., 2011). As a result, recent advances in
decellularization techniques allowed us to perform successful decellularization of
complex organs such as the heart, lungs, and kidneys (Guyette et al., 2014; Caralt et al.,
2015). Furthermore, Uygun et al. reported whole-liver decellularization in 2010 (Uygun

et al., 2010) (Fig. 1-8).

Normal liver Decellularized liver

Decellularization solution

—)

Hepatocyte

Fig. 1-8 Schematic diagrams of liver decellularization. Livers are perfused with

decellularization solutions, which enables fabrication of acellular liver scaffolds.
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1-5-3 Reconstruction of hepatic tissues using decellularized livers

Recently, some groups have performed reconstruction of a whole liver using
decellularized liver matrices. For example, Uygun et al. (2010) demonstrated rat liver
decellularization and the results showed that the decellularization process preserves the
structural and functional characteristics of the native vascular networks, which allowed
efficient recellularization of the liver matrix with mature hepatocytes. The recellularized
graft supports liver-specific function in vitro including albumin secretion, urea synthesis
and gene expression of CYPs at comparable levels to normal liver.

For example, Baptista et al. (2016) developed a perfusion bioreactor system and
ferret decellularized livers seeded with HepG2 cells and MS1 endothelial cells were
cultured in this reactor. In this system, MS1 cells were mostly localized at the vascular
channels of the liver ECM scaffold, while HepG2 cells formed large cell clusters in the
parenchyma, which indicated MS1 cells and HepG2 cells recapitulate hepatic structures.
Moreover, Ji et al. (2012) reported that rat decellularized livers stimulated mesenchymal
stem cells (MSCs) to express endodermal and hepatocyte-specific genes and proteins
associated with improved hepatic functions, and the cells exhibited the ultrastructural
characteristics of mature hepatocytes. Kadota et al. (2014) demonstrated enhanced
hepatic function was achieved by co-cultivating bone marrow-derived MSCs with
primary hepatocytes in decellularized livers. In addition, Soto-Gutierrez et al. (2011)
demonstrated that decellularized livers reseeded with the multistep infusion of
hepatocytes generated 90% of cell engraftment and supported liver-specific function
including albumin production, urea synthesis, and CYP induction. According to these
results, decellularized livers can recapitulate hepatic structures and functions in vitro.

Furthermore, decellularization technology was applied to a large animal model for
human-scale whole-organ bioengineering, while liver decellularization was limited to
small animal models such as rats, mice, and ferrets in previous studies. In recent years,

Yagi et al. notably performed whole-organ decellularization using pig livers and

16



Chapter 1 General introduction

constructed hepatic tissues (Yagi et al., 2013; Shimoda et al., 2019).

Although recent advances enabled organ-scale bioengineering, there remain
fundamental problems in terms of hemocompatibility. For example, long term
maintenance of reconstructed liver tissues in animals is challenging due to clot formation
inside these tissues (Meng ef al., 2019). Recent studies proposed several approaches to
address this problem of clot formation in decellularized livers. Bruinsma et al. (2015)
performed deposition of heparin, which is widely used as an anticoagulant, in
decellularized liver scaffolds and the results demonstrated reduced thrombus formation
in comparison to recellularized unmodified scaffolds. Furthermore, other groups
performed reendothelialization of decellularized livers, which successfully resulted in
reduced platelet adhesion and clot formation in the presence of ECs compared to
unmodified decellularized livers (Ko et al., 2015; Hussein et al., 2016; Kojima et al.,
2018) (Fig. 1-9). However, complete prevention of clot formation has not been achieved
and there is still room for improvements and fabrication of transplantable livers has not

been achieved.
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Blood

Red blood cell

Platelet s -
Platelet adhesion

Fig. 1-9 Schematic illustrations of clot formation in a decellularized liver. After blood
perfusion, platelets adhere to bare surface of a decellularized liver, which results in clot

formation in vasculatures of the decellularized liver.
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1-6 Importance of vascularization in tissue engineering
As mentioned in the previous section, endothelialization of tissue-engineered
constructs including decellularized livers is essential to fabricate functional organs. In

vivo endothelium of blood vessels is composed of ECs and they have various functions.

1-6-1 Functions of in vivo endothelium
Endothelium is known to respond to physical and chemical signals by production of
a wide range of factors that regulate 1) barrier function, 2) vascular tone, and 3)

antithrombogenicity (Deanfield ef al., 2007; Rodrigues and Granger, 2015).

1) Barrier function

The barrier properties of ECs are critical for the maintenance of water and protein
balance between the intravascular and extravascular compartments. This barrier is formed
by a layer of ECs that are joined laterally by cell—cell junctions, while the basolateral
aspect of this layer is attached to a BM composed of collagen, fibronectin, laminin, and

glycosaminoglycans (Rodrigues and Granger, 2015; Han et al., 2015).

2) Vascular tonus

Vasomotion plays a direct role in the balance of tissue oxygen supply and metabolic
demand by regulation of vascular tone and diameter and is also involved in the
remodeling of vascular structure (Deanfield et al., 2007). This is achieved by production
and release of several vasoactive molecules such as nitric oxide (NO), endothelium-
derived hyperpolarizing factor, prostacyclin (PGl2), C-type natriuretic peptide, and
endothelin 1 that relax or constrict the vessel. These molecules diffuse to the vascular
smooth muscle cells (SMC) and activates guanylate cyclase, which leads to cyclic

guanosine monophosphate (cGMP)-mediated vasodilatation or vasoconstriction.
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3) Antithrombotic function

The surface of healthy endothelium is both anticoagulant and antithrombotic. ECs
secrete a variety of molecules important for the regulation of blood coagulation and
platelet functions. The major antiplatelet agents secreted by ECs are NO and PGI2 and
both of them synergistically increase cAMP content in platelets, which resulted in
preventing platelet aggregation (Cines et al., 1998). In the quiescent state, ECs maintain
blood fluidity by promoting the activity of numerous anticoagulant pathways. Complex
formation between thrombin and thrombomodulin also prevents thrombin from being
able to clot fibrinogen or to activate platelets (Esmon, 1995). Moreover, the EC surface
is rich in heparin-like GAGs, providing the main site for inactivation of active thrombin

by providing a rich source of antithrombin, which is bound to these GAGs.

1-6-2 Functions of in vitro blood vessels
1) Barrier function

Several groups have developed microfluidic models of vascular networks and their
barrier function was assessed in previous reports. For example, Kim et al. (2013)
constructed microvessels in a microfluidic chip and exhibited clear retention of
polystyrene beads (7 pum in diameter) or fluorescein isothiocyanate (FITC)-dextran (70
kDa) inside the vessels without leakage into extravascular space. Moreover, Uwamori ef
al. (2019) assessed the barrier function of engineered microvascular networks
using fluorescence dextran in a microfluidic chip, which indicated the permeability

coefficient of engineered microvessels was comparable to that of in vivo microvessels.

2) Vascular tonus

To the best of my knowledge, an in vitro model of blood vessels that can regulate

vascular tonus such as vasoconstriction and vasodilation has not been published.
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3) Antithrombotic function

Mannino et al. (2015) developed an in vitro vasculature model using PDMS
microchannels and demonstrated that healthy ECs expressed antithrombotic functions,
while platelets aggregated in a “bare” non-endothelialized microchannel. Moreover, Jain
et al. (2016) and Barrile et al. (2018) developed microfluidic chip models with human
endothelium perfused with human whole blood. These models enabled to evaluate key
parameters in thrombosis, such as endothelial activation, platelet adhesion, platelet
aggregation, and fibrin clot formation. The results demonstrated that human endothelium
treated with inflammatory cytokines such as tumor necrosis factor-a led to the formation
of larger aggregates of platelets. These results suggested that healthy vessels in tissue-
engineered constructs can restore antithrombotic functions and reduce the risk of

thrombosis.

1-7 Microfabrication techniques

Cellular morphogenesis such as vascular formation and EC migration is regulated by
complex interactions that occurs in response to external factors. However, previous in
vitro platforms such as a cell culture flask and Boyden chamber limited cellular migration
in a two-dimensional (2D) plane (Even-Ram and Yamada, 2005). As mentioned in section
1-6-2, recent advances in microfabrication allowed us to manipulate cells in
microenvironment mimicking in vivo (Rouwkema and Khademhosseini, 2016). Notably,
Chung et al. (2009) developed a new microfluidic platform that has the capability to
control the biochemical and biomechanical forces within a 3D scaffold coupled with

accessible image acquisition, which is commonly referred as “microfluidic chip”.

1-7-1 Microfluidic chip
Microfluidic chips are powerful tools for an integration of biophysical and

biochemical factors, essential in mimicking physiological conditions. This platform
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enabled time-dependent manipulation of flow and concentration gradients as well as real-
time 1imaging for observing spatial-temporal single-cell behavior, cell—cell
communication, cell-matrix interactions and cell population dynamics (Shin ez al., 2012).
For example, Sudo et al. (2009) established conditions for 3D cultures of hepatocytes in
a microfluidic chip and successfully constructed 3D hepatic tissue-like
structures. Furthermore, they created a coculture model of hepatocytes and ECs, which
resulted in formation of a 3D hepatic tissue and capillary-like structures in a microfluidic
chip. In the future, “organ on a chip” with integrating multi-organ functions using this
platform would be proposed, which may replace animal models in drug discovery and

development.

1-7-2 In vitro vascular models in microfluidic chips

A microfluidic platform has been widely used for in vitro vascular models with
vascular functions such as barrier function and thrombogenicity (Wang et al., 2018). For
example, Jeon et al. (2014) investigated effects of biochemical factors on vascular
networks with small vessel diameters in a microfluidic chip, which demonstrated that the
addition of TGF-B1 generated a non-interconnected microvasculature while angiopoietin-
1 promoted functional network formation. On the other hand, Hsu ez a/. (2013) and Wang
et al. (2016) investigated effects of biophysical factors on vascular networks such as shear
stress and interstitial flow. They established an intact and perfusable microvascular
system with capillary networks tightly interconnected without appreciable leakage that
can control shear and interstitial flow, respectively. Moreover, they also established an in
vitro pathological model such as a vascularized tumor platform to study tumor—
vasculature interactions, tumor metabolism, and response of tumor cells and vasculatures
to anti-cancer drugs (Sobrino et al., 2016). In other groups, Yeon et al. (2012) and Kim
et al. (2013) constructed perfusable and functional vascular networks in a microfluidic

device. Moreover, they performed the perfusion of 40 or 70 kDa FITC dextran through
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vascular networks, which showed clear retention of fluorescent dextran in vasculatures.
More recently, Yamamoto et al. (2019, 2013) constructed stable capillary networks
covered by pericyte-like perivascular cells, which maintained the lumen of small diameter,
for at least 21 days using HUVECs and MSCs in a microfluidic chip.
Immunofluorescence images of the constructed microvessels confirmed that the BM
proteins such as laminin and collagen type IV deposited around microvessels covered by
MSC-derived pericytes, which was in good agreement with in vivo capillary structures.
These studies indicated that in vitro vascular networks constructed in microfluidic
chips recapitulated in terms of vascular morphologies and some functions. This platform

will provide valuable insights to regulate vascular morphology in vitro.

1-8 Regulatory factors of vascular morphology

Morphology of vascular networks is known to be regulated by mechanical factors
such as fluid shear stress (FSS), substrate stiffness, and topography (Yamamura et al.,
2007; Bernabeu et al., 2014; Bogorad et al., 2015; Baeyens et al., 2015; Gray and Stroka,
2017), and biochemical molecules such as chemical gradients of angiogenic factors

(Gerhardt, 2008; Shamloo et al., 2012; van Duinen et al., 2019).

1-8-1 Mechanical factor

It has been suggested that vascular morphology is associated with blood flow,
because growing evidence has been reported in previous studies (Herity et al., 1999;
Sigovan et al., 2013; Korshunov et al., 2007; Davis et al., 2015). For example, Ueda et
al. (2006, 2004) demonstrated that FSS promoted formation of microvascular networks
in a parallel-plate flow chamber. Moreover, Galie et al. (2014) demonstrated that
FSS exerted by both transmural and luminal fluid flow induced vascular sprouting in a
microfluidic chip. In this model, fluid flow of > 10 dyn/cm? triggered ECs to sprout and

invade into the underlying matrix. Interstitial flow is also shown to regulate formation of
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vascular networks (Hsu et al., 2013; Abe et al., 2019).

Stiffness of ECM is also one of the most important factors to regulate vascular
morphology. Yamamura et al. (2007) investigated the effect of substrate mechanical
properties on the formation of microvascular networks, which revealed that ECs formed
dense and thin networks in flexible gel, whereas thicker and deeper networks were formed

in the rigid gel.

1-8-2 Chemical factor

Chemical factors also regulate vascular morphology in both physiological and
pathological conditions (Gerhardt, 2008). Among them, VEGF stimulation especially
promotes the division, survival, and migration of ECs, and is necessary for the formation
of blood vessels (Hasso and Chan, 2011). Shamloo et al. (2012) utilized a microfluidic
platform to study the EC behaviors induced by VEGF gradients during sprouting. In this
study, time-lapse analysis of endothelial sprouting demonstrated that the ability of VEGF
to regulate sprout orientation during vascular sprouting. Moreover, angiogenic effects of
biochemical gradients on vascular formation were investigated in microfluidic chips.
Song and Munn (2011) showed that VEGF gradient induced initiation of vascular
sprouting. van Duinen et al. (2019) demonstrated that biochemical gradients by the
combination of VEGF, phorbol myristate acetate, and sphingosine-1-phosphate (S1P)
significantly promoted vascular sprouting and formation. In addition, ECM proteins also
play important roles in vascular morphology and barrier behavior such as angiogenesis.
Nicosia et al. (1993) demonstrated that elongation of microvessels was induced by
fibronectin treatment in an aortic explant model. On the other hand, Han et al. (2015)
found demonstrated that a synthetic ECM coating mimicking native BM matrix

remarkably enhanced barrier function of EC monolayer.
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1-8-3 Regulation of in vivo vascular formation

Vasculogenesis and angiogenesis are also known to be regulated by complex
interactions in vivo. Ghaffari et al. (2015) developed a technique to simultaneously
analyze flow dynamics and vascular remodeling by time-lapse microscopy in the
capillary plexus of avian embryos. The results showed that vascular sprouts form from a
vessel at lower pressure towards a vessel at higher pressure in vivo. In vivo vascular
formation is also coordinated by anastomosis formation during embryo development.
Herwig et al. (2011) and Lenard et al. (2013) described that multistep process is
involved in vascular anastomosis, including EC migration, vascular contact, and luminal
formation during development of zebrafish embryo. However, this process is still

incompletely understood.

1-9 Objectives

The purpose of this study is to construct whole-organ vascular networks in vitro for
the development of a transplantable liver. This can provide useful information to
overcome current problems of organ donor shortage. In the past few decades, a lot of in
vitro functional liver tissue grafts have been developed using biomaterials including cells,
scaffolds, and growth factors. However, these tissue grafts are not suitable for clinical use
as alternative to conventional liver transplantation due to insufficient tissue size.

Recent advances in tissue engineering allowed us to construct organ-scale tissues
using a decellularized organ. Organ decellularization is a technique of removing all the
cellular components from an organ while retaining the native composition and structure
of the organ including acellular vascular networks. Moreover, in recent years, whole-liver
decellularization has been established, which is a promising approach to produce organ-
scale liver tissues. Previous studies demonstrated that decellularized livers filled with
hepatocytes through the hepatic vasculature improved liver functions, such as albumin

synthesis, urea secretion, and CYP expression at comparable levels to normal liver in
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vitro. However, it is still challenging to construct transplantable whole-organ liver tissues
due the lack of intact vascular networks, which resulted in clot formation in a
decellularized liver and subsequently impaired liver function.

To achieve transplantable liver tissues, several groups focused on endothelialization
of a decellularized liver, because normal endothelium has antithrombotic functions in vivo.
These studies demonstrated construction of large vessels in a decellularized liver, while
microvessels were not observed. In addition, although antithrombotic functions of large
vasculatures were confirmed, platelet deposition was still observed in a decellularized
liver. To overcome this problem, construction of vascular networks including
microvessels is important for liver tissue engineering.

Recent evidence has suggested that mechanical factors (e.g., fluid force) and
chemical factors (e.g., surface coating and chemical gradient) can induce in vitro
formation of microvessels. However, little is known about microvessel formation in a
decellularized liver. Therefore, it is important to investigate whether exogenous factors,
such as mechanical and chemical factors, can induce the formation of microvessels in a
decellularized liver.

In this thesis, effects of mechanical and chemical factors on vascular formation were
examined to construct hierarchical vascular networks continuing from large vasculatures
to microvessels in a decellularized liver in chapter 2, which corresponded to in vivo
sinusoidal microvessels. Then, a microfluidic system was employed to obtain useful
insights for in vitro construction of microcirculation including vascular anastomoses in
chapter 3 Next, the validity of constructed vascular networks was determined and
optimization of a cell seeding route was performed in a decellularized liver in chapter 4.

Finally, conclusions of this thesis were described in chapter 5.
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Chapter 2 Construction of microvessels in a decellularized liver

2-1 Introduction

Orthotopic liver transplantation is the only treatment for end-stage liver diseases,
such as liver cirrhosis (Jadlowiec ef al., 2016). However, liver transplantation is limited
due to a shortage of organ donors and significant numbers of patients are waiting for vital
liver transplants (Caplan, 2016; Murphy et al., 2015). Therefore, it is necessary to
investigate alternative therapies to compensate for damaged livers. Previous studies have
demonstrated cell transplantation by infusing human hepatocytes via the hepatic
vasculature of the recipient (Fox ef al., 1998; Fisher and Strom, 2006; Strom and Fisher,
2003). In addition, in vivo studies have shown that engineered hepatic tissues (e.g., liver
buds and hepatocyte spheroids) and artificial liver support systems, such as the molecular
adsorbent recirculation system (MARS), enhance liver function after transplantation
(Takebe et al., 2013; Stevens et al., 2017; Sauer et al., 2004). However, liver functions in
these studies still remained in the preclinical stage due to technical problems, such as an
insufficient number of engrafted hepatocytes. Therefore, construction of a large-scale
tissue-engineered liver is needed for liver transplantation.

Whole-organ decellularization is a promising strategy to obtain a large-scale tissue-
engineered liver graft. Several studies reported the use of decellularized tissues obtained
from animal livers as biomaterials, and demonstrated that decellularized liver scaffolds
provided an appropriate environment for hepatic cells (e.g., hepatocytes) as a 3D ECM
scaffold (Zhou et al., 2015; Lin et al., 2014; Crapo et al., 2011). For example,
decellularized liver scaffolds retain the gross shape of the native liver. In particular,
vascular networks, such as the PV, HA, and HV, are preserved in decellularized liver
scaffolds, thus enabling surgical anastomosis to host vessels during transplantation.
Moreover, liver decellularization can eliminate adverse immune responses because of the

removal of cellular components. A previous study demonstrated that decellularized liver
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scaffolds filled with hepatocytes through the hepatic vasculature improved liver functions,
such as albumin synthesis and urea secretion (Uygun et al., 2010; Yagi et al., 2013;
Kadota et al., 2014). In addition, decellularized liver scaffolds promoted the formation of
large clusters of HepG2 cells in the parenchyma after 7 days of perfusion culture (Baptista
et al., 2016). These findings indicated that recellularized liver grafts successfully
mimicked the native liver in terms of structure and function. Thus, transplant experiments
are needed to evaluate the potential of tissue-engineered liver grafts for transplantation.

Ex vivo blood perfusion using recellularized rat or porcine liver grafts was
demonstrated over short periods, such as 24 hours, in previous studies (Uygun et al.,
2010; Hussein et al., 2016). However, blood clots developed after long-term
transplantation due to the lack of intact endothelium in recellularized liver grafts
(Bruinsma et al., 2015). Reendothelialization of decellularized liver scaffolds is an
essential step in the preparation of liver grafts because vascular networks in the liver play
crucial roles in maintaining physiological conditions in vivo, including transport of
metabolites and homeostasis (Poisson et al., 2017). In particular, it is important to
construct intact vascular networks, which have hierarchical structures ranging from
sinusoids to large vasculatures, for the construction of functional tissue-engineered liver
grafts. Several studies focused on reconstruction of vasculature in decellularized liver
scaffolds (Ko et al., 2015; Hussein et al., 2016). Although large vessels (> 50 um in
diameter) were constructed in these studies, little is known about the construction of
sinusoids (< 15 um).

To construct microvessels in vitro, previous studies indicated that both mechanical
and chemical factors promoted microvascular formation via angiogenesis. In terms of
mechanical factors, several studies demonstrated that FSS induced angiogenesis and
promoted the formation of microvascular networks in vitro. For example, 0.3 Pa and 0.53
Pa FSS applied to the surfaces of ECs in a parallel-plate flow chamber promoted the

formation of capillary networks in vitro (Ueda et al., 2004; Kang et al., 2008). Similarly,
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1.0 Pa FSS allowed ECs to form capillary sprouts and invade into the surrounding matrix
in a microfluidic chip (Galie et al., 2014). On the other hand, in terms of chemical factors,
ECM components have been shown to promote capillary formation. In particular,
fibronectin enhanced the formation of capillary networks through activation of EC
migration and proliferation (Nicosia et al., 1993). Based on these findings, it was
hypothesized that the combination of appropriate levels of FSS and fibronectin coating
may promote the construction of sinusoid-scale microvessels in decellularized liver
scaffolds.

The present study was performed to construct intact vascular networks using
decellularized liver scaffolds, focusing on the construction of sinusoid-scale microvessels.
First, immunofluorescence staining of decellularized liver scaffolds revealed that ECM
networks corresponding to sinusoid structures were not well retained after
decellularization. Next, perfusion culture of decellularized livers with ECs promoted the
formation of sinusoid-scale microvessels, while sinusoid-scale microvessels were not
observed in static culture. Moreover, well-aligned ECs were observed in perfusion culture,
while no alignment of ECs was observed in static culture. Finally, it was found that
fibronectin coating enhanced the formation of sinusoid-scale microvessels in perfusion
culture. These findings are critical for the construction of intact vascular networks, which
is an essential step toward the construction of functional tissue-engineered liver grafts

using decellularized liver scaffolds.
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2-2 Experimental design
Aim

This chapter was designed to construct hierarchical vascular networks including
sinusoid-scale microvessels, which may improve antithrombotic functions of a
decellularized liver, since formation of microvessels within decellularized livers were not

reported in previous studies (Ko et al., 2015; Hussein et al., 2016; Meng et al., 2019).

Approaches

There is growing evidence that EC morphogenesis can be regulated by cellular
microenvironment. In previous studies, the cellular microenvironment has been
intentionally manipulated to promote vascular formation in vitro. For example,
mechanical factors (e.g., FSS and matrix stiffness) and chemical factors (e.g., surface
coating and chemical gradient) were reported to regulate in vitro formation of
microvessels (Ueda et al., 2004; Kang et al., 2008; Galie et al., 2014; Yamamura et al.,
2007; Nicosia et al., 1993; Shamloo et al., 2012). Especially, FSS and coating with
fibronectin were employed in this decellularized liver model, because they were reported
to promote formation of microvessels in previous studies. Therefore, experiments were
performed based on the hypothesis that FSS and surface coating with fibronectin can

induce formation of hierarchical vascular networks including microvessels (Fig. 2-1).
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Decellularized liver

Mechanical factor Chemical factor

e.g., Fluid shearstress e.g., Surface coating
Matrix stiffness Chemical gradient

Fig. 2-1 Experimental design for construction of microvessels in a decellularized
liver. Mechanical factors (e.g., fluid shear stress and matrix stiffness) and chemical
factors (e.g., surface coating and chemical gradient) were employed to induce microvessel
formation, since they are reported to regulate vascular morphogenesis such as

angiogenesis in vitro.

31



Chapter 2 Construction of microvessels in a decellularized liver

2-3 Materials and methods
2-3-1 Animal experiment and liver harvest

Male Sprague-Dawley rats (200-250 g; Sankyo Labo Service Corporation, Tokyo,
Japan) were used for liver isolation and whole-organ decellularization. All animal
experiments were performed in accordance with the Institutional Guidelines on Animal
Experimentation at Keio University and approved by the Keio University Institutional
Animal Care and Use Committee.

Surgical anesthesia was induced and maintained using inhalation of 2—4% isoflurane.
An abdominal incision was made by scissors and 400 U heparin was injected through
cardiac puncture to prevent thrombus formation. The PV and inferior vena cava (IVC)
were cannulated with 20 G cannulas and ligated with 4-0 silk sutures. Then, 10 ml of
phosphate-buffered saline (PBS) containing heparin (5 U/ml) was injected into the rat
liver to wash out blood components. The liver was then harvested from the rat and frozen

at —80°C for > 24 hours until use.

2-3-2 Decellularization of rat livers

The protocol to obtain a decellularized liver scaffold was based on a previous report
with some modifications (Uygun et al., 2010; Soto-Gutierrez et al., 2011). To remove
cellular components in the liver, the following reagents were used during
decellularization procedures: (i) ethylene glycol tetraacetic acid (EGTA; Tokyo Chemical
Industry Co., Tokyo, Japan), (ii) trypsin (Gibco, Waltham, MA), and (iii) Triton X-100
(Sigma, St. Louis, MO, USA). Harvested livers were thawed in a water bath at 37°C and
placed in a perfusion-based decellularization system. The cannula inserted in the PV was
connected to a peristaltic pump (Cole-Palmer Instrument Co., Vernon Hills, IL, USA) and
perfused with PBS for 1 hour at a rate of approximately 6 ml/min. Subsequently, the liver
was perfused with pre-warmed 0.05% trypsin-0.05% EGTA solution for 2 hours to chelate

adhesion proteins involved in cell—cell and cell-matrix interactions. Thereafter, 0.5%
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Triton X-100-0.05% EGTA solution was perfused through the PV for 3—12 hours to
disrupt the lipid membrane of cells and remove cell residues (Fig. 2-2A, B). The liver was
then perfused with PBS again for 1 hour to wash out the decellularization solution. After
the decellularization procedure, the left lateral lobe, inferior right lobe, anterior caudate
lobe, and posterior caudate lobe were removed from the decellularized liver scaffold.
Finally, the right median lobe (RML), left median lobe (LML), and superior right lobe
(SRL) were used for recellularization experiments. The fabricated decellularized liver

scaffold was stored in a refrigerator at 4°C until use.

2-3-3 Recellularization of rat livers

In recellularization experiments, green fluorescent protein (GFP)-expressing
HUVECs were used for recellularization of vascular networks in decellularized livers.
GFP-HUVECs (Angio-Proteomie, Boston, MA) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with low glucose (Gibco) supplemented with 10% fetal bovine
serum (FBS), 1 mM ascorbic acid 2-phosphate, 10 ng/ml basic fibroblast growth factor
(bFGF; PeproTech, Rocky Hill, NJ, USA), and 1% antibiotic-antimycotic solution
(Gibco) in a 5% COz incubator at 37°C. The GFP-HUVECs were expanded in collagen-
coated culture dishes and cells at passages 5—7 were used for the experiments.

To perform recellularization experiments, GFP-HUVECs were dissociated from
culture flasks using Trypsin-EDTA (Gibco) and suspended in culture medium. Cell
suspensions of 1.0 x 10’ GFP-HUVECs were seeded into decellularized liver scaffolds
through the PV, divided into two injections (Fig. 2-2C). The number of cells used for
recellularization was determined based on previous studies (Baptista et al., 2011, 2016;
Kojima et al., 2018). Although a whole rat liver was used in the previous studies, a partial
liver, which was approximately 1/2 of the whole liver (Debbaut et al., 2012), was used in
this study. In addition, only PV (approximately 1/2 of the total vasculatures) was used for

recellularization. Taken together, it was assumed that number of cells needed for
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recellularization in this study can be decreased to 1/4 compared to the recellularization of
a whole liver. Based on these calculations, 1.0 x 10’ of GFP-HUVECs were used for
recellularization experiments. After 2 hours of incubation for cell attachment, the culture
medium was replenished with fresh medium, and the medium was replenished every other
day. Fluorescence images of constructed EC networks were observed using a fluorescence
microscope (Axio Observer Z1; Carl Zeiss, Oberkochen, Germany) on days 0, 2, 4, and
6. Constructed EC networks in the 2.5 mm x 2.5 mm region of interest (ROI) were
analyzed using ImageJ (National Institutes of Health, Bethesda, MD, USA). The diameter
and length of constructed vessels in decellularized livers were measured and histograms

of vessel diameter were produced.
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Normal liver Decellularizedliver Recellularizedliver

Fig. 2-2 Schematic illustrations of the experimental configuration for liver
decellularization and recellularization. (A) A hepatic lobule is composed of
hepatocytes and vasculatures in normal livers. Branches of the PV travel into sinusoidal
capillaries toward the central vein (CV). (B) Whole liver decellularized scaffolds were
obtained by perfusing decellularization solutions. (C) Schematic representations of
recellularization. GFP-HUVECs (human umbilical vein endothelial cells) were perfused

through the PV.
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2-3-4 Perfusion culture of recellularized livers

2 hours after cell injection, the recellularized liver was placed in a perfusion chamber
and the cannula inserted into the PV of the liver was connected to a peristaltic pump to
promote the formation of sinusoid-scale microvessels from these vessels by the flow-
induced mechanical stress (Fig. 2-3A). The recellularized liver was then perfused for 2
days. The perfusion rates were determined to apply desired FSS in $50 um vessels, which
was a mode diameter of constructed vascular networks in a decellularized liver 2 hours
after cell seeding. Calculation of flow characteristics was based on previous studies
(Debbaut ef al., 2012; Moran et al., 2012; Nishii et al., 2016) with some modifications.

To estimate FSS values loaded on different-size vessels in a recellularized liver, PV
and HV networks in RML, LML, and SRL were modeled as an electrical model (Fig. 2-
3B). All blood vessels of every lobe-specific vascular tree (PV and HV) were modeled

using a vascular resistance Rs, which can be represented as

Rs = —7 [Ns/m®] (1)

where u is the dynamic viscosity of perfusion fluid [Pa s], / is the mean blood vessel
length [m] for a given generation, n is the number of blood vessels of the generation, and
r is the mean blood vessel radius [m] of each generation (Debbaut et al., 2012). Moreover,
values of r, /, and n can be estimated by functions of generation number j. These relational

expressions are shown as

r=a,ebri (2)
l = aebty (3)
n = a,ebn’ 4)
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where a and b are fixed numerical values, which were determined by Debbaut ef al.
(2012) using a lobe-specific fitting algorithm (Table 2-1).

Finally, in the present study, the FSS in recellularized livers was calculated based on
Newton's law of viscosity using the viscosity coefficient (7.8 x 10* Pa-s) and density
(1,000 kg/m?) of culture medium by applying findings reported in previous studies
(Debbaut et al., 2012; Nishii et al., 2016). In this perfusion culture, the recellularized liver
scaffolds were perfused at flow rates of 2.4, 4.7, or 9.4 ml/min through the PV,

corresponding to 0.3, 0.5, and 1.0 Pa FSS on the luminal surface of ¢$50 um vessels,

respectively (Table 2-2).
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Recellularized liver
Superior right lobe (SRL)
HV /
e
R — Right median lobe (RML)
L |
PV Left medianlobe (LML)
PV networks Sinusoids HV networks
Generation E 2nd 3rd ...k ... (N-2)th (N-1)th Nth
/\< =es >/\
RML
SRL
PV HV

Fig. 2-3 Mathematical modeling of flow through vascular networks in a
recellularized liver. (A) A schematic illustration of a perfusion system for a
decellularized liver seeded with ECs. (B) Multiscale modeling of organ-scale vascular
networks (i.e., PV networks, sinusoids, and HV networks) in SRL, RML, and LML of a
decellularized liver. Branching blood vessels are categorized as j* generation j=1,2, ...,

N), and the k'™ generation corresponds to sinusoids in this configuration.
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Table 2-1 Lobe-specific a and b values of the exponential trend lines (Debbaut et al.,

2012).
Parameter a b
SRL RML LML
r 14 14 14 0.34
PV / 14 12 16 -0.31
n 0.16 0.12 0.11 0.86
r 1.9 2.8 2.1 -0.49
HV / 23 28 31 -0.51
n 0.11 0.12 0.04 1.2

Table 2-2 Relationship between the inflow (ml/min) through the PV and the

estimated FSS (Pa) applied to the luminal surface of ¢ 50 pm vessels.

Perfusion culture condition Static Low Middle High
Inflow through the PV 0ml/min 24 ml/min 4.7 ml/min 94 ml/min
FSS applied to the luminal surface 0Pa 03 Pa 05 Pa 10Pa

of ¢ 50 um vessels
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2-3-5 Fibronectin coating of a decellularized liver

To improve cell adhesion properties in cell-matrix interactions, decellularized liver
scaffolds were immersed in 50 pg/ml fibronectin solution (Sigma) overnight before liver
recellularization. This concentration of fibronectin was selected because this
concentration have been widely used for the improvement of EC attachment in previous

studies (Budd et al., 1990; Lee et al., 2009).

2-3-6 Immunofluorescence staining and imaging of livers

Paraffin tissue sections from normal and decellularized rat livers were prepared. The
samples were treated with 0.1% Triton X-100 for 5 minutes. After rinsing with PBS, the
samples were incubated with Block Ace (Dainippon Pharma, Tokyo, Japan) at room
temperature for 30 minutes. The samples were then incubated with primary antibodies at
1:200 dilution for 2 hours: rabbit anti-type I collagen (LSL, Tokyo, Japan), rabbit anti-
type III collagen (LSL), rabbit anti-type IV collagen (LSL), and rabbit anti-fibronectin
(LSL). After three rinses with PBS, the samples were incubated with Alexa Fluor 594-
conjugated anti-rabbit [gG antibody (1:200 dilution; Thermo Fisher Scientific) for 2 hours.
Finally, cell nuclei were counterstained with DAPI (Sigma). Fluorescence images were

obtained using a confocal laser-scanning microscope (LSM700; Carl Zeiss).

2-3-7 Evaluation of endothelial cell alignment in perfusion culture

Recellularized livers were fixed with 4% paraformaldehyde (PFA) at 4°C overnight
and then permeabilized with 0.1% Triton X-100 overnight. After rinsing with PBS,
samples were treated with Block Ace overnight to inhibit nonspecific staining. Samples
were then incubated with Alexa Fluor 594-conjugated phalloidin (1:100 dilution; Thermo
Fisher Scientific) and Hoechst 33342 (1:500 dilution; Thermo Fisher Scientific) to stain
actin filaments and cell nuclei, respectively. Finally, samples were rinsed with PBS.

To obtain fluorescence images, samples were placed under an inverted glass-
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bottomed dish (No. 1; Iwaki, Shizuoka, Japan). Images were obtained using a two-photon
excitation microscope (A1R MP"; Nikon, Tokyo, Japan) with a water-immersion lens
(Apo LWD 25x%/1.10W; Nikon) and ultrafast laser at 950 nm (Insight DeepSee; Spectra-
Physics, Santa Clara, CA, USA). Emission signals were split by dichroic mirrors (495-
and 560-nm beam splitter) and detected via the GaAsP-type non-descanned detector
(GaAsP-NDD; Nikon). An image was acquired with an area of 506.9 %< 506.9 um (512 %
512 pixels, 0.99 um/pixel). Image stacks of optical sections were acquired at 1-um z-
steps. All images were displayed using Imagel. To evaluate the orientation of GFP-
HUVECs exposed to FSS, alignment of actin filaments was analyzed using the ImageJ
plugin Orientation]. The orientation of actin filaments was calculated for each pixel,
which was based on the evaluation of the gradient structure tensor in a local pixel
neighborhood (Rezakhaniha et al., 2012). A visual color map and histogram of the

orientation were obtained.

2-3-8 Computational fluid dynamics analysis in a decellularized liver

3D images of peripheral blood vessels constructed on day 0 were obtained by
CELL3IMAGER ESTER (SCREEN Holdings, Kyoto, Japan). Volume reconstruction for
computational simulation was performed based on 3D images of constructed vessels
using the image segmentation software packages Mimics and 3-matic (Materialise,
Leuven, Belgium). The 3D mesh data for CFD analysis were generated using ANSYS
ICEM CFD 16.2 (ANSYS, Canonsburg, PA) according to the ICEM CFD octree
algorithm. Finally, the distribution of FSS applied to the luminal surface of constructed
vessels was calculated using ANSYS Fluent 16.2 (ANSYS) based on incompressible
Navier-Stokes equations. The boundary conditions at an inlet and outlets were determined
by the estimated fluid pressure depending on vascular diameter, since relationship
between fluid pressure and vascular diameter was obtained from theoretical calculation

described in section 2-3-4. Estimated boundary conditions are as follows (Fig. 2-4).
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1 Outlet 3

Outlet 4
Outlet 5

Outlet 1

Parameter Diameter [um] 24ml/min  47ml/min 94 ml/min

Inlet 110 165 Pa 301Pa 574Pa
Outlet 1 53 154Pa 282 Pa 538Pa
Outlet 2 31 147Pa 269 Pa 512Pa
Outlet 3 51 154Pa 281Pa 537Pa
Outlet 4 91 162 Pa 296 Pa 565 Pa
Outlet 5 51 154Pa 281Pa 537Pa
Outlet 6 46 152Pa 278Pa 531Pa

Fig. 2-4 Setups for FSS simulation. (A) A 3D model of blood vessels with an inlet and
outlets. (B) The boundary conditions at an inlet and outlets under different flow
conditions (2.4, 4.7, 9.4 ml/min). Boundary conditions were calculated from the results

of Fig. 2-7D-F. Simulation results are shown in section 2-4-5.
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2-3-9 Statistical analysis

Experiments were repeated several times to confirm repeatability of the results. Data
are presented as means + standard error (SE). Student’s t test was used to test for
differences between 2 groups and Tukey’s multiple comparison test was also used to test
for differences among > 3 groups, which were considered statistically significant at P <

0.05. Statistical analyses were performed using SPSS (IBM, Armonk, NY, USA).
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2-4 Results
2-4-1 Whole-liver decellularization

Decellularization of whole livers was performed by perfusing decellularization
solutions, such as trypsin and Triton X-100, through the PV of rat livers. First, the
harvested livers were frozen at —80°C for > 24 hours and thawed for cellular lysis. Each
liver was then perfused with trypsin-EGTA through the PV to digest the adhesion proteins
involved in cell—cell and cell-matrix interactions. After perfusion with Triton X-100-
EGTA, a transparent liver was obtained by solubilizing the cell membranes, which
indicated the removal of cellular components from the Iliver (Fig. 2-5A).
Immunofluorescence staining of decellularized liver scaffolds confirmed the absence of
cell nuclei (Fig. 2-5B). Histological characterization of the liver ECM showed that ECM
proteins, such as type I, III, and IV collagens and fibronectin, were preserved in
decellularized liver scaffolds. However, the microarchitectures of type I and III collagens
and fibronectin, corresponding to the sinusoid networks in normal livers, were not well
retained in decellularized liver scaffolds. These results suggested that decellularized liver
scaffolds maintained several liver-specific ECM proteins, while the localization of ECM

networks was not well maintained at sinusoid-scale microvessels.
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 pgs " Trypsin-EGTA 3:‘ Triton X-EGTA  ° T’" PBS

A L >

Decellularized liver

B Type | Collagen Type lll Collagen Type IV Collagen Fibronectin

Fig. 2-5 The process of liver decellularization and immunohistochemistry for ECM

Normal liver

Decellularized liver

components in normal and decellularized liver scaffolds. (A) Decellularized liver
scaffolds were obtained by perfusion with a series of detergent-based decellularization
solutions through the PV. The liver became transparent during decellularization process.
(B) Immunofluorescence images of the normal liver and the decellularized liver scaffold.
These images showed expression of ECM proteins (red), such as type I, III, and IV

collagens and fibronectin, and cell nuclei (blue). Scale bar, 100 pm.
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2-4-2 Reendothelialization of decellularized liver scaffolds using GFP-HUVECs

To reconstruct vascular networks, GFP-HUVECs were injected into a decellularized
liver scaffold through the PV. Fluorescence microscopy indicated that GFP-HUVECs
were distributed throughout the vascular networks in the decellularized liver scaffold after
cell injection (Fig. 2-6A, day 0). Corresponding EC networks were observed on days 0,
2, and 4, and revealed no significant changes in their geometry (e.g., EC sprouting,
branching) in static culture (Fig. 2-6A, days 2—4). Quantitative analysis of EC networks
showed that hierarchical EC networks ranging 20-140 um in diameter were constructed
in decellularized liver scaffolds (Fig. 2-6B). The modes of the histogram on days 0 and 4
were 50 and 90, respectively, suggesting that the size of the reconstructed vasculature
increased over time. In addition, sinusoid-scale microvessels were not observed in static

culture (Fig. 2-6B, #).
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Fig. 2-6 Observation of constructed EC networks in static culture of decellularized
liver scaffolds. (A) GFP-HUVEC: attached to the inner surface of the vascular structure
on day 0 and then formed vessel-like networks in decellularized liver scaffolds on day 2
and 4. Arrowheads indicate corresponding vasculature. (B) Histograms of vessel diameter
in recellularized liver scaffolds. Sinusoid-scale microvessels (5—15 pum) were not detected

in static culture (#). Data are shown as mean (N = 3, n =9). Scale bar, 500 pm.
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2-4-3 Mechanical stress promoted formation of sinusoid-scale microvessels

Prior to perfusion culture of a decellularized liver, FSS in vascular networks in the
liver was modeled and estimated using the Hagen-Poiseuille law. Detailed methods were
described in section 2-3-4. The results showed that vascular diameter and length
decreased depending on the generation number, while number of blood vessels increased
depending on the generation number (Fig. 2-7A—C). Under these perfusion culture
conditions (2.4, 4.7, or 9.4 ml/min through the PV), the luminal surface of $50 um vessels
were exposed to approximately 0.3, 0.5, and 1.0 Pa FSS, respectively (Fig. 2-7D-F).

To examine whether perfusion culture promotes the formation of sinusoid-scale
microvessels via angiogenesis in decellularized liver scaffolds, a whole-liver perfusion
system using a peristaltic pump was developed (Fig. 2-8A), which provided fluid
mechanical stress to GFP-HUVECs attached to the luminal surface of the vasculature
(Fig. 2-8B). After 2 days of perfusion culture, EC networks were constructed in
decellularized liver scaffolds under different flow rate conditions, of 0, 2.4, 4.7, and 9.4
ml/min (Fig. 2-8C-F). Under all perfusion culture conditions, GFP-HUVECs formed
sinusoid-scale microvessels in decellularized liver scaffolds (Fig. 2-8D-F, arrowheads).

In most cases, sinusoid-scale microvessels sprouted from ¢ 50—-60 um vessels.
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Fig. 2-7 Topological and fluid properties of vascular networks in a decellularized

liver under different perfusion conditions. (A—C) Estimated vascular diameter, length,
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and number of blood vessels in each generation of vascular networks. (D—F) Estimation
of fluid shear stress profile in small blood vessels (< 200 um) of SRL, RML, and LML

under different flow rate conditions (2.4, 4.7, and 9.4 ml/min).
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GFP-HUVEC

Fig. 2-8 Fluorescence images of constructed EC networks under different flow rate
conditions on day 2. (A) A schematic illustration of a perfusion culture system. The
recellularized liver was placed in a perfusion chamber and connected to a peristaltic pump.
(B) A schematic illustration of the cells in a decellularized liver scaffold. (C) Fluorescence
images of GFP-HUVEC: in static culture on day 2. (D—F) Fluorescence images showed
that GFP-HUVECs formed EC sprouts (arrowheads) in perfusion culture (D: 2.4 ml/min;
E: 4.7 ml/min; F: 9.4 ml/min) on day 2. Scale bars, 500, 100 pm.
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Quantitative analysis of constructed EC networks in decellularized liver scaffolds
showed that perfusion culture conditions promoted the formation of sinusoid-scale
microvessels, while no sinusoid-scale microvessels were observed in static culture (Fig.
2-9A, #). In addition, the middle perfusion rate (4.7 ml/min) resulted in the formation of
a greater number of sinusoid-scale microvessels compared to the other perfusion rates
(low: 2.4 ml/min; high: 9.4 ml/min) (Fig. 2-9B). On the other hand, there was no
significant difference in the length of sinusoid-scale microvessels among the perfusion
rates (Fig. 2-9C). These results indicated that perfusion culture was important for the

reconstruction of sinusoid-scale microvessels in decellularized liver scaffolds.
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Fig. 2-9 Quantitative analysis of EC diameter and sinusoid-scale microvessels on day

2. (A) Histograms of vessel diameter in static and perfusion culture conditions on day 2.

The low, middle, and high perfusion rates (2.4, 4.7, and 9.4 ml/min, respectively)

promoted the formation of sinusoid-scale microvessels (#). (B) Quantitative analysis of

the number of constructed sinusoid-scale microvessels (< 15 um) in recellularized liver

scaffolds. “n.d.” means “not detected”. (C) Quantitative analysis of the average length of

sinusoid-scale microvessels. Data are shown as mean = SE (N=3,n=9).
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2-4-4 Chemical modification enhanced the formation of microvessels

To examine whether enhanced cell-matrix adhesion promotes the formation of
sinusoid-scale microvessels, the inner surface of decellularized liver scaffolds was coated
with fibronectin before recellularization. Fluorescence images showed that fibronectin
coating of decellularized liver scaffolds promoted the formation of sinusoid-scale
microvessels after 2 days of perfusion culture at 4.7 ml/min (Fig. 2-10A-B). These
observations indicated that sinusoid-scale microvessels were effectively constructed
using a combination of fibronectin coating of decellularized liver scaffolds and perfusion
culture at 4.7 ml/min. Quantitative analysis showed that the formation of EC networks,
including sinusoid-scale microvessels, was enhanced in fibronectin-coated scaffolds
(Fig. 2-10C). Moreover, the number of sinusoid-scale microvessels was significantly
increased by fibronectin coating (Fig. 2-10D). These results suggested that, in addition to
perfusion culture, improvement of the adhesion properties of scaffolds was also important

for the reconstruction of sinusoid-scale microvessels in decellularized liver scaffolds.
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Fig. 2-10 Fluorescence images of constructed sinusoid-scale microvessels in
fibronectin-coated decellularized liver scaffolds. (A) GFP-HUVECs formed sinusoid-
scale microvessels in perfusion culture at 4.7 ml/min. (B) Sinusoid-scale microvessels
were formed in fibronectin-coated decellularized liver scaffolds. Arrowheads indicate
newly formed sinusoid-scale microvessels. (C) Histograms of vessel diameter in the
recellularized liver scaffolds. Quantitative analysis shows that fibronectin-coated
decellularized liver scaffolds enhanced the formation of sinusoid-scale microvessels
compared to uncoated scaffolds (#). (D) The number of sinusoid-scale microvessels in
decellularized liver scaffolds. Data are shown as mean + SE (N = 3, n = 9). Scale bars,

500, 100 pm. *P < 0.05.
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2-4-5 Alignment of GFP-HUVEC:S in perfusion culture

ECs elongate and align along the flow direction when continuously exposed to flow,
because they sense flow-induced mechanical stimulation, such as FSS. Therefore, the
morphology of GFP-HUVECs in decellularized liver scaffolds was analyzed to
investigate whether the cells recognized FSS in this perfusion culture at 4.7 ml/min. Well-
aligned GFP-HUVECs were observed on two-photon excitation laser microscopy after 2
days of perfusion culture (Fig. 2-11B, C), while no alignment was observed in static
culture (Fig. 2-11A). To further investigate the alignment of cells in perfusion culture,
fluorescence images were analyzed by OrientationJ to obtain color-coded images. These
images showed that cortical actin and actin filaments of GFP-HUVECs were oriented
along the central axis of the vasculature in perfusion culture (Fig. 2-11E, F), while those
in static culture were not oriented in a specific direction (Fig. 2-11D). Quantitative
analysis of the filament orientation clearly showed a significant peak in perfusion culture
(Fig. 2-11H, I) compared to a flat distribution in static culture (Fig. 2-11G). In particular,
the combination of perfusion culture and fibronectin coating represented higher peak

value compared to the condition without fibronectin coating (Fig. 2-11H, I).
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2-11 The Orientation of HUVECs in the recellularized liver in static and

perfusion culture. (A—C) Fluorescence images of HUVECs in a decellularized liver

scaffold in static culture (A), perfusion culture at 4.7 ml/min (B), and the combination of

perfusion culture at 4.7 ml/min and fibronectin coating (C). These images represent actin

filaments stained with phalloidin (red) and cell nuclei stained with Hoechst 33342 (blue).

(D-F) Color-coded images represent local orientation of actin filaments for each pixel in

each condition. The dashed lines in the images represent the central axis of vessels. (G—

I) Quantitative analysis of the filament orientation.
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To investigate the FSS distribution on the lumen of vascular networks in detail, FSS
was estimated using CFD analysis, based on previous reports with some modifications
(Nishii et al., 2016; Debbaut et al., 2012). The results showed that the FSS values in
decellularized liver scaffolds increased in accordance with volume flow rate at the PV
(Fig. 2-12A—-C). In addition, various levels of FSS were calculated depending on the
geometry of vascular networks. For example, higher FSS was shown around vascular
branches. These results indicate that both volume flow rate at the PV and the geometrical

characteristics of vascular networks had an important effect on the level of local FSS.
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Fig. 2-12 The distribution of FSS applied to the luminal surface of microvessels in
different perfusion conditions. (A—C) The contour plot displays the distribution of FSS
applied to the luminal surface of constructed vascular network in low (A: 2.4 ml/min),
middle (B: 4.7 ml/min), and high (C: 9.4 ml/min) perfusion culture conditions,

respectively. Scale bar, 200 um.
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2-5 Discussion
2-5-1 Liver tissue engineering using decellularized livers

The construction of an organ-scale liver tissue is a key challenge in the field of tissue
engineering (Sudo, 2014). Previous studies have demonstrated that decellularized liver
scaffolds provide suitable environments for parenchymal cells, such as hepatocytes and
HepG2 cells (Uygun et al., 2010; Soto-Gutierrez et al., 2011; Baptista et al., 2011; Yagi
etal.,2013; Kadota et al., 2014; Shirakigawa et al., 2013, 2012). However, little is known
about the ability of decellularized liver scaffolds to facilitate construction of vascular
networks, especially in terms of sinusoids. Therefore, the present study focused on the
construction of hierarchical vascular networks, continuing from sinusoid-scale

microvessels to large vasculatures, in decellularized liver scaffolds.

2-5-2 Disruption of extracellular microarchitectures in a decellularized liver

In this decellularization processes, chemical and enzymatic methods were used to
eliminate cell components. The results indicated that several liver-specific ECM proteins,
such as type I, III, and IV collagens and fibronectin, were retained in decellularized liver
scaffolds. However, structural disruption of type I and III collagen and fibronectin
networks was observed. In normal liver tissues, type I collagen and fibronectin are present
in parenchymal tissues and sinusoids, while type III collagen was reported to be present
along sinusoids as part of reticular fibers, which form a delicate meshwork providing
support for hepatocytes, in the normal liver (Unsworth et al., 1982; Yamamoto and Tahara,
1984). On the other hand, type IV collagen is present at the BM of large vessels
(Yamamoto and Tahara, 1984). The results suggested that ECM microarchitectures of
large vessels were retained. However, those of sinusoids were not well retained after the
decellularization process and liver sinusoids have no BM. In addition, the subendothelial
space of Disse contains various ECM proteins at low density. These characteristics of

liver sinusoids suggest that the ECM microarchitecture around sinusoids is fragile, and
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cannot be maintained after the decellularization processes. This is consistent with the

structural disruption of ECM networks observed in the present study.

2-5-3 Recellularization of a decellularized liver

As the results revealed that sinusoidal ECM microarchitecture was not well retained
in the decellularized liver, the present study aimed to construct vascular networks in the
decellularized livers, focusing on sinusoid-scale microvessels. As expected, sinusoid-
scale microvessels were not observed in decellularized liver scaffolds in static culture,
while vascular networks with vessels of diameter > 20 um were successfully constructed.
These results suggested that ECs failed to construct sinusoid-scale microvessels, possibly
because sinusoidal ECM microarchitectures were not well retained. Although other
groups have reported the construction of vascular networks in decellularized liver
scaffolds, they did not focus on the construction of sinusoid-scale microvessels. For
example, rat decellularized liver scaffolds were recellularized with HUVECs, which
resulted in the construction of hierarchical vascular networks (Shirakigawa et al., 2013).
In addition, primary rat liver sinusoidal endothelial cells (LSECs) and an immortalized
EC line formed luminal structures of large vessels in decellularized liver scaffolds
(Hussein et al., 2016; Kojima et al., 2018; Ko et al., 2015). However, in these studies,
fluorescence images represented the construction of vessels > 20 um in diameter. In
addition, Ko et al. demonstrated that reendothelialization of decellularized porcine liver
scaffolds significantly reduced platelet adhesion, while slight accumulation of platelets

was detected in extravascular regions.

2-5-4 Mechanical stress induced formation of microvessels
To promote the construction of sinusoid-scale microvessels in decellularized liver
scaffolds, both mechanical and chemical factors were employed, because both of these

factors were shown to induce the formation of microvessels in biomimetic microfluidic
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chip models (Bogorad et al., 2015). Firstly, perfusion culture was performed to apply 0.3—
1.0 Pa FSS to the cells on the lumen of ¢ 5060 um vessels. The results indicated that
perfusion culture, especially at a flow rate of 4.7 ml/min (corresponding to 0.5 Pa FSS),
enhanced the formation of sinusoid-scale microvessels, whereas no sinusoid-scale
microvessels were detected in static culture. The most important point of these results
was that sinusoid-scale microvessels were constructed by flow-induced mechanical
stimulation, which were not constructed in static culture. These findings suggested that
FSS induced the formation of vascular sprouts, resulting in the formation of sinusoid-
scale microvessels in the perfusion culture of decellularized liver scaffolds. FSS has been
reported to induce angiogenesis both in vitro and in vivo (Bernabeu et al., 2014; Galie et
al., 2014). For example, ECs invaded into collagen gel to form 3D vascular networks
when exposed to 0.3 Pa FSS for 48 hours in a parallel-plate flow chamber (Ueda et al.,
2004). In addition, 0.53 Pa FSS allowed HUVECSs to form microvessels via angiogenesis
through Akt phosphorylation and activation of matrix metalloproteinase (MMP)-2 (Kang
et al., 2008). On the other hand, 1.0 Pa intraluminal FSS triggered the formation of
microvessels in microfluidic chips through activation of MMP-1 (Galie et al., 2014).
Furthermore, several studies showed that FSS upregulated the expression of angiogenic
factors, such as VEGF, MMP-1, and MT1-MMP (Wragg et al., 2014; Buchanan et al.,
2014). These previous studies suggested that construction of sinusoid-scale microvessels
in the present study was promoted through the upregulation of VEGF and MMP induced
by FSS.

In the present study, sinusoid-scale microvessels were effectively constructed in
perfusion culture. There are two possibilities that perfusion culture promoted the
construction of sinusoid-scale microvessels. First, perfusion culture promoted the
vascular formation through increased delivery of oxygen and nutrients. Second, perfusion
culture promoted the vascular formation through flow-induced mechanical stress. In the

present study, it was hypothesized that flow-induced mechanical stress was involved in
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the formation of sinusoid-scale microvessels. Therefore, it was investigated whether ECs
recognized FSS in perfusion culture. The results verified that ECs sensed FSS in perfusion
culture at 4.7 ml/min by quantitative analysis of actin filament alignment, which clearly
showed that local orientation of actin filaments in ECs were aligned in the flow direction,
whereas no alignment was detected in static culture. It is well known that ECs elongated
and aligned parallel to the flow direction when they were exposed to FSS. For example,
Ishibazawa et al. (2011) demonstrated such EC alignment using a flow chamber. In
addition, actin filaments were also aligned parallel to the flow direction (van der Meer ef
al., 2010). These endothelial morphological changes are key features of ECs in flow
culture. It is also known that EC alignment is induced in response to FSS, both in vivo
and in vitro, through mechanotransduction pathways (Yamamoto et al., 2003; Dewey CF
Jr, Bussolari SR, Gimbrone MA Jr, 1981). For example, 1.0 Pa FSS induced HUVEC
alignment in the flow direction with an orbital shaker, and 2.0 Pa FSS promoted the
alignment of actin filaments in HUVECs seeded on top of a 3D collagen gel scaffold (dela
Paz et al., 2012; Mina et al., 2016). In addition, an effect of FSS on human retinal
microvascular ECs was investigated in a parallel-plate flow chamber, and the results
indicated that 0.6 Pa FSS induced EC alignment (Ishibazawa et al., 2011). Moreover, FSS
is known to regulate the permeability of EC monolayers (Price et al., 2010; Colgan et al.,
2007). Previous in vitro studies demonstrated that FSS also enhanced vascular properties
such as barrier function, mechanical strength, and vasodilation of the vessel (Quint et al.,
2011; Jung et al., 2015; Price et al., 2010). Although effects of increased delivery of
oxygen and nutrients were remained unclear, the increased flow rate resulted in the
decreased number of sinusoid-scale microvessels (9.4 ml/min) possibly due to
upregulation of apoptosis pathway. A previous study demonstrated that ECs exposed to
1.2 Pa FSS resulted in enhanced apoptosis in a parallel plate flow chamber (Rennier and
Ji, 2012). These findings suggested that FSS was at least partly involved in microvessel

formation.
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2-5-5 Chemical factor promoted formation of microvessels

Coating with fibronectin was also performed, to induce the formation of sinusoid-
scale microvessels in decellularized livers. These results indicated that fibronectin coating
significantly enhanced the formation of sinusoid-scale microvessels. ECM proteins are
known to have important roles in cell-matrix attachment and a variety of EC activities. In
a previous study, the effects of surface treatment with various ECM proteins on EC
attachment were evaluated using polymeric scaffolds. Specifically, various ECM proteins,
such as type I collagen, BM proteins (e.g., laminin and Matrigel), and fibronectin, were
compared (Lee et al., 2009). The results indicated that coating with laminin or fibronectin
enhanced EC attachment on the scaffolds, although coating with type I collagen showed
no difference compared to the uncoated scaffolds. Another group also demonstrated that
coating of scaffolds with BM proteins enhanced EC—matrix adhesion in microfluidic
channels. However, coating with BM proteins resulted in downregulation of vascular
sprouting (Han et al., 2015). On the other hand, fibronectin coating of decellularized
fibroblast-derived ECM was reported to enhance the formation of microvessels in vitro
(Mina et al., 2016; Nicosia et al., 1993). Moreover, FSS was reported to enhance EC
migration via fibronectin receptor subunits, as and B integrins (Urbich et al., 2002).
Taken together, these results suggest that coating with fibronectin rather than BM proteins
is useful in terms of vascular sprouting. Accordingly, fibronectin coating in the present
study appeared to improve both cell-matrix attachment and the formation of vascular
sprouting in decellularized liver scaffolds, which was consistent with the enhanced

formation of sinusoid-scale microvessels in fibronectin-coated decellularized livers.

2-5-6 Limitations and forthcoming challenges
Although hierarchical EC networks including sinusoid-scale microvessels were

successfully constructed in decellularized liver scaffolds, there were some limitations.
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First, antithrombotic functions of the constructed EC networks were not evaluated. For
example, previous studies evaluated platelet adhesion on the luminal surface of the
vasculature, to test the biocompatibility of recellularized liver grafts with ECs (Ko ef al.,
2015; Hussein et al., 2016; Kojima et al., 2018). This platelet adhesion test is very
important to evaluate whether constructed vessels was functional in decellularized liver
scaffolds. However, in this study, the luminal surface of PV networks was recellularized
with GFP-HUVECs, while that of HV networks remained as bare ECM fibers due to the
absence of ECs. Although this seeding method has advantages in reducing the amount of
cells needed in experiments and the requirement for detailed observation of microvessels,
bare ECM fibers of HV networks may facilitate platelet accumulation. To evaluate
platelet adhesion, reendothelialization of whole vascular networks, including PV, HV, and
sinusoidal networks, will be needed. Second, CFD analysis revealed that ECs were
exposed to various levels of FSS depending on both the geometry of vascular networks
and the perfusion rate at the PV, which might be related to the morphology of ECs.
However, it was difficult to investigate this potential correlation between EC morphology
and FSS because only limited regions could be observed even by two-photon excitation
microscopy. Third, GFP-HUVECs were employed for the construction of sinusoid-scale
microvessels. Although HUVECs have been widely used in experiments on vascular
formation, hepatic sinusoids are composed of LSECs, which are different from normal
ECs in several respects, such as cell surface markers and fenestration (Poisson et al.,
2017). Therefore, LSECs are an ideal cell source for reendothelialization of decellularized
livers. However, the long-term culture of LSECs has proven challenging, which has
limited their use for reendothelialization of decellularized liver scaffolds. Finally,
parenchymal cells, such as hepatocytes, were not used in the present study. As this study
focused on analysis of vascular formation processes in decellularized livers, which cannot
be observed by seeding of hepatocytes, only ECs were used in this study. Further

investigations will be needed to evaluate the interactions between hepatocytes and ECs.
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2-6 Summary

This chapter demonstrated the construction of hierarchical EC networks in
decellularized liver scaffolds. The results indicated that sinusoid-scale microvessels were
constructed in perfusion culture. In particular, range of FSS was important and 0.3—1.0
Pa FSS loaded on luminal surface of peripheral blood vessels (¢ 50-60 um) was critical
for the construction of sinusoid-scale microvessels. Moreover, these results suggested that
the combination of appropriate levels of FSS and fibronectin coating enhanced the
formation of sinusoid-scale microvessels in decellularized liver scaffolds. This formation
of sinusoid-scale microvessels is a critical step for the development of intact vascular
networks, to address the limitations of recellularized liver scaffolds after transplantation,

such as hemorrhage and thrombosis.

In this chapter, although PV networks including sinusoid-scale microvessels were
constructed, HV networks remained as bare ECM fibers due to the absence of ECs. To
extend PV networks, it is essential to investigate how to form HV networks and vascular
anastomoses between PV and HV networks. However, there were some limitations of
decellularized liver model such as difficult observation of thick tissues and a lot of animal
sacrifice. To overcome these limitations, in vitro microfluidic system was employed to

investigate how to form vascular anastomoses in the following chapter (Fig. 2-13).
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Fig. 2-13 Strategic direction for in vitro formation of microvascular networks. In
chapter 2, mechanical and chemical factors induced the formation of sinusoid-scale
microvessels in a decellularized liver, while entire HV networks were not constructed
(left panel). Hence, in chapter 3, an in vitro simple model was developed to conduct
experiments focusing on microvascular formation in a fibrillar network, since a simple
model would be desirable to perform effective investigation of vascular formation

including vascular anastomoses (right panel).
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Chapter 3 Investigation of microvascular formation using a

microfluidic chip

3-1 Introduction

The demand for organ transplantation has rapidly increased over the past few decades
due to a huge number of patients with chronic organ failure. However, organ shortage is
a critical problem in medical transplantation, including liver and kidney (Caplan, 2016;
Hong et al., 2014). To overcome this problem, it is necessary to construct transplantable
organ/tissue grafts in vitro. Over the last decade, researchers have attempted to construct
transplantable bioengineered tissue grafts in vitro (Stevens et al., 2017; Palakkan et al.,
2013; Kasuya et al., 2012). Despite significant efforts, these studies remain in early stages
of research due to poor graft survival after transplantation (Caralt et al., 2015; Damania
etal.,2014).

To improve graft survival, rapid blood perfusion is required for maintenance of
implanted tissue grafts after transplantation. For this reason, formation of vascular
anastomoses is necessary for transplantation. Previous studies have demonstrated two
approaches to construct vascular anastomosis. One is surgical anastomosis between
implanted vessels of tissue-engineered grafts and host vessels of recipients (Brennan et
al., 2008). The other is anastomosis through self-organization between implanted EC
networks and host vessels (Takebe et al., 2014; Sekine et al., 2013). In particular, the
latter is critical for implantation because in vivo microvessel-scale anastomosis depends
on self-organization of ECs (Bogorad et al., 2015; Huang et al., 2015). For example, a
previous study reported transplantation of bioengineered tissue grafts, and succeeded in
blood perfusion between engineered vessels and host vessels (Cheng et al., 2011).
However, processes of anastomosis formation between these vessels remained unclear
due to difficulties in observation after transplantation.

Several studies have demonstrated in vitro vascular anastomosis models using
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microfluidic chips, which have advantages for investigating processes involved in
vascular anastomosis. For example, previous studies have successfully demonstrated
formation of vascular anastomosis in a gel scaffold via angiogenesis and vasculogenesis
in HUVEC monoculture (Wang et al., 2016; Song et al., 2012; Yeon et al., 2012). These
vascular networks failed to maintain their small luminal size and structures in long-term
culture due to the lack of perivascular cells (e.g., mural cells and pericytes). In vivo
vascular anastomoses are formed between engineered and host vessels, which include
both ECs and perivascular cells. Therefore, it is necessary to establish an in vitro vascular
anastomosis model, including perivascular cells, to further understand processes of in
vivo vascular anastomosis formation.

To mimic in vivo vascular anastomosis formation, it is important to construct vessels
covered with perivascular cells in a microfluidic chip. Previously, it was demonstrated
coculture of HUVECs and human bone marrow-derived MSCs in a microfluidic chip and
successfully constructed vascular networks covered with pericyte-like perivascular cells
which expressed a smooth muscle actin (SMA) (Yamamoto et al., 2013). In addition,
recent study demonstrated that vessels constructed in the HUVEC-MSC coculture model
were in good agreement with in vivo microvessels in terms of morphology and function
(Uwamori et al., 2019; Yamamoto et al., 2019). Thus, it is hypothesized that HUVEC-
MSC coculture might be useful for establishment of an in vitro vascular anastomosis
model by mimicking the in vivo microvessels covered by perivascular cells.

The study described in the present chapter investigated how to form vascular
anastomoses between vessels with perivascular cells and nascent vessels using a
microfluidic chip (Watanabe and Sudo, 2019). HUVEC monoculture demonstrated that
ECs failed to form vascular anastomoses. HUVEC-MSC coculture was performed to
induce angiogenesis, which led to formation of vascular anastomosis by day 10. This
vascular anastomosis was constructed between nascent vessels and stable vessels, which

were covered by MSC-derived perivascular cells. Furthermore, processes of in vitro
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anastomosis formation were monitored using GFP-HUVECs. Finally, the detailed

structure of vascular anastomoses was observed to confirm continuous lumens.
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3-2 Experimental design
Aim

In chapter 2, sinusoid-scale microvessels were constructed in a decellularized liver,
while HV networks remained as bare ECM fibers due to the absence of ECs. Therefore,
this chapter was designed to construct microvascular networks including vascular
networks, since vascular anastomosis formation is an important step in construction of
arterio-venous networks (Cheng et al., 2011; Song and Munn, 2011; Song et al., 2012).
In addition, experiments were conducted using microfluidic chips to make it easier to

understand vascular formation process and reduce the number of animal sacrifice.

Approaches

Microfluidic chips were designed to mimic a microenvironment of a hepatic lobule
in a decellularized liver, where HUVECs were present in the PV and HV divided by a
fibrillar matrix (500-1000 um width) (Fig. 3-1, upper panel). Microfluidic chips were
fabricated with PDMS, which included three parallel channels. The central channel was
filled with fibrin-collagen gel, resulting a gel region sandwiched by two channels for cell
seeding. HUVECs were seeded in both channels to form vascular anastomoses in the gel
region (Fig. 3-1, lower panel).

There is growing evidence that mechanical factors (e.g., FSS and interstitial flow)
chemical factors (e.g., surface coating, chemical gradient, and coculture system) can
regulate in vitro vascular formation (Shamloo et al., 2012; McFadden et al., 2013; Han et
al., 2015; Yamamoto et al., 2019; Galie et al., 2014; Abe et al., 2019; Hsu et al., 2013).
In this chapter, chemical gradient and coculture system were utilized to form vascular
anastomoses, because flow conditions sometimes result in complex system affected by a

lot of factors such as convection and diffusion (Hsu et al., 2013; Abe et al., 2019).
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Fig. 3-1 Experimental design for construction of microvascular networks. In
chapter 2, portal vein networks and sinusoid-scale microvessels were constructed in
fibrillar matrix of a decellularized liver (upper panel). In chapter 3, a microfluidic system
was employed as a simple in vitro model to investigate how to form microvascular

networks (lower panel).
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3-3 Materials and methods
3-3-1 Fabrication of microfluidic chips

The fabrication process of microfluidic chips used in this study was described
previously (Shin et al., 2012). Briefly, master molds of microfluidic chips were produced
by UV-photolithography techniques, and the molds were copied to polydimethylsiloxane
(PDMS; Sylgard 184, Dow Corning, Midland, MI, USA). The PDMS chips were bonded
to cover-glasses after exposure to air plasma, which resulted in formation of
microchannels. The microchannels were coated with 1 mg/ml poly-D-lysine solution
(Sigma-Aldrich) and rinsed twice with sterile distilled water. The coated microfluidic
chips were dried for more than 24 hours until use.

A rat-tail type I collagen solution (Corning, NY, USA) was adjusted to 4 mg/ml and
pH 7.4 with 0.5 N sodium hydroxide (Wako, Osaka, Japan). Similarly, fibrinogen (Sigma-
Aldrich) was dissolved in PBS to 4 mg/ml. The fibrinogen and collagen solutions were
then mixed at a 9:1 ratio. Finally, the fibrinogen-collagen solution was mixed with 10
unit/ml thrombin solution (Sigma-Aldrich) at a 10:1 ratio and injected into the gel channel
of microfluidic chips (750 um width and 150 pm height) (Fig. 3-2A, B). Microfluidic
chips were then placed in a humidified 5% CO2 incubator at 37°C for 30 min to promote
gelation. Finally, lateral microchannels were filled with cell culture medium and the chips

were kept in the incubator until use.

3-3-2 Cell preparation and in vitro formation of vascular anastomoses

HUVECs, GFP-HUVECs, and MSCs were cultured to form vascular anastomosis.
HUVECs (Lonza) and GFP-HUVECs (Angio-Proteomie) were obtained commercially
and cultured in endothelial growth medium-2 (EGM-2; Lonza) in a 5% COz2 incubator at
37°C. HUVECs and GFP-HUVECs were expanded in collagen-coated cell culture dishes
and cells at passages 4—7 were used for experiments.

Isolation of MSCs from human bone marrow was previously described using the
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LNGFR (CD271) and THY-1 (CD90) surface markers (Mabuchi et al., 2013). The
isolated MSCs were expanded in MSC growth medium: Dulbecco’s modified Eagle’s
medium with low glucose (Invitrogen Life Technologies) supplemented with 20% FBS,
20 ng/ml bFGF, and 1% antibiotic-antimycotic (Gibco). Cells were then cultured in a
humidified 5% CO2 incubator at 37°C. All experiments were performed with cells at
passages 5—7.

HUVECs were dissociated from cell culture dishes using trypsin-EDTA (Thermo
Fisher Scientific) and suspended in EGM-2 at a concentration of 1.0 x 10° cells/ml. MSCs
were similarly detached using trypsin-EDTA and suspended in DMEM (Gibco)
supplemented with 20% FBS (MSC medium) at a concentration of 1.0 x 10° cells/ml.
First, 10 pul cell suspension of HUVECs were seeded in a microchannel through an outlet
of the microchannel. Microfluidic chips were then tilted to promote cell attachment to the
surface of the gel scaffold. Similarly, the other microchannel was filled with 10 pul cell
suspension of HUVECs and MSCs in total at ratios of 2:8, 5:5, and 8:2 (Fig. 3-3A, B).
Subsequently, microfluidic chips were incubated for 30 min in a humidified 5% CO2
incubator at 37°C to allow cell attachment. Finally, reservoirs of microchannels were
replenished with a 1:1 mixture of EGM-2 and MSC medium supplemented with 10 ng/ml
VEGF (R&D Systems, Minneapolis, MN, USA) and 15 ng/ml bFGF. The culture medium
was replaced daily, and cells were cultured until day 10. During this culture period,
HUVECs extended vascular networks from both microchannels and finally formed

vascular anastomosis in the gel region (Fig. 3-3C, D).
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Fig. 3-2 Schematic illustrations of a microfluidic chip. (A, B) A schematic illustration
of a microfluidic chip (A) and a gel region (B). Section X—X’ represents cross-sectional

view of microchannels.
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Fig. 3-3 Schematic illustrations of an in vitro vascular anastomosis model in a
microfluidic chip. (A) A schematic illustration of a microfluidic chip. (B) Human

umbilical vein endothelial cells (HUVECs, red) and mesenchymal stem cells (MSCs,
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green) were seeded into microchannels and attached to the surfaces of the gel scaffold.
(C) MSCs migrated into the gel and induced the formation of vascular sprouts. (D) Finally,
microvessels extended from both sides of the gel contacted each other and formed

vascular anastomosis (asterisks).
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3-3-3 Immunofluorescent staining and imaging of vasculatures

A rabbit anti-CD146 antibody and a mouse anti-aSMA antibody (Sigma-Aldrich)
were used as primary antibodies labeling HUVECs and pericyte-like perivascular cells,
respectively (Yamamoto et al., 2019). Alexa Fluor 594-conjugated anti-rabbit IgG
(Invitrogen Life Technologies) and Alexa Fluor 488-conjugated anti-mouse IgG
(Invitrogen Life Technologies) were used as secondary antibodies.

Samples were fixed in 4% PFA for 15 min at 25°C and permeabilized with 0.1%
Triton X-100 for 5 min. After rinsing with PBS, samples were treated with BlockAce (DS
Pharma Biomedical) for 1 h to inhibit non-specific staining. Samples were then incubated
overnight with primary antibodies, followed by incubation with secondary antibodies.
Thereafter, samples were incubated with DAPI (Invitrogen Life Technologies) for
staining cell nuclei.

3D fluorescence images were obtained using a confocal laser-scanning microscope
(LSM700; Carl Zeiss). The 2D projected images were generated from 3D fluorescence

images using maximum intensity Z-projection in ImagelJ (National Institutes of Health).

3-3-4 Quantitative analysis of vascular networks

Geometrical characteristics of vascular networks (e.g., vascular distance, total length,
and number of anastomoses) were analyzed using 2D phase-contrast images or projected
images of 3D confocal data generated by Image]. Maximum vascular distance was
defined as the distance between the gel surface and the vascular tip. The maximum
distance of vascular networks was measured in each region. This distance was measured
using a straight-line tool in ImagelJ. Total length of vascular networks was measured by
multiple lines that were drawn along the long axis of the vessel using the straight-line
tool. Vascular anastomosis was defined by a continuous lumen structure between
microvessels, which was confirmed by cross-sectional images of vascular networks. The

number of vascular anastomoses was counted manually.
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3-3-5 Diffusion simulation of VEGF in HUVEC-MSC coculture

The concentration of VEGF in the hydrogel scaffold was calculated by Fick’s second
law using a finite element simulation software, COMSOL Multiphysics 5.2a (COMSOL
Inc., Burlington, MA, USA). To create 3D models of microfluidic chips, gel channels,
medium channels, and medium ports were modeled in COMSOL. VEGF distributions
were calculated based on a previous study (Jeong et al., 2011), using a diffusion
coefficient of VEGF in the medium of 2.5 x 10 m?/s, and that in the gel scaffold of 6.6
x 10" m?/s (Helm et al., 2005; Sudo et al., 2009), respectively. The consumption rate of
VEGF in HUVECsS in microchannels was assumed to be 20 ng/day/10° cells (Zandstra et
al., 1997), and VEGF secretion from MSCs in microchannels was assumed to be 24
ng/day/10° cells (Beckermann et al., 2008). Colormaps of VEGF distribution at 24 h were

obtained.

3-3-6 Live-cell imaging of in vitro vascular anastomosis formation

To monitor the formation of vascular anastomosis, GFP-HUVECs were cultured with
MSCs in a microfluidic chip. GFP-HUVECs were seeded in a microchannel, while both
GFP-HUVECs and MSCs were seeded in the other channel. The cell culture medium was
replenished daily, and fluorescence images were taken every other day until day 10 to
monitor the process of anastomosis formation using a fluorescence microscope (Axio

Observer Z1; Carl Zeiss).

3-3-7 Observation of the detailed structure of in vitro vascular anastomoses

Z-stack fluorescence images were acquired with 40x objective lens (EC Plan-
Neofluar, NA 1.30; Carl Zeiss) to examine the detailed structure of vascular anastomosis
between HUVECs and GFP-HUVECs using a confocal laser-scanning microscope

(LSM700). Projected and cross-sectional images were generated from the z-stack
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fluorescence images using maximum intensity Z-projection and orthogonal views in
Imagel, respectively. To demonstrate vascular anastomosis, 3D reconstruction images
were generated from the z-stack fluorescence images by Imaris 7.7.0 software (Bitplane,

Badenerstrasse, Zurich, Switzerland).

3-3-8 Statistical analysis

Experiments were repeated several times to confirm repeatability of the results. Data
are presented as means + standard error (SE). Student’s t test was used to test for
differences between 2 groups and Tukey’s multiple comparison test was also used to test
for differences among > 3 groups, which were considered statistically significant at P <

0.05. Statistical analyses were performed using SPSS (IBM).
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3-4 Results
3-4-1 Vascular formation was inhibited in HUVEC-HUVEC monoculture

First, HUVECs were cultured in one of two microchannels to confirm the ability of
vascular formation. In this “HUVEC-alone” condition, HUVECSs attached to one side of
the gel scaffold and formed vascular sprouts. These vascular sprouts gradually extended
across the gel scaffold and finally developed into vascular networks. The constructed
vessels reached to the other microchannel across the gel scaffold of 750 um width by day
10 (Fig. 3-4A). Next, HUVECs were cultured in both microchannels to assess whether
HUVECs form vascular anastomosis in vitro. In this “HUVEC-HUVEC” condition,
HUVEC:s attached to both sides of the gel scaffold. In contrast to the HUVEC-alone
condition, vascular sprouts were hardly observed, at least by day 10 (Fig. 3-4B). Although
some sprouts were formed, they were not stable and eventually regressed (Fig. 3-4B,
arrowheads). Quantitative analysis was performed focusing on maximum vascular
distance from the gel interface, which showed that the elongation of the constructed
vessels was significantly inhibited in the HUVEC-HUVEC condition, compared to the
HUVEC-alone condition (Fig. 3-4C, D). Specifically, maximum vascular distance was
430 + 46.6 um in the HUVEC-alone condition, while this figure was 99.9 + 20.8 um in
the HUVEC-HUVEC condition on day 10.
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Fig. 3-4 The processes of vascular formation in HUVEC monoculture. (A) A
schematic illustration of the “HUVEC-alone” condition. HUVECs were seeded in a
microchannel and attached to one side of the gel scaffold. HUVECs formed vascular

sprouts on day 1, which developed into networks extending into the entire gel by day 10.
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Arrowheads indicate tips of constructed vessels. (B) A schematic illustration of the
“HUVEC-HUVEC” condition. HUVECs were seeded in both microchannels and
attached to both sides of the gel scaffold. Although HUVECs formed some vascular
sprouts, these were not stable and eventually regressed (arrowheads). (C) A schematic
diagram for the measurement of maximum vascular distance. (D) Quantitative analysis

of maximum vascular distance. Scale bars: 200 um (A), (B). *P <0.05 (N=3,n=11).
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To investigate this inhibitory vascular formation in the HUVEC-HUVEC condition,
computational simulation was performed focusing on VEGF concentration, because
establishment of a VEGF gradient is known as an important factor to regulate vascular
formation. In the initial condition, there was no VEGF gradient because both
microchannels were filled with culture medium containing 10 ng/ml VEGF (data not
shown). However, HUVECs consumed VEGF, resulting in changes in VEGF
concentration. In the present study, HUVEC monoculture was performed without flow
condition. Thus, concentrations of VEGF varied depending on the VEGF consumption
rate of cells in microchannels due to the absence of fresh medium perfusion. The
simulation results indicated that a VEGF gradient was formed by 24 h in the HUVEC-
alone condition (Fig. 3-5A), while a flat distribution was obtained at 24 h in the HUVEC-
HUVEC condition (Fig. 3-5B). These results indicated that VEGF distribution varied

depending on initial cell distribution.
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Fig. 3-5 Computational simulation of VEGF gradients in HUVEC monoculture. (A)
The overall and enlarged views of colormap show the distribution of VEGF in the
“HUVEC-alone” condition at 24 h of culture. The concentration gradient of VEGF was
maintained across the gel scaffold. (B) The overall and enlarged views of colormap show
the distribution of VEGF in the “HUVEC-HUVEC?” condition at 24 h. No VEGF gradient

was observed in the gel scaffold.
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3-4-2 HUVEC-MSC coculture promoted formation of in vitro vascular anastomoses

Recently, it was reported that MSCs promoted formation of microvascular networks
in a microfluidic chip (Yamamoto et al., 2019). Thus, HUVEC-MSC coculture was
performed to support vascular anastomosis formation in a microfluidic chip. Specifically,
MSCs were added to the HUVEC-HUVEC culture condition to induce angiogenesis.
Moreover, a series of HUVEC:MSC ratios were tested in HUVEC-MSC coculture
(Fig. 3-6A). Immunofluorescence images showed that vascular formation was dependent
on HUVEC:MSC ratios. At a HUVEC:MSC ratio of 2:8, vascular networks were
extended from both microchannels and they formed vascular anastomoses by day 10 (Fig.
3-6B, asterisks). Furthermore, enlarged images showed that these vascular networks were
covered by perivascular cells, which were positive for a pericyte marker, aSMA (Fig. 3-
6B, (i, i1)). In contrast, vascular anastomoses were less frequently observed at
HUVEC:MSC ratios of 5:5 and 8:2 (Fig. 3-6C, D).

Quantitative analysis showed that both maximum vascular distance and total length
of vascular networks were significantly greater at the HUVEC:MSC ratio of 2:8,
compared to the other ratios (Fig. 3-6E, F). Moreover, the number of vascular
anastomoses was significantly increased at the HUVEC:MSC ratio of 2:8, which was >

3-times greater than the other ratios (Fig. 3-6G).
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coculture at different HUVEC:MSC ratios. (A) Schematic illustrations of cell culture
conditions. HUVECs were seeded in microchannels, while both HUVECs and MSCs
were seeded in the other microchannels at different HUVEC:MSC ratios (2:8, 5:5, 8:2).
(B—-D) Formation of vascular anastomosis in microfluidic chips. The fluorescence images
represent the formation of vascular networks (CD146) covered by perivascular cells
(aSMA) on day 10. Cell nuclei were counterstained with DAPI. Asterisks indicate

vascular anastomosis. Enlarged images (i) and (i1) correspond to the boxes (i) and (ii) in
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B, respectively. (E-G) Quantitative analyses of maximum vascular distance (E), total
length of vascular networks (F), and the number of vascular anastomoses (G) on day 10.
Scale bars, 200 um (B-D) and 50 pm (i, ii). Data are shown as mean + SE (N =3, n =
10). *P <0.05.
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Computational simulation of VEGF concentrations in the HUVEC-MSC coculture
were also performed at the HUVEC:MSC ratios of 2:8, 5:5, and 8:2 in static culture.
Similar to the HUVEC monoculture, there was no VEGF gradient in the initial condition
because both microchannels were filled with culture medium containing 10 ng/ml VEGF
(data not shown). However, HUVECs consumed VEGF while MSCs produced VEGF,
resulting in changes in local VEGF concentration near cells, depending on HUVEC:MSC
ratios (Beckermann et al., 2008). The simulation results showed that VEGF gradients
were formed by 24 h under all conditions (Fig. 3-7A—C). Notably, the steepest VEGF
gradient was detected at the HUVEC:MSC ratio of 2:8. This coculture condition was used

for anastomosis formation in the following experiments.
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3-4-3 Live-imaging of in vitro vascular anastomosis formation

To further investigate the process of vascular anastomosis formation, live-cell
imaging of GFP-HUVECs was performed until day 10 in the HUVEC-MSC coculture at
the HUVEC:MSC ratio of 2:8. In this experiment, GFP-HUVECs were seeded in a
microchannel, while both GFP-HUVECs and MSCs were seeded in the other
microchannel (Fig. 3-8A). First, vascular sprouts were formed on day 2, which extended
from the side of HUVECs alone (Fig. 3-8B, arrowheads). These vascular sprouts
gradually extended across the gel scaffold, while vascular sprouts also extended from the
side of HUVECs and MSCs by day 4 (Fig. 3-8C, arrowheads). These vascular sprouts
extended from both microchannels and continued to extend. Vascular interconnections
between tips of these vessels were formed during days 6-8 (Fig. 3-8D, E, asterisks).
Finally, vascular anastomoses were developed in this microfluidic chip by day 10 (Fig. 3-

8F, asterisks).
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Fig. 3-8 Live-cell imaging of GFP-HUVECs during in vitro vascular anastomosis
formation. (A) GFP-HUVECs were seeded a in microchannel, while both GFP-HUVECs
and MSCs were seeded in the other microchannel at a HUVEC:MSC ratio of 2:8. (B-D)
GFP-HUVECs formed vascular sprouts by day 4 from both sides of the microchannel and
then extended vascular networks on day 6. Arrowheads indicate the tips of vascular
networks. (E-F) Microvessels extended from different microchannels contacted each

other and formed vascular anastomoses (asterisks) during days 8—10. Scale bar, 200 um.
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3-4-4 Investigation of the detailed structure of in vitro vascular anastomosis

To investigate the detailed structure of vascular anastomosis, vessels were stained
and three-dimensionally observed by confocal microscopy. In this experiment, GFP-
HUVECs were seeded in one of the two microchannels to distinguish vessels extended
from each microchannel, while both HUVECs and MSCs were seeded in the other
microchannel at a HUVEC:MSC ratio of 2:8 (Fig. 3-9A). Vascular structures were fixed
on day 10 and stained for CD146, an endothelial marker. Immunofluorescence imaging
showed that the upper part of the vessel was positive for both CD146 and GFP (Fig. 3-
9B, i1—i1), while the lower part of the vessel was positive for CD146 (Fig. 3-9B, iii). This
represents vascular anastomosis because the upper part of the vessel was extended from
the microchannel of GFP-HUVECs alone while the lower part of that was from the
microchannel of both HUVECs and MSCs. Corresponding 3D reconstruction images

indicated that vascular anastomosis with continuous lumens was formed (Fig. 3-9C-E).
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Fig. 3-9 A detailed structure of vascular anastomosis between HUVECs and GFP-
HUVEC:s. (A) A schematic illustration of vascular anastomosis between HUVECs and
GFP-HUVECs. GFP-HUVECs were seeded in a microchannel, while both HUVECs and
MSCs were seeded in the other microchannel at a HUVEC:MSC ratio of 2:8. (B) A
projected confocal image showing vascular anastomosis labeled with CD146 (HUVECsS)
and GFP (GFP-HUVECsS). Cross-sectional images correspond to lines i—iii. (C—E) 3D
reconstruction images of vascular anastomosis (C). 3D reconstructed images show that
both GFP-HUVECs and HUVECs formed continuous lumens (D, E). Scale bars, 20 um
(B) and 10 pm (i-iii, C).
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3-4-5 Pro-angiogenic effects of VEGF gradient in HUVEC-HUVEC monoculture
Finally, effects of VEGF gradient on vascular formation was tested in HUVEC-
HUVEC monoculture to investigate whether VEGF gradient can induce the formation of
vascular anastomosis in this model. To generate a VEGF gradient across the gel scaffold,
one microchannel was filled with culture medium containing 50 ng/ml VEGF, while the
other microchannel was filled with normal culture medium containing 10 ng/ml VEGF.
In this condition, HUVECs formed some vascular sprouts, while only a few vascular
sprouts were observed without VEGF gradient (Fig. 3-10A, B). Quantitative analysis
revealed that the VEGF gradient significantly promoted vascular formation in the
HUVEC-HUVEC condition. The maximum vascular distance was approximately 2.5-
times greater in the presence of VEGF gradient than that without VEGF gradient (Fig. 3-
10C). However, vascular anastomoses were not formed even in the presence of VEGF

gradient.
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Fig. 3-10 HUVEC-HUVEC monoculture with VEGF gradient. (A) A schematic
illustration and corresponding phase-contrast images of the “HUVEC-HUVEC”
condition. An arrowhead indicates a vascular sprout. (B) A schematic illustration and
corresponding phase-contrast images of the “HUVEC-HUVEC +VEGF gradient”
condition. Arrowheads indicate vascular sprouts. (C) Quantitative analysis of maximum
vascular distance. Scale bars, 50 um (A), (B). Data are shown as mean £+ SE(N =2, n=

8). *p < 0.05.
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3-5 Discussion
3-5-1 Inhibition of vascular sprouting in HUVEC-HUVEC monoculture

In the present experiments, HUVEC monoculture was performed to form vascular
anastomosis in a microfluidic chip. Contrary to expectations, vascular formation was
significantly inhibited when HUVECs were seeded in both microchannels (“HUVEC-
HUVEC” condition). This can be explained by VEGF gradient profiles in “HUVEC-alone”
and “HUVEC-HUVEC” conditions. Simulation results indicated that a VEGF gradient
across the gel scaffold was maintained in the “HUVEC-alone” condition, whereas it is
not maintained in the “HUVEC-HUVEC” condition because HUVECs consumed VEGF
supplemented in the medium in both microchannels. Moreover, VEGF gradient enhanced
vascular formation in the HUVEC-HUVEC condition. These results suggest that VEGF
gradient is one of the most important factors for regulating angiogenesis.

It is well-known that chemical gradients (e.g., VEGF and S1P) facilitate EC
migration and vascular sprouting (Liu et al., 2007; van Duinen et al., 2019). Previous
studies have reported that VEGF regulates the formation and orientation of vascular
sprouts, which are parallel to the VEGF gradient (Shamloo et al., 2012; Wu et al., 2014).
Furthermore, VEGF 1is also known to regulate EC morphogenesis via induction and
activation of specific MMPs, which play important roles in EC migration (Funahashi et
al.,2011). However, vascular anastomoses were not formed even in the HUVEC-HUVEC
condition in the presence of VEGF gradient. Although VEGF gradient induced
angiogenesis, it was not sufficient for the formation of vascular anastomoses in this model.
Therefore, HUVEC monoculture was not suitable for formation of vascular anastomosis

in this microfluidic chip.
4-3-2 Establishment of an in vitro vascular anastomosis model in HUVEC-MSC coculture
As the present study revealed that HUVEC monoculture failed to form vascular

anastomosis even in the presence of VEGF gradient, HUVEC-MSC coculture was
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utilized to induce vascular sprouting and anastomosis formation. The important findings
of the present study are as follows: 1) the amount of MSCs added to the HUVEC
monoculture significantly affected vascular formation, 2) greater numbers of vascular
anastomoses were formed at a HUVEC:MSC ratio of 2:8, and 3) the addition of MSCs
was critical for the formation of vascular anastomosis in this model. Two factors can help
to explain these findings.

First, vascular formation was varied by different VEGF gradient profiles due to the
different amount of MSCs added to the HUVEC-MSC coculture. As the results confirmed
by computational diffusion analysis, the steepest VEGF gradient was maintained at 24 h
at a HUVEC:MSC ratio of 2:8. This is consistent with the greatest number of vascular
anastomoses at a HUVEC:MSC ratio of 2:8. However, this cannot explain vascular
extension from the side of HUVECs and MSCs.

Second, there is a possibility that vascular formation was promoted by other secreted
or juxtacrine factors of MSCs (Nassiri and Rahbarghazi, 2014). There are many evidences
that MSCs promote vascular formation (McFadden et al., 2013; Jeon et al., 2014), which
may induce the formation of vascular networks in a microfluidic chip. It was also
demonstrated that HUVEC-MSC coculture promoted EC sprouting and migration along
MSC networks in the gel scaffold (Yamamoto et al., 2019). These findings suggested that
multiple factors including VEGF gradient were involved in the formation of vascular
networks and anastomoses in this model. In particular, HUVECs might extend vascular
networks in response to a local gradient of chemical factors secreted by the MSCs
distributed in the gel scaffold. This is consistent with the results that microvessels were
extended from both microchannels, and there was subsequent formation of vascular
contact between microvessels. In addition, other groups reported that ECs at the tips of
adjacent sprouts would align ECM between them by a traction-mediated effect, which

can also facilitate vascular contact and anastomosis formation (Vernon and Sage, 1995).

98



Chapter 3 Investigation of microvascular formation using a microfluidic chip

The addition of MSCs is also critical to mimic in vivo vascular anastomosis. Vascular
anastomosis in this study was constructed between microvessels formed in HUVEC-MSC
culture. The results demonstrated the construction of microvessels covered by MSC-
derived perivascular cells, which was similar to in vivo microvessels because in vivo
vascular anastomosis is regulated by not only EC but also perivascular cells (Hirschi and
D’Amore, 1996; Ribatti et al., 2011). Therefore, this culture model can recapitulate in

vivo vascular anastomosis between engineered and host vessels.

3-5-3 Comparison of in vitro and in vivo anastomosis formation

As an in vitro model of vascular anastomosis was established in this study, the
processes and detailed structures of anastomoses were investigated by live-cell imaging
of GFP-HUVECs. Previous studies have reported the processes of vascular anastomosis
formation during embryonic development using animal models (e.g., zebrafish). These
studies described that a multistep process is involved in vascular anastomosis, including
EC migration, vascular contact, and luminal formation (Herwig et al., 2011; Lenard et al.,
2013). Specifically, vascular endothelial cadherin protein was shown to play critical roles
in the early steps of vascular anastomosis, such as recognition of tip cells, contact
formation, and lumen formation. Furthermore, it was confirmed that vascular anastomosis
was formed through EC migration and vascular contact, finally resulting in the formation
of continuous lumens. In addition, other groups reported that in vivo vascular anastomosis
formation between arterial and venous vessels in zebrafish is regulated by a chemokine
receptor, cxcrda, and its ligand, cxcl12b (Bussmann et al., 2011). This anastomosis model
may provide detailed insight to further elucidate mechanism of in vivo anastomosis
formation. Additional investigation will be needed to evaluate vascular functions after

anastomosis generation, such as barrier functions and antithrombotic functions.
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3-6 Summary

In this chapter, an in vitro vascular anastomosis model was established using
microfluidic chips by regulating chemical factors. First, it was found that “HUVEC-
HUVEC” condition failed to form vascular networks, while HUVEC-MSC coculture
successfully promoted vascular anastomosis formation. Moreover, computational
simulation suggested that local VEGF gradients play important roles in formation of
vascular networks and anastomoses. However, since HUVECs failed to form vascular
anastomoses in HUVEC-HUVEC conditions even in the presence of VEGF gradient,
which indicated that the addition of MSCs was critical for vascular anastomoses in this
culture model. This anastomosis model will provide useful information for the
development of arterio-venous networks such as PV-sinusoid-HV networks in a

decellularized liver.

In this chapter, microvascular networks including vascular anastomoses were
constructed in a microfluidic chip by heterotypic cell-cell interaction and chemical
factors (Fig. 3-11, left panel). Hence, the following chapter focuses on construction of
functional organ-scale vascular networks with findings obtained in chapters 2 and 3 (Fig.

3-11, right panel).
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Fig. 3-11 Strategic direction for construction of organ-scale vascular networks. In
chapter 3, microvascular networks were constructed in HUVEC-MSC coculture using a
microfluidic chip. Hence, in chapter 4, a decellularized liver was used again to construct

organ-scale vascular networks with findings obtained in chapters 2 and 3.
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Chapter 4 Construction of functional vascular networks in a

decellularized liver

4-1 Introduction

Liver transplantation is only treatment for patients with end-stage liver diseases,
because living livers cannot be replaced by artificial devices due to the complexity of
liver functions. Although liver support strategies such as hepatocyte transplantation and
bioartificial livers (e.g., MARS) have been widely developed as alternatives to
conventional liver transplantation, artificial liver support systems cannot replace liver
functions adequately and these systems have been used as bridge-to-transplant to gain
time (Fox et al., 1998; Palakkan et al., 2013; Sauer et al., 2004). Moreover, recent trends
have focused on development of in vitro hepatic tissue constructs using biomaterials such
as cells, scaffolds, and growth factors (Kasuya et al., 2012, 2015; Ajoudanian et al., 2019;
Damania et al., 2014; Takebe et al., 2013; Koike et al., 2019; Sakai et al., 2015) in
accordance with the principle of tissue engineering (Langer and Vacanti, 1993). However,
these techniques have not been adopted in clinical use due to the small size of hepatic
tissues-engineered constructs.

Recent advances in decellularization technique allowed us to construct organ-scale
tissue constructs such as the heart, lungs, kidneys, and liver (Guyette ef al., 2014; Uygun
et al., 2010). Decellularized organs retain native ECM forming vasculature networks for
nutrient and gas transport, and biochemical molecules that may promote cell attachment
and tissue regeneration. Especially, Uygun et al. (2010) reported that a decellularized
liver seeded with hepatocytes supported liver-specific function including albumin
secretion, urea synthesis and CYP expression at comparable levels to normal liver.
Moreover, Baptista et al. (2016) constructed bioengineered liver constructs using HepG2
cells and ECs, which resulted in formation of large clusters of HepG2 cells and EC

networks in a decellularized liver. Although decellularized livers have allowed
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construction of functional hepatic tissues in terms of liver structure and function, these
recellularized livers have not been approved for clinical use due to the problem of clot
formation after transplantation, because blood components (e.g., platelets) adhere to bare
ECM and subsequently form thrombus (Ruggeri and Mendolicchio, 2007).

To prevent clot formation in recellularized livers, several groups have focused on
endothelialization of decellularized liver scaffolds (Ko et al., 2015; Devalliere et al.,
2018). Fer example, Ko et al. reported that decellularized liver scaffolds were coated with
conjugating anti-endothelial cell antibodies (CD31), which resulted in enhanced coverage
of the vascular walls with ECs. Moreover, Hussein ef al. (2016) demonstrated that a
heparin-gelatin coating on the inner surface of blood vessels improved antithrombotic
function and EC coverage on vascular wall within decellularized livers, resulting in
enhanced liver function after transplantation. Devalliere et al. (2018) enhanced
endothelialization of decellularized liver scaffolds by conjugating elastin-like peptides
grafted with cell binding domain to improve EC attachment on vascular walls. Despite
these enormous efforts, complete elimination of platelet adhesion on vascular walls or in
a parenchymal region has not been achieved. This may be due to incomplete formation
of vascular networks including sinusoids.

Toward further improvement of EC coverage, a perfusion culture system has been
established to form whole-liver vascular networks including sinusoid-scale microvessels
(< 15 um in diameter) in a decellularized liver as described in chapter 2 (Watanabe et al.,
2019). This study demonstrated that FSS applied to ECs induced formation of sinusoid-
scale microvessels in perfusion culture of a decellularized liver. Moreover, a combination
of perfusion culture and surface coating with fibronectin significantly promoted the
formation of sinusoid-scale microvessels compared to static culture. However, little is
known about functions (e.g., antithrombotic) of constructed microvessels.

This chapter focuses on the investigation whether sinusoid-scale microvessels

constructed in a decellularized liver have antithrombotic function. The results confirmed
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that constructed microvessels reduced platelet deposition in a decellularized liver in
perfusion culture with fibronectin coating compared to that in static culture. Moreover,
enhanced EC coverage was achieved by route selection for cell seeding as well as
mechanical and chemical factors. These findings will provide useful insights to construct
a transplantable liver tissue using a decellularized liver in terms of whole-organ

vascularization.
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4-2 Experimental design
Aim

This chapter was designed to construct functional organ-scale vascular networks
including PV, sinusoidal, and HV networks utilizing the findings obtained in chapters 2

and 3.

Approaches

Chapters 2 and 3 demonstrated that mechanical factors (e.g., FSS) and chemical
factors (e.g., surface coating, chemical gradient, and heterotypic cell—cell interaction) can
regulate in vitro formation of vascular networks including microvessels and vascular
anastomoses. Hence, in this chapter, mechanical and chemical factors described in
chapters 2 and 3 were utilized to form functional organ-scale vascular networks.
Moreover, organ-scale vascular networks were constructed by considering cell seeding

route as well as mechanical and chemical factors (Fig. 4-1).
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Fig. 4-1 Experimental design for construction of functional organ-scale vascular

networks. It was demonstrated that mechanical and chemical factors (e.g., FSS and

surface coating with fibronectin) were important to construct sinusoid-scale microvessels

(chapter 2), while cell seeding route and heterotypic cell—cell interaction were critical for

the formation of vascular networks including vascular anastomoses (chapter 3). Hence,

in chapter 4, these findings were utilized to construct functional organ-scale vascular

networks.
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4-3 Materials and methods
4-3-1 Animal experiment and liver harvest

Detailed methods and ethical committee approval were described in section 2-3-1.
Surgical anesthesia was induced and maintained using 2—4% inhalation isoflurane and
abdominal incision was made by scissors. The PV and IVC were cannulated with 20 G
cannulas and ligated with silk sutures. Then, the liver was harvested from the rat and

frozen at —80°C for > 24 hours until use.

4-3-2 Decellularization of rat livers

The protocol to obtain a decellularized liver scaffold was described in section 2-3-2.
Harvested livers were thawed in a water bath at 37°C and placed in a perfusion-based
decellularization system. The cannula inserted in the PV was connected to a peristaltic
pump (Cole-Palmer Instrument Co.) and perfused with PBS for 1 hour at a rate of
approximately 6 ml/min. Subsequently, the liver was perfused with pre-warmed 0.05%
trypsin-0.05% EGTA solution for 2 hours, 0.5% Triton X-100-0.05% EGTA solution for
3—-12 hours, and PBS for 1 hour. After the decellularization procedure, RML, LML, and

SRL were used for recellularization experiments.

4-3-3 Recellularization of rat livers

Detailed methods were described in section 2-3-3 and 2-3-4. In recellularization
experiments, GFP-HUVECs were used for recellularization of vascular networks in
decellularized livers. Dil-MSCs and Dil-HUVECs were also prepared for
recellularization experiments. HUVECs (Lonza) were labeled with Vybrant™ Dil cell-
labeling solution (Thermo Fisher Scientific, Waltham, MA, USA).

To conduct HUVEC-MSC coculture in a decellularized liver, GFP-HUVECs and
Dil-labeled MSCs were dissociated from cell culture dishes using trypsin-EDTA (Thermo

Fisher Scientific) and suspended in DMEM with low glucose (Gibco) supplemented with
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10% FBS, 1 mM ascorbic acid 2-phosphate, 10 ng/ml bFGF, and 1% antibiotic-
antimycotic solution (Gibco) at a concentration of 1.0 x 10° cells/ml, respectively. Cell
suspensions of 5.0 x 10®° GFP-HUVECs with different number of MSCs (5.0 x 10%,1.0 x
10 5.0 x 10° cells) were injected into decellularized livers through the PVs. Fluorescence
images of constructed EC networks were observed using a fluorescence microscope
(Axio Observer Z1; Carl Zeiss).

To perform HUVEC monoculture condition, cell suspensions of 1.0 x 10’ GFP-
HUVECs were seeded into decellularized liver scaffolds through the PV, divided into two
injections. In addition, the HV was also used in some experiments to compare cell seeding
routes (e.g., PV and HV). After 2 hours of incubation for cell attachment, the culture
medium was replenished with fresh medium, and the medium was replenished every other
day. Fluorescence images of constructed EC networks were observed using a fluorescence
microscope (Axio Observer Z1; Carl Zeiss) on days 0, 2, 4, and 6. Constructed EC
networks in the 2.0 mm x 2.0 mm ROI were analyzed using Imagel (National Institutes
of Health). The diameter and length of constructed vessels in decellularized livers were
measured and histograms of vessel diameter were produced.

To perform perfusion culture, the recellularized liver was placed in a perfusion
chamber and the cannula inserted into the PV of the liver was connected to a peristaltic
pump after 2 hours of incubation for cell attachment. The recellularized liver was then
perfused at 4.7 ml/min through the PV for 2 days, since the perfusion culture condition at
4.7 ml/min was estimated to be an appropriate condition for the formation of sinusoid-
scale microvessels in chapter 2. In this perfusion condition, $50 pm vessels were exposed
to approximately 0.5 Pa FSS. Detailed methods and results were described in sections 2-

3-4 and 2-4-3.

4-3-4 Fibronectin coating of a decellularized liver

To improve microvessel formation, decellularized liver scaffolds were immersed in
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50 pg/ml fibronectin solution (Sigma) overnight before liver recellularization.

4-3-5 Ex vivo blood perfusion

Whole blood was freshly collected from male Sprague-Dawley rats (Sankyo Labo
Service Corporation) and diluted in culture medium at a ratio of 1:5. The diluted blood
was infused through the PVs of a decellualarized and recellularized livers at a flow rate
of 1 ml/min. All samples were then incubated under static condition for 1 hour to promote
platelet adhesion on ECM within decellularized livers. After incubation, samples were
rinsed with PBS and then fixed in 4% PFA for immunofluorescence staining analysis.

To determine platelet adhesion on ECM, sample sections were stained with a mouse
anti-integrin o antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and
Alexa Fluor 647-conjugated mouse anti-goat antibody (Invitrogen Life Technologies,

Carlsbad, CA, USA), followed by visualization by confocal microscopy (LSM700; Zeiss).

4-3-6 Statistical analysis

Experiments were repeated several times to confirm repeatability of the results. Data
are presented as means + standard deviation (SD). Student’s t test was used to test for
differences between 2 groups and Tukey’s multiple comparison test was also used to test
for differences among > 3 groups, which were considered statistically significant at P <

0.05. Statistical analyses were performed using SPSS (IBM).
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4-4 Results
4-4-1 HUVEC-MSC coculture in a decellularized liver

Based on previous findings that HUVEC-MSC coculture promoted in vitro vascular
formation, both GFP-HUVECs and MSCs were injected into a decellularized liver
through the PV (Fig. 4-2A). The results showed that decellularized livers seeded with
GFP-HUVECs and MSCs greatly constricted under all conditions on day 4 (Fig. 4-2B).
In addition, fluorescence images revealed that MSCs migrated into the parenchymal
regions, while vascular networks were not observed in a decellularized liver. Moreover,
quantitative analysis showed that recellularized livers greatly constricted in a time-
dependent manner (Fig. 4-2D). Although minimum contraction was confirmed when a
decellularized liver was seeded at a GFP-HUVEC:MSC ratio of 10:1, these results
indicated that decellularized livers seeded with GFP-HUVECs and MSCs cannot
maintain their shapes.

To overcome this problem, perfusion culture of a decellularized liver was utilized to
prevent tissue contraction by hydrostatic pressure. In this experiment, a decellularized
liver seeded with GFP-HUVECs and MSCs at 10:1 ratio was perfused at 1, 2, 3, and 4
ml/min through the PV (Fig. 4-3A). Although quantitative analysis showed that a
recellularized liver maintained its shape for 7 days of culture (Fig. 4-3C), vascular

networks similar to those constructed in chapter 2 were not observed (Fig. 4-3B).
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Fig. 4-2 HUVEC-MSC coculture in a decellularized liver of static culture. (A) An
overall image and a schematic illustration of HUVEC-MSC coculture in decellularize
livers. (B, C) Overall and fluorescence images of recellularized livers seeded with
different HUVEC-MSC ratios (10:10, 10:2, and 10:1) on days 0, 2, and 4. (D)
Quantitative analysis of contraction coefficient of recellularized livers on day 4. Scale

bars, 2 mm (A, B), 1000 um (C). Data are shown as mean + SD (N =1, n = 3).
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Fig. 4-3 HUVEC-MSC coculture in decellularized livers of perfusion culture. (A) A
schematic illustration of perfusion culture of HUVEC-MSC coculture in a decellularize
liver under different flow rate (1, 2, 3, and 4 ml/min). (B) A fluorescence image of EC
networks on day 7 in perfusion culture at 4 ml/min through the PV. GFP-HUVECs and
Dil-labeled MSCs were used for this experiment. (C) Quantitative analysis of
contraction coefficient of recellularized livers on days 0 and 7. Scale bars, 2 mm (B),

1000 pm. Data are shown as mean + SD (N =1, n = 3).
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4-4-2 Maintenance of EC networks in perfusion culture with fibronectin coating

To examine the integrity of constructed sinusoid-scale microvessels, a recellularized
liver in perfusion culture with fibronectin coating was monitored. Prior to perfusion
culture, a decellularized liver was coated with fibronectin, and then infused with GFP-
HUVECs to form sinusoid-scale microvessels (Fig. 4-4A). After 2 days of perfusion
culture, sinusoid-scale microvessels were formed in a recellularized liver with continuous
lumens (Fig. 4-4B, i-iii). Moreover, these microvessels were also observed on day 4.
Although sinusoid-scale microvessels were successfully maintained during days 24,
these microvessels regressed on day 6 (Fig. 4-4C). Moreover, a quantitative analysis
showed that the number of these microvessels was significantly greater on days 2 and 4
compared to that on day 6 (Fig. 4-4D). On the other hand, the length of these microvessels

were 269 £ 62 um and 306 + 134 um on days 2 and 4, respectively (Fig. 4-4E).
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Fig. 4-4 Maintenance of sinusoid-scale microvessels in perfusion culture of a
decellularized liver. (A) Schematic illustrations of perfusion culture and fibronectin
coating. (B) A confocal image of a detailed structure of a constructed sinusoid-scale
microvessel on day 2. Cross-sectional images correspond to lines i—iii, which shows
continuous lumens of the microvessel. (C) Fluorescence images of constructed EC
networks during days 2—6. Arrowheads indicate sinusoid-scale microvessels. (D, E) A

quantitative analysis of constructed sinusoid-scale microvessels in decellularized livers.
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Number (D) and length (E) of sinusoid-scale microvessels on days 2, 4, and 6 in the 2.0
mm % 2.0 mm ROI. Scale bars, 10 um (B), 5 um (i—iii), 200 um (C). Data are shown as
mean £ SD (N=3,n=9). *P <0.05.
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4-4-3 Ex vivo blood perfusion test of a recellularized liver

Following 2 days of cell culture, decellularized and recellularized livers were
perfused with diluted whole-blood through the PVs and incubated them for investigating
platelet deposition (Fig. 4-5A). After blood perfusion, blood was seen in entire region of
a decellularized liver (Fig. 4-5B), while blood was retained in vasculatures in
recellularized livers (Fig. 4-5C). Histological analyses revealed that decellularized livers
exhibited higher platelet deposition compared to those seeded with ECs. Interestingly,
fluorescence images showed that recellularized livers in perfusion culture with
fibronectin coating exhibited reduced number of deposited platelets in the 80 < 80 um
ROI compared to that in static culture (Fig. 4-6A). Moreover, a quantitative analysis of
platelet deposition showed that EC networks constructed in the condition of “perfusion +
fibronectin” significantly reduced number of platelets compared to that in a decellularized
liver (Fig. 4-6B). These results that indicated constructed endothelium in perfusion
culture with fibronectin coating had antithrombotic function in terms of platelet

deposition.
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Fig. 4-5 A schematic illustration and bright field images of decellularized and
recellularized livers after blood perfusion. (A) Schematic diagrams of ex vivo perfusion
of diluted whole-blood through the PV. (B) Stereomicroscope images of a decellularized
liver after blood perfusion. (C) Stereomicroscope images of recellularized livers in static
culture and perfusion culture with fibronectin coating after blood perfusion. Scale bars, 5

mm and 500 pm.
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Fig. 4-6 Ex vivo blood perfusion of recellularized livers. (A) Ex vivo blood perfusion
of recellularized liver with GFP-HUVEC:s in “static culture” or “perfusion + fibronectin”.
Fluorescence images represent platelet deposition in decellularized or recellularized
livers after 1 hour of blood perfusion in each condition. Platelet deposition was detected
by an antibody against platelet surface marker, anti-integrin omb. (B) A quantitative

analysis of platelet deposition in decellularized livers. Scale bars, 5 mm and 10 um. Data
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are shown as mean + SD (N =2, n = 8). *P <0.05.
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4-4-4 Comparison of a cell seeding route in a decellularized liver

The liver is composed of several tubular networks such as HA, PV, HV, and BD.
These networks can be used as injection routes in a decellularized liver. For this reason,
to extend EC networks in a decellularized liver, both PV and HV were used as injection
routes. Fluorescence images showed that a hierarchical EC network was formed during
days 0—4 when GFP-HUVECs were seeded through PV (“PV” condition) (Fig. 4-7A). In
contrast, more complex EC networks were observed in a decellularized liver when ECs
were seeded through both the PV and HV (“PV+HV” condition) compared to the “PV”
condition (Fig. 4-7B). A quantitative analysis revealed that EC density significantly
increased in the “PV+HV” condition compared to that in the “PV” condition (Fig. 4-7C).
In addition, total EC length in the “PV+HV” condition was significantly greater than that

in the “PV” condition on days 0—4 (Fig. 4-7D).
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Fig. 4-7 Comparison of a seeding route for recellularization. (A, B) Schematic
illustrations and fluorescence images of recellularization through the PV (A) or both PV
and HV (B). Fluorescence images represent EC networks formed in decellularized livers
during days 0—4. (C, D) Quantitative analyses of EC density (C) and total EC length (D).

Scale bars, 200 um. Data are shown as mean = SD (N =3, n=9). *P <0.05.
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Moreover, two types of fluorescent labeled ECs were used in this experiment to
distinguish ECs seeded from different routes. To construct vascular networks in a
decellularized liver, PV was seeded with GFP-HUVECs, while HV was seeded with Dil-
labeled HUVEC, which resulted in the formation of hierarchical EC networks labeled
with GFP (green) or Dil (red) (Fig. 4-8A). Fluorescence images showed that GFP-
HUVECs and Dil-HUVECs form clearly different EC networks, respectively. These EC
networks were maintained for at least 4 days of culture (Fig. 4-8B). However, sinusoid-
scale microvessels were not observed in static culture even in the “PV+HV” condition.

Furthermore, under the “perfusion + fibronectin” condition, EC contacts between
GFP-labeled EC networks and Dil-labeled EC networks were observed in a decellularized

liver on day 2 (Fig. 4-9A, B).
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Fig. 4-8 Live-cell imaging of GFP- and Dil-HUVEC in a decellularized liver. (A) A
schematic illustration of cell seeding using GFP-HUVECs and Dil-HUVECs. GFP-
HUVECs were seeded through the PV, while Dil-HUVECs were seeded through the HV.
(B) Fluorescence images showed two distinct EC networks during days 0—4. The PV and
HV networks were composed of GFP-HUVECs and Dil-HUVECsS, respectively. Scale

bars, 500 um.
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Fig. 4-9 Live-cell imaging of PV and HV networks in perfusion culture. (A)
Schematic illustrations of perfusion culture of a decellularized liver seeded with GFP-
HUVECs and Dil-HUVECs. The reendothelialized liver was perfused with cell culture
medium through the PV. (B) Fluorescence images of PV and HV networks. EC contacts
between GFP-labeled microvessels and Dil-labeled microvessels were observed on day

2 in a decellularized liver. Scale bars, 500 um (B), 200 pm (i-ii).
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4-5 Discussion

Organ decellularization is a promising strategy for the generation of transplantable
livers. Several groups have developed functional tissue-engineered liver tissues using
decellularized livers in terms of liver structures and functions such as albumin and urea
synthesis (Uygun et al., 2010; Ogiso et al., 2016; Baptista et al., 2011; Shirakigawa et al.,
2013; Yagi et al., 2013; Kadota et al., 2014; Soto-Gutierrez et al., 2011; Baptista et al.,
2016). However, there remained obstacles for clinical use such as clot formation in a

decellularized liver due to incomplete vascular formation.

4-5-1 HUVEC-MSC coculture in a decellularized liver

Recent evidence have suggested that EC-MSC coculture can induce the formation of
microvascular networks in vitro (Carrion ef al., 2010; McFadden et al., 2013; Yamamoto
et al., 2013, 2019). However, EC networks and sinusoid-scale microvessels were not
formed in a decellularized liver under HUVEC-MSC coculture condition, while
recellularized liver tissues constricted in a time-dependent manner. On the other hand,
MSCs were also reported to induce cell-mediated contraction (Nirmalanandhan et al.,
2006). Moreover, MSCs on the matrix surface was reported to differentiate toward a
myofibroblast or SMC phenotype with ascorbic acid treatment (Weidenhamer et al.,
2015), which may result in contraction of recellularized livers. From a practical
perspective, it appeared to be difficult to construct stable vascular networks using GFP-

HUVECs and MSC:s in a decellularized liver due to the tissue contraction.

4-5-2 Antithrombotic functions of constructed EC networks

To overcome the problem of clot formation, several groups have focused on
reendothelialization of a decellularized liver (Meng et al., 2019; Kojima et al., 2018; Ko
etal.,2015; Hussein et al., 2016). Especially, EC networks were successfully constructed

including sinusoid-scale microvessels using a decellularized liver in chapter 2 (Watanabe
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et al., 2019). However, little is known about antithrombotic functions of constructed
sinusoid-scale microvessels in a decellularized liver. Thus, it is essential to investigate
whether these microvessels have antithrombotic functions. In this chapter, it is
demonstrated that platelet deposition in a decellularized liver effectively reduced in the
condition of perfusion culture with fibronectin coating, while platelets were observed in
static culture. These results indicated that constructed vascular networks including
sinusoid-scale microvessels had antithrombotic functions and might prevent following
clot formation (Ruggeri and Mendolicchio, 2007). Moreover, as described in chapter 2,
ECs in the condition of perfusion culture and fibronectin coating aligned in the flow
direction, while ECs in static culture showed round shape in chapter 2 (Watanabe et al.,
2019). This may promote an antithrombotic phenotype on ECs. In addition, platelets
observed in this study was smaller than those reported in previous studies (Jain et al.,
2016; Barrile et al., 2018). This can be explained by difference in matrix stiffness of a
decellularized liver. A previous study determined that Racl and actomyosin activity
mediate substrate stiffness-dependent platelet adhesion, spreading, and activation to
different degrees and suggested that platelets took more time to spread and activate on
softer gel less than 2500 kPa (Qiu et al., 2014). In addition, matrix stiffness of a
decellularized liver was estimated to be 914 Pa (Nishii et al., 2016).

Although EC networks reduced platelet deposition, platelet deposition was still
observed in a decellularized liver even in the condition of perfusion and fibronectin
coating. This observation can be explained by two factors. One is an adverse immune
response of ECs. For example, Ko et al. (2015) and Hussein et al. (2016) perfused porcine
blood into vascular networks composed of human ECs. On the other hand, Devalliere et
al. used rat blood and human ECs. In these studies, adverse immune response might
induce platelet deposition. The other is due to incomplete coverage of the inner surface

of a decellularized liver. When GFP-HUVECs were seeded through PV, they were
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distributed in the PV network, while those cells were not observed in the HV network.

This may induce platelet deposition in a decellularized liver around the HV network.

4-5-3 Maintenance of sinusoid-scale microvessels in a decellularized liver

In the present study, sinusoid-scale microvessels (< 15 um) were formed with the
combination of perfusion culture and fibronectin coating. These structures were
maintained until day 4, but eventually regressed. Several studies successfully performed
in vitro formation of vascular networks using a microfluidic chip (Han et al., 2015; Abe
et al.,2019; Song and Munn, 2011). However, these vascular networks were unstable and
its structures were not maintained for more than 1 week due to the lack of supporting cells
such as perivascular cells or fibroblasts (Yamamoto et al., 2013, 2019; Yeon et al., 2012;
Wang et al., 2016). These results correspond with the results in this study. These findings
suggested that coculture with supporting cells might enable long-term culture of vascular
networks in a decellularized liver.

In terms of total length of sinusoid-scale microvessels, GFP-HUVECs extended
larger EC networks on day 4 compared to day 2, which suggested that these microvessels
extended their structures in a time-dependent manner for at least 4 days. However, length
of these microvessels was shorter than the radius of a hepatic lobule (350-500 um). Hence,
further improvements in terms of microvessel length are needed in order to construct

whole-organ EC networks.

4-5-4 Optimization of the cell seeding route for recellularization

To improve EC coverage in a decellularized liver, optimization of the cell seeding
route was performed. Currently, the PV was generally used as a cell seeding route for
recellularization (Uygun et al., 2010; Kojima et al., 2018). However, recent evidence
suggests that selection of a seeding route can be critical for recellularization such as cell

distribution and engraftment. For example, Ogiso et al. (2016) demonstrated that
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hepatocyte seeded through the biliary tree entered the parenchyma and distributed
throughout the liver lobule. On the other hand, Baptista ef al. (2011) demonstrated that
PV-seeded ECs were predominantly deposited in the periportal regions of the liver lobule,
whereas vena cava-perfused beads were concentrated in the region of the CV. However,
optimization of the cell seeding route using cells have not been investigated. In this
chapter, it was revealed that cell seeding from both PV and HV effectively enhanced EC
coverage in a decellularized liver. This result indicated that cells seeded from PV were
trapped in the periportal region and were not able to across sinusoid regions toward the
CV. These findings indicated that a combination of the optimized seeding route and self-
organization by mechanical and chemical factors may be useful to construct

microvascular networks between PV and HV.
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4-6 Summary

In this chapter, the wvalidity of wvascular networks including sinusoid-scale
microvessels constructed in a decellularized liver was determined in terms of
hemocompatibility. EC networks showed antithrombotic functions and reduced platelet
deposition. In particular, the recellularized liver with ECs in the combination of perfusion
culture and fibronectin coating significantly reduced platelet deposition compared to the
decellularized liver without ECs and fibronectin coating. Furthermore, improvement of
EC coverage in a decellularized was achieved. Especially, the use of HV in addition to
PV as a route of cell seeding significantly enhanced EC density and total length of EC
networks. Taken together, these results indicated that route selection for cell seeding as
well as mechanical and chemical factors were important to construct functional EC
networks including sinusoid-scale microvessels in vitro. These findings will provide
useful information for the development of transplantable livers in terms of

hemocompatibility.
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Chapter 5 Concluding remarks

5-1 Summary and conclusions

In vitro construction of tissue-engineered liver transplants has been proposed as an
alternative strategy to the conventional liver transplantation, because available donor
livers are in short supply. Although the decellularization techniques have allowed us to
construct whole-organ liver tissues in vitro, it is still difficult to construct transplantable
liver tissues due to the lack of intact vascular networks, resulting in clot formation after
transplantation. Especially, large vasculatures were successfully constructed in a
decellularized liver in previous studies, while little is known about construction of
sinusoids (< 15 um). The purpose of this thesis is to develop functional vascular networks
including sinusoid-scale microvessels using decellularized livers and determine the
validity of the vascular networks in terms of hemocompatibility.

Chapter 2 described the construction of sinusoid-scale microvessels in a
decellularized liver by regulating mechanical and chemical factors (Fig. 5-1, chapter 2).
Based on hypothesized that both mechanical factors (e.g., shear stress) and chemical
factors (e.g., surface coating) can induce formation of microvessels in vitro, experiments
were performed. To investigate effects of shear stress on EC morphology, an in vitro
perfusion culture system with a decellularized liver was developed. This experiment
demonstrated that perfusion culture promoted formation of sinusoid-scale microvessels
in decellularized livers, which was not observed in static culture. In particular, perfusion
culture at 4.7 ml/min through the PV promoted the formation of sinusoid-scale
microvessels compared to other culture conditions. In particular, range of FSS was
important and approximately 0.5 Pa FSS loaded on ¢ 50-60 pm blood vessels was critical
for the construction of sinusoid-scale microvessels. In perfusion culture, a well-aligned
EC layer was observed in a decellularized liver, which suggested that ECs aligned in

response to the flow-induced shear stress. Furthermore, the number of sinusoid-scale
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microvessels was significantly increased in perfusion culture of a decellularized liver with
fibronectin coating compared to that without the coating. These results indicate that the
combination of mechanical and chemical factors (FSS and surface coating of fibronectin)
is useful for the effective formation of in vifro microvessels.

Chapter 3 described in vitro formation of microvascular formation including vascular
anastomoses between microvessels in HUVEC-MSC coculture using a microfluidic chip
(Fig. 5-1, chapter 3). To construct large tissues containing continuous vascular networks
such as arterio-venous networks, formation of vascular anastomosis is an essential
process for connection between vasculatures. First, HUVECs were seeded in two
channels of a microfluidic chip divided by a gel region. This experiment showed that
vascular formation was inhibited when HUVECs were seeded on both sides of the gel,
while HUVECs extended vascular networks when they were seeded on one side only.
Next, a series of HUVEC:MSC ratios was tested to induce vascular anastomoses. The
results demonstrated that addition of MSCs induced vascular anastomosis formation. In
particular, the greater number of vascular anastomoses was observed at a HUVEC:MSC
ratio of 2:8 compared to the other conditions, which indicated that the ratio of heterotypic
cells is important for vascular anastomosis formation. Moreover, the processes of vascular
anastomosis in this model was in good agreement with in vivo vascular anastomosis
formation. Furthermore, these results suggested that local VEGF gradients played
important roles in vascular formation. These findings suggest that heterotypic cell—cell
interaction is critical and chemical factor (VEGF gradient) is important for in vitro
formation of vascular anastomosis.

Chapter 4 described improvement of EC coverage in a decellularized liver and
determined the validity of constructed EC networks (Fig. 5-1, chapter 4). Although
HUVEC-MSC coculture was performed to promote formation of sinusoid-scale
microvessels, recellularized livers cannot maintain their shapes due to contraction force

of MSCs. Accordingly, HUVEC monoculture was conducted to construct organ-scale
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vascular networks. To construct functional whole-organ liver tissues, it is important to
form vascular networks including arteries, veins, and microvessels. It was found that
sinusoid-scale microvessels were formed by mechanical and chemical factors in chapter
2, while venous networks were not constructed. The results showed that the use of the
HYV in addition to the PV as a route of cell seeding significantly enhanced EC density and
total length of EC networks in a decellularized liver. These findings indicated that route
selection for cell seeding was important for effective reendothelialization. This result
indicated that cell seeding through the HV was essential to form HV networks. Moreover,
in this chapter, antithrombotic functions of the reendothelialized liver was also assessed.
Constructed EC networks reduced platelet deposition in a decellularized liver. In
particular, the combination of perfusion culture and fibronectin coating significantly
reduced platelet deposition compared to the decellularized liver. This result suggested that
GFP-HUVECs formed functional EC networks including sinusoid-scale microvessels in
terms of hemocompatibility. These findings suggest that route selection for cell seeding
as well as mechanical and chemical factors is important for in vitro formation of
functional vascular networks including sinusoid-scale microvessels.

In conclusions, the study in this thesis demonstrated the in vitro construction of
functional organ-scale vascular networks continuing from large vasculatures to sinusoid-
scale microvessels in a decellularized liver. These findings will provide important insights

for in vitro fabrication of transplantable liver tissues in terms of vascularization.
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Construction of sinusoid-scale microvessels
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Fig. 5-1 Summary of findings obtained in this thesis. In chapter 2, it was demonstrated
that fluid shear stress and surface coating of fibronectin promoted the formation of
sinusoid-scale microvessels. In chapter 3, the results indicated that VEGF gradient and
coculture with MSC were useful for the formation of microvascular networks including

vascular anastomosis. Finally, in chapter 4, it was demonstrated that cell seeding route as
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well as the combination of mechanical and chemical factors were important for the

construction of functional vascular networks.
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5-2 Future prospects

Although functional EC networks were obtained using decellularized livers, this
model still has room for improvement. For example, further improvement of EC coverage
will be needed for clinical transplantation of liver tissues. To achieve blood perfusion in
liver tissues, complete EC coverage of vasculatures and connection between PV and HV
networks such as vascular anastomoses are essential. Moreover, the density of
microvessels should be improved since sinusoid-scale microvessels had lower density
compared to sinusoidal networks in in vivo hepatic lobule (Morita et al., 1998).

To obtain functional tissue-engineered liver grafts in vitro, reconstruction of both
parenchymal tissues containing hepatocytes) and non-parenchymal tissues containing
cholangiocytes, Kupfter cells, HSCs, LSECs will be required. To construct parenchymal
tissues, a combination of decellularized livers and iPSC-derived hepatic cells (Takayama
et al., 2014, 2012; Kido et al., 2015; Koui et al., 2017) produced from patients will be
valid because both of them have low immunogenicity and may avoid adverse immune
response after transplantation. Moreover, a previous study demonstrated construction of
biliary networks in vitro with continuous lumen using rat cholangiocytes (Hashimoto et
al., 2008). These results might be applied to whole-organ liver engineering including
parenchymal tissues, vascular networks, and biliary networks in a decellularized liver.

Regarding scaffolds for organ engineering, it has been believed that the use of 3D
bioprinters alone will not be enough for biofabrication of human organs supported by a
short review of Mironov et al. (2011). However, recent advances enabled biofabrication
of large tissues using 3D printers based on inkjet technology, direct extrusion technology,
stereolithography, and laser lithography (Pereira et al., 2018). More recently, Noor ef al.
(2019) developed a whole-heart structure with major blood vessels 3D printing
techniques using patient-derived hydrogels. Moreover, Grigoryan et al. (2019) developed
a bioinspired lung alveolar model by stereolithographic production of synthetic polymer

hydrogels containing intricate and functional vascular architectures in terms of
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oxygenation. In the future, these techniques may develop an organ-scale scaffold using
only artificial materials such as synthetic polymers instead of the current tissue-derived

biomaterials such as decellularized organs.

Besides liver transplantation, this decellularized liver graft has potential as
physiological and pathological liver models, which enhance our understanding of liver
biology by providing representative platforms for drug toxicity studies (Damania et al.,
2014). Drug-induced hepatotoxicity is of concern in drug discovery and development
because drug-induced liver injury is a cause of acute and chronic liver disease. Hence, in
vitro liver models and preclinical trials are needed for drug assessment. This
decellularized liver model may further enhance understanding of bile-related disorders
and hugely impact the field of drug developments since decellularized livers retain native
liver microenvironment. With recent advances in technology, it is possible to establish
models that resembles native liver using decellularized livers and may serve as a guide to
unresolved questions. Furthermore, tissue-engineered liver tissues using decellularized
liver grafts would be used as cancer metastasis models. Since decellularized livers retain
native ECM structures, these liver grafts can recapitulate in vivo microenvironments with

its cell—cell and cell-ECM which may propose new treatment strategies for cancer.

This thesis proposed various strategies for in vitro formation of vascular networks.
These strategies can be adopted for other purposes. For example, chapter 2 indicated that
ECs formed in vitro microvrssels in response to approximately 0.5 Pa FSS in combination
with fibronectin. This finding may support microvessel formation in other biomaterials
such as decellularized organs and tissues, which can prevent clot formation and enable
oxygen and nutrients supply. In addition, chapter 3 demonstrated that heterotypic cell-
cell interaction was useful for in vitro vascular anastomosis formation. This anastomosis

model can provide useful insights to construct a larger tissue by assembling multiple
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tissue-engineered constructs by forming vascular anastomosis between these tissues.
Moreover, chapter 4 was designed to test antithrombotic functions by perfusion of whole
blood. This model can be used as an in vitro organ-scale thrombosis model to investigate
EC-blood interactions, which may be useful to analyze hematologic diseases such as

hemophilia.

In conclusion, these techniques for in vitro construction of vascular networks

described in this thesis based on decellularization techniques would be useful for clinical

application in many aspects.
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