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Resumo

As doencas hepaticas cronicas ainda sdo consideradas um problema de saude globalmente
negligenciado, uma vez que o transplante de figado € apenas uma opgéo disponivel para
tratamento e altamente limitado, devido a escassez de figados transplantaveis disponiveis e
ao aumento da taxa de prevaléncia de insuficiéncia hepatica. Para abordar este desafio, tem
havido um esforgo cientifico e tecnoldgico global de modo a desenvolver terapias alternativas
e regenerativas para respoder a essa necessidade médica atualmente negligenciada. Uma
das tecnologias regenerativas mais promissoras € a "a medicina de organdides" e a obtengao
escalonavel de organdides hepaticos funcionais / vascularizados a partir de fontes celulares
disponiveis, como células estaminais pluripotentes humanas, para potencial transplante e
aplicacao terapéutica. No entanto, a maioria dos protocolos estabelecidos para a obtencao
funcional de organdides hepaticos tem sido em pequena escala ou com problemas de
escalabilidade para produgdo em larga escala e ampla aplicagdo clinica. Nesta tese,
desenvolvemos um protocolo robusto e um processo a montante para producao escalonavel
de organdides hepaticos funcionais do tipo fetal a partir de células estaminais pluripotentes
humanas em biorreatores agitados, que incluem hepatdcitos e globulos vermelhos, otimizando
os principais parametros do bioprocesso durante o processo de diferenciagdo hepatica
integrado. Os organdides gerados expressam genes marcadores especificos do figado, pré-
formando as principais fungdes metabdlicas do figado (ou seja, secrecdo de albumina,
produgao de uréia, captagdo de indocianina verde (ICG) e LDL e armazenamento de
glicogénio) e alta atividade do citocromo P450 induzivel

Paralelamente, para produzir organoides hepaticos complexos e altamente funcionais de
maneira escalavel, estabelecemos também, uma plataforma escalavel para obtencido de
endoderme hepatico, células estaminais mesenquimais e células endoteliais a partir de
células estaminais pluripotentes humanas, como fontes celulares necessarias para a geragao
escalonavel de gomos hepaticos vascularizados funcionais através de cultura e auto-
organizagao. Um sistema microfluidico escalavel foi também estabelecido para a geragéo
continua de gomos no figado em goticulas biodegradaveis 4-armPEG-MMP degradable
peptide e PGA. Os organdides hepatobiliares vascularizados auto-organizados foram gerados
apo6s a otimizagao das condigdes de co-cultura e a transferéncia de organoides para a cultura
em suspensao dinamica 3D para uma maior maturagdo. Os organodides hepatobiliares
vascularizados apresentaram fung¢des essenciais do figado, como a expressao de genes
marcadores especificos do figado, a pré-formagédo das principais fungdes metabdlicas do
figado e o metabolismo induzido por medicamentos proximo ao figado adulto. Assim, estas
plataformas podem ser Uteis para a produgdo em larga escala de organdides do figado
humano e uma fonte valiosa e ilimitada para triagem de medicamentos e desenvolvimento in
vitro de tecidos / 6rgéo do figado.

Palavras-chave: Doenga hepatica cronica, organdides hepaticos, produgao escalonavel,
microfluidica, nucleo degradavel e capsulas.



Abstract

Chronic liver diseases are still considered as an unmet medical need and a globally neglected
health problem since liver transplantation is only available option for treatment, but highly
limited due to shortages of available transplantable livers and increasing prevalence rate of
liver failure. To cope with this challenge, there is a global scientific and technological effort to
develop alternative and regenerative therapies to address this currently unmet medical need.
One the most promising regenerative technologies is “Organoid medicine” and scalable
generation of functional/vascularized liver organoids from readily available cell sources such
as human pluripotent stem cells for potential transplantation and therapeutic application.
However, most of the established protocols for functional liver organoid generation have
conducted in small scale or suffering scalability issues for large scale production and
widespread clinical application. Here, we have developed a robust protocol and upstream
process for scalable production of functional fetal-like liver organoids from hPSCs in stirred
suspension bioreactors comprising hepatocytes and red blood cells by optimizing key
bioprocess parameters during integrated hepatic differentiation process. Generated organoids
expressed liver-specific marker genes, preforming main liver metabolic functions (i.e. albumin
secretion, urea production, Indocyanine green (ICG) and LDL uptake, and glycogen storage),
and high inducible cytochrome P450 activity.

In parallel and to produce complex and highly functional liver organoids in scalable manner,
we also established a scalable platform for generation of hepatic endoderm, mesenchymal
stem cells and endothelial cells from hPSCs as required cell ingredients for scalable generation
of functional vascularized liver buds through co-culture and self-organization. A scalable
microfluidic system has also established for continuous generation of liver organoids in
biodegradable 4-armPEG-MMP degradable peptide or PGA fabricated core and shell
microcapsules. Self-organized vascularized hepatobiliary organoids have been generated
after optimizing co-culture condition and transferring organoids to 3D dynamic suspension
culture for further maturation. The vascularized hepatobiliary organoids after 7 days of
maturation showed key functional of liver such as expressing liver-specific marker genes,
preforming main liver metabolic functions and induced drug metabolism close to adult liver.
The established platforms might be useful for mass production human liver organoids and
provide a valuable and unlimited source for drug screening, organoid medicine, and /n vifro

development of liver tissues/organ.

Keywords: Chronic liver disease, Liver organoids, Scalable production, Microfluidics,

Degradable core -shell microcapsules
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Chronic liver diseases and liver cirrhosis

The liver is the largest solid vital organ and the largest gland in the human body. It carries out
over 500 metabolic functions such as such as protein, carbohydrate, and lipid metabolism,
detoxification of xenobiotics, storage of glycogen and vital biomolecules, production and
excretion of bile and cholesterol compounds, synthesis of albumin and clotting factors,
ammonia detoxification and more?!. Because of the importance of the liver and its unique
functions, evolution has ensured that it can regenerate and regrow rapidly as long as it is kept
healthy. This ability is seen in all vertebrates from fish to humans 2. However, chronic liver
diseases (CLDs) that are result of gradual damage to the liver over long periods of time can
lead to chronic inflammation, parenchymal cell death, angiogenesis, and significant decrease
in ability of the liver to hepatic function and repair itself (e.g. hepatocellular carcinoma, hepatic
encephalopathy, gastrointestinal hemorrhage, infections, and renal failure). The end result for
most untreated chronic liver diseasesd is the development of cirrhosis, hepatocellular
carcinoma, or acute liver failure, characterized by fatal and resource intensive complications
including irreversible distortion of the liver structure and architecture, and significant loss of

critical metabolic functions, and aberrant hepatocyte regeneration (Fig I-1) 3:4.
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* Removal of underlying cause car‘:inoma
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Figure I-1 Chronic liver injuries potential causes and the progression form normal liver to cirrhosis and
hepatocellular carcinoma 4
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Alcohol abuse, hepatitis viral infections, genetic abnormalities, steatohepatitis, autoimmunity
and other non-infectious diseases like fatty liver contribute to development of chronic liver
diseases that are given in Figure I-2. Although most of the liver cirrhosis causes are quite
complex and multifactorial, there are some important pathological characteristics that are
pretty common in all cases of liver cirrhosis, including degeneration and necrosis of
hepatocytes and regenerative nodules, replacement of liver parenchyma by fibrotic tissues,
scar formation, and loss of liver function. Fibrosis as a precursor of cirrhosis is a pivotal

pathological process in the evolution of all CLDs to cirrhosis.

Hepatitis C virus {l Alcohol 71 Unknown
.1 Hepatitis C virus and alcohol B8 Hepatitis B virus
8 Other B Hepatitis B virus and alcohol

Figure -2 Major causes of fibrosis and CLDs.

Progressive liver dysfunction and complications of portal hypertension are also the most
potential outcomes of the cirrhosis that can lead to acute liver failure and high short-term
mortality 56. In spite of extensive research in the field, the exact mechanisms involved in
developing liver cirrhosis is still not completely defined and conducting extensive research for
better understanding of the pathogenesis of liver cirrhosis is in progress to facilitate the

development of more effective treatment options.
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Etiology and prevalence of CLDs

It has been demonstrated that etiology of CLDs and cirrhosis varies geographically. For
instance, alcoholism, chronic hepatitis C virus infection, and non-alcoholic fatty lives disease
(NAFLD) are the most common causes in western countries, whereas chronic hepatitis B is
the primary cause of liver cirrhosis in the Asia-Pacific region. Inherited diseases such as
hemochromatosis and Wilson’s disease, primary biliary cirrhosis, primary sclerosing
cholangitis, and autoimmune hepatitis are considered as other causes for developing liver
cirrhosis. However, NAFLD has become a leading cause of chronic liver disease in United
States and European union, with a prevalence of as high as 30% in the general population.
Thus, NAFLD ha[s attracted increasingly extensive attention during recent years as an
important cause of chronic liver diseases and liver cirrhosis 7:8.

Unfortunately, the liver cirrhosis prevalence experiencing an increasing trend. For instance,
prevalence of cirrhosis has been compounded by a doubling in the USA during last decade.
Although hepatitis C virus that is considered as a major cause of cirrhosis, could be eradicated
and treated given the recent advent of widely available and highly effective antiviral therapy,
this trend is likely to continue and deaths due to cirrhosis are expected to triple by 2030 910,
It has been reported that CLDs induce cirrhosis in 633,000 patients per year with a prevalence
of 45% to 9% worldwide. However, the reported prevalence of cirrhosis is probably
underestimated as most patients remain asymptomatic and undiagnosed and a number of

clinician suggested to include liver inflammation and fibrosis biomarkers in routine blood tests

1,

Liver cirrhosis as an unmet medical need

Recent studies in CLDs filed highlighting that these diseases are still represent an important
and certainly underestimated global public health problem. As mentioned before, CLDs are

highly prevalent and silent related to different and mainly associated causes. So, there is an
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urgent need for effective global actions including education, prevention and early diagnosis to
manage and treat CLDs and subsequently preventing cirrhosis-related morbidity and mortality
1

Liver disease accounts for approximately 2 million deaths per year worldwide, more than 1
million comes from complications of cirrhosis and 1 million due to viral hepatitis and
hepatocellular carcinoma. Recent reports indicating that 844 million people have CLDs
Worldwide and cirrhosis currently causes 1.16 million deaths together with liver cancer
788,000 deaths. This making them as the 11th and 16th most common causes of death,
respectively, each year 12. The mortality rate of CLDs can be compared with other major public
health problems related to chronic diseases such as diabetes (422 million, 1.6 million deaths),
pulmonary (650 million, 6.17 million deaths) and cardiovascular diseases (540 million, 17.7
million deaths) that indicating its high importance. Despite high prevalence and mortality rate
of CLDs and cirrhosis, effective strategies to treat liver cirrhosis are still lacking, partially
because of a poor understanding of the molecular mechanisms leading to cirrhosis 11. Many
patients have CLDs for several years with no significant symptoms but get diagnosed when
reaching to end-stage liver cirrhosis or acute liver failure, have limited time frame (few weeks
to few month) to receive treatment while with no treatment option except receiving a liver
transplant. Liver transplants is highly limited while 15%-80% of patients die without receiving
liver transplant based on their geographical location. Moreover, for every 100 people who
receive a liver transplant for any reason, about 70 will live for five years and 30 will die within
five years 12. Therefore, treating liver cirrhosis and acute liver failure is an unmet medical need
that need to be addressed by establishing global and local prevention and diagnosis programs
as well as developing innovative and effective treatment technologies. These technologies
may also provide a bridge to surgery supporting liver function and, potentially, reducing the

waitlist mortality rate for patients.
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Current treatments for acute liver failure

Although liver transplantation is a highly successful treatment for chronic liver diseases, but it
is the only available option and increasingly numbers of patients die every day or experiencing
health conditions deteriorate while waiting on liver transplantation lists. This happens because
of the local and worldwide critical shortage of available transplantable liver donors
(approximately 25000 liver transplants are available worldwide per year) 13.14, Even those who
receive a successful transplantation often experience complications associated with physical
and emotional suffering and in some cases, premature mortality 3. Scarcity of donor, high cost
of treatment, lifelong immunosuppression, and surgical complications are the major issues
associated with liver transplantation 15.

To cope with this unmet medical need, different research groups and companies have been
focused in developing promising regenerative medicine technologies using different cell types
as starting material (e.g. hPSCs, adult derived progenitors, and induced hepatocyte-like (iHep)
cells from somatic cells) to manufacture external liver supports or generate functional
hepatocyte-like cells, liver organoids, or tissue constructs 16 as therapeutic components for

transplantation.

Cell-based liver assistive devices and regenerative therapies for cirrhosis and acute liver

failure treatment

During recent years, different research groups and companies have developed promising
assistive and regenerative medicine technologies to treat acute liver failures such as external
liver support systems/liver assistive devices to help to recover patient liver inherent
regeneration capacity and extend their survival to receive a transplant 17. Scalable production
of human functional hepatocyte like cells generated from human pluripotent stem cells 18,
inducing human adult cells /n vitro generation of a recellularized whole liver organ 19,

generation of liver organoids from adult human liver and high-throughput generation of
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vascularized human liver buds from human pluripotent stem cells (hPSCs) for organoid
medicine application 20.21, development of /n sifu expandable liver tissue 22 are some the most
promising regenerative technologies. New approaches based on extracellular
vesicles/exosomes are also being investigated as cell-free alternative. It has been reported

that extracellular vesicles can modulate liver regeneration and restore hepatic function through

the transfer of bioactive molecules (Fig I-3) 23.

Component

o)
e 7Y
2 (o)

External liver supports/assistive devices Recellularized Liver tissues Liver Liver Cells Extracellular
Whole-liver Constructs organoids Vesicles

Figure 1-3 Most important Liver assistive systems and regenerative medicine components for potential
treatment of CLDs and cirrhosis

Liver-assistive devices and external supports

For more than 65 years, researchers and companies from all over the world tried to develop
a promising liver assist device (e.g. Extracorporeal Liver Assist Device (ELAD) 24, HepatAssist
25 Bioartificial Liver Support System 26, The Academic Medical Center-Bioartifical Liver (AMC-
BAL) 27, Modular Extracorporeal Liver Support Device (MELS) 28) to support those patients
suffering liver failure, a really dramatic condition that result in unacceptably high mortality rate
29 Numerous techniques of extracorporeal support have been established to fill this role;
however, only few trials reported promising outcomes and extracorporeal support technology
remained an unproven therapy in liver disease with mainly unsatisfactory results 30. These
outcomes are not surprising, considering the complexity of liver functions and the
heterogeneity of patients to be treated. Despite of the clinical study, development, cost-

effectiveness, and technical challenges, research continues in this field because of a shortage
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of available liver transplants and increasing recognition of the liver's unique ability to
regenerate in the setting of an acute failure. There are currently two main approaches being
pursued: (1) an artificial liver support system, using or adapting pre-existing renal replacement
technology with adsorbent or detoxifying capacity, and (2) a bioartificial support system with
the integration of living hepatocytes into an extracorporeal circuit, with provision of metabolism
and synthetic function, 3) addressing the issue of specific cytokine removal or endotoxin
clearance, two pathophysiologic mechanisms involved in liver failure and its consequences 4)
developing an ideal cell line for use in liver bioreactors representing full functionality of adult
human hepatocytes, unlimited lifespan, potentials for in vitro proliferative capacity, no risk for
metastatic tumor formation, nor zoonosis transmission or immunogenicity, 5) developing a
efficient bioreactor for providing an in vivo like environment for optimal viability and
functionality of hepatocytes 30. Therefore, other methods to support the failing liver are under
development including developing other approaches such as cell therapy and regenerative
medicine technologies that has gained increasingly attention during recent years to establish

more viable and effective therapeutic strategies.

Bioengineered whole hurman liver

The human liver as a very complex organ with specific zonation and diverse metabolic
properties essentially requires continuous perfusion for the delivery of nutrients and oxygen
and the removal of metabolites and wastes in order to survive and maintain a proper function.
Thus, re-creating such a big, complex, and highly vascularized structure by combining proper
cells and biomaterials and employing established sophisticated fabrication techniques such
as 3D bioprinting is still very hard and challenging. One of the new approaches to liver
regenerative medicine involves re-creating 3D organs with a decellularized, native scaffold
that can be repopulated with parenchymal and non-parenchymal cells in laboratory settings
31, The organ native ECM has a complex composition and topography, serving as a

customised native structure for cell-ECM adhesion, interaction, and polarity that can regulate
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cell morphology, homing, proliferation, differentiation, maturation, function, and cell-cell
interactions after reseeding 32. Therefore, an efficient decellularization/recellularization
strategy is one of the promising approaches aiming at the possibility of producing a fully
functional organ with in vitro-developed construction for clinical applications to replace failed
livers (Fig. I-4). Organftissue decellularization techniques were gained increasingly attention
in the 1980s 33, and he concept of whole-organ decellularization was employed later by Ott
and colleagues to develop an mice heart 34 as well as humanized rat heart 35. Advances in
developing efficient protocols for whole solid and vascularized organs decellularization in
parallel with efficient isolation, generation, and scalable production of required various cell
types (e.g. stem cells or progenitor cells with stem cells, somatic cells or adult allogeneic
human tissue origin) for recellularization and developing improved recellularization techniques
have raised new hopes to regrow organs in the lab. Several other solid organs have been
generated using this platform such as, Kidney 36, Lung 37. This technique was later adapted
for liver engineering purposes with the preservation of the chemical composition and structure
of the ECM with structurally intact vessels, and bile ducts 3839, Practically, donor livers
unsuitable for transplantation are used to create whole-liver scaffolds which are subsequently
reseeded with different cell type of liver (e.g. hepatocytes and endothelial cells) to create
transplantable grafts and organ. The recellularized graft transplanted in vivo and perfused ex
vivo demonstrated mature liver functions and then adapted to human liver. In a study, the
decellularized human liver has been repopulated using hepatic stellate cells (LX2),
hepatocellular carcinoma (Sk-Hep-1) and hepatoblastoma cells (HepG2). Ex-vivo
preservation was prolonged for up to 21 days, with excellent cell viability, motility and
proliferation and remodeling of the extracellular matrix 38. Another study created a humanized
porcine liver by using human fetal hepatocytes and stellate cells for recellularization of

decellularized pig liver.
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Figure I-4 General concept and steps for the generation of bioengineered liver tissue.

Organs that are nonviable for transplantation may serve as the basis for the generation of a scaffold
that can then be repopulated with liver cells for subsequent transplantation in patients with liver disease
40. A diagram (a) and photo (b) of the set-up of the in vitro blood circuit used to evaluate rBEL patency.
The circuit perfuses a rBEL with warm, heparinized whole porcine blood and is driven by a peristaltic
pump controlled by a pressure-based custom control system. c, an illustration of an in vivo heterotopic
liver implant model where the rBEL is anastomosed via the PV and IVC to the native PV and IVC. Partial
flow was given to both the rBEL and the native liver by restricting flow to the native liver. d—i,
Representative images of the heterotopic liver implant depicting rBEL preparation (d), positioning in the
abdominal cavity (e), positioning of rBEL vessels prior to anastomosis (f), constriction of the native PV
(9), anastomosis of rBEL vessels with native PV and IVC (h), and rBEL reperfusion (i) 4'.

This study demonstrated that the acellularized matrix could support and induce phenotypic
maturation of engrafted human fetal hepatocytes in a continuously perfused system 42. The
feasibility of established protocols was also demonstrated in larger animal models 43, and even
in humans to translate the approach to clinical scale. Although these studies seem promising
and hold great potential as a therapeutic approach but technical challenges associated with
different steps of technology especially recellularization process are still critical and not
resolved such as maintain required cells as single cells during perfusion process, very slow
and tricky process due to vascular structure of tissue, inefficient recellularization,

heterogenous repopulation of decellularized tissue due to potential formation of cell clamps in
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small vessels, and poor function of recellularized organ. Its has been shown that currently
established techniques allow for the successful seeding and culture of hepatocytes, but
colonization of the bile duct with functional cells (i.e. cholangiocytes) and the achievement of
an intact vascular network by endothelial cells remain to be perfected. Another critical issue
that should be addressed before using whole liver scaffolds in clinical practice is the lack of a
suitable source of cells for the recellularization process. The limited availability and inability to
expand primary hepatocytes has led researchers in the field to search for a new cell source
such as fetal/progenitor liver cells, stem cells or iPSCs for generating hepatocytes, endothelial
cells and cholangiocytes. However, the production of huge numbers of these cell types is still
far beyond current technical capability. Thus, developing scalable production processes of
required functional and/or proper cell materials (e.g. billion numbers of hepatocyte like cells,
endothelial cells, or progenitors) for repopulation of a whole human liver is necessary. Another
hurdle that should be promptly addressed is “sample to sample” variation due to the unique
condition of each donor deriving from the use of discarded livers 44. Finally, neo-bioengineered
organ should be able to present some levels of functional maturation after creating in lab and
demonstrate long-term survival after transplantation that has not yet been achieved and main

goals of bioengineering research will be to solve these problems.

Liver tissue constructs and liver cell sheets

Progress in the fields of biomaterial science, microfabrication, bioengineering, genetic
engineering, and developmental biology have enabled novel /n vitro platforms and implantable
tissues that recapitulate the structural complexity and functional axes of the liver 45, Liver
tissue constructs and liver patches are therapeutic components typically smaller the whole-
liver organ that aims to create organic or polymeric constructs that mimic the liver ECM and
replicate functional characteristics such as cell adhesion, viability, growth, proliferation,
differentiation, maturation, and function. In addition, even if it is possible to grow liver tissue /in

vitro, the main challenges remain after surgery. For instance, the bioengineered tissue mass
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should have approximately 30% of patient liver mass or be expandable to demonstrate the
therapeutic outcome. It is essential to demonstrate that bioengineered livers are clinically safe,
the vasculature network is intact to allow a functional vascularization, and the organ has
regenerative capacities 46.

The principal strategies and main component of scaffolds for clinical applications are mainly
based on biomaterials such as decellularized liver tissue as ECM which discussed before,
natural, synthetic or their combination based polymeric 3D constructs, and bio-printed 3D
constructs and scaffolds. Below we provide an overview of such bioengineering approaches,

and Figure 1-5 shows the main pros and cons of each of them.

Decellularized Biopolymeric Bioprinted
ECM constructs scaffolds

& SA G 4

Figure I-5. Main pros (green boxes) and cons (red boxes) of the principal liver
bioengineering approaches. ECM: extracellular matrix 47.

Polymeric scaffolds

Several studies explored different biomaterials and polymers to create scaffolds that mimic
the natural liver tissue ECM for clinical or drug discovery/toxicity applications. The most main
components of these scaffolds are collagen and hyaluronic acid and its derivatives as well as
polysaccharides (e.g. alginate, chitin/chitosan), proteins (e.g. Gelatin, Fibrin, elastin, laminin
silk, Matrigel®), synthetic polymers (e.g. Polylactic acid (PLA), Polyglycolic acid (PGA), Poly(e-
caprolactone) (PCL)) or a blends of different types of materials 48:49. Among these materials,
hyaluronic acid derivatives demonstrated more robust support for cell attachment,
proliferation, differentiation, growth, and migration for hepatocytes and can retain hepatocyte
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viability for 4 weeks %0, Generally, natural biomaterials such as alginate and Matrigel® that
were used in numerous studies to culture hepatocytes and induce the hepatic differentiation
of stem cells, forming biocompatible hydrogels and can largely improve the generation of cell-
to-cell and cell-to-matrix interactions to generate a functional bioengineered tissue 51.52,
However, these natural biomaterials have some important limits that prevent their clinical
application including their uncontrollable physicochemical properties, degradability, lack of
regenerative ability, and inconsistent mechanical properties. Moreover, due to the xenogeneic
and tumorigenic origin of Matrigel, it is not an optimal support for clinical applications in liver
bioengineering %3. On the other hand, synthetic materials offer a wide range of
physicochemical properties and a better control over them to create a customised and
spatiotemporal tunable scaffold. Scaffolds containing biodegradable polymers such as PLA,
PGA, PCA polyanhydrides, polyfumarates, polyorthoesters, polycaprolactones, and
polycarbonates demonstrated facilitate cell regeneration, transplantation, and degradation
with tunable properties 49. The biocompatibility and surface properties of bioengineered
matrices and scaffold adhesion properties could also be improved by chemically modifying
these polymers (e.g., by incorporating proteins and special bioactive domains), stimulating cell
attachment and migration, and thereby facilitating liver tissue repair 54. However, currently
established biomaterials and constructs still fail to perfectly reproduce the microenvironment
of the liver, an essential criterion to reach a functional liver cell activity. For this reason, their
therapeutic potential is still limited while extensive research is in progress to overcome current

hurdles.

Bio-printed Scaffolds and tissue constructs

Although the use of biomaterials for creating 3D culture and creating combination of 3D
scaffold and cells for generating tissue constructs has improved the settings for liver tissue
engineering, it has some limitations such as technical issues for creating complex and

vascularised biological and tissue mimicking structures and designs due to size, material,
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compositional, and inefficient cells attachment and proliferation constraints. 3D printing
technology is an innovative solution to these problems through providing complex printed
scaffolds, tissue-mimicking constructs using biocompatible materials (i.e., bio-inks) that can
be combined with printing proper cell type for creating a customised tissue construct 5.
Advances in 3D printing technology have enabled the creation of more complex 3D structures
such as hepatic lobules with different cell types incorporation during biomaterials printing using
3D bioprinting technology 96:57. 3D bioprinting technology can offer totally customized printing
procedure that also guarantees the complete personalization of the final product according to
intended applications. Extrusion, inkjet, and laser-assisted bioprinting are the most common
bioprinting modalities 8. However, extrusion bioprinting that offer a strong degree of
customization with few restrictions on the cells printing is the most often used bioprinting
technology in bioengineering and biomedical research 6. Nevertheless, the choice of proper
biomaterials or a blend of them for 3D printing a tissue is more restrictive, as they should be
either easy to print and biocompatible for the cell type to be printed, but typically finding an
optimal choice for both is not possible 9. The ideal characteristics of bio-inks for extrusion
bioprinting are viscosity to enable printing at RT and cell culture temperature condition,
associated with an adequate elasticity to maintain the intended structure, while also provide
high biocompatibility to maintain cell viability and support its function €0 .

To date, collagen, alginate, polyethylene glycol (PEG), hyaluronic acid, fibrin, gelatin, or
polycaprolactone are the most common biomaterials that were used for 3D bioprinting for
tissue constructs 55. Except for collagen that can form hydrogels and 3D scaffold with simple
temperature or pH transition, other biomaterials need the addition of a mainly chemical and
toxic cross-linker that could adversely affect the cells viability and proliferation during construct
fabrication process. Thus, the combination of biomaterials need to be appropriately balanced
to guarantee the best biocompatibility of the bio-ink being used 95. Although collagen offering
very unique environment and biocompatibility properties, it is a poor bioprinting material since

require a time- and temperature-sensitive cross-linking ¢1. A multi-component hybrid bio-ink is
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therefore a potential and viable solution to tune the physicochemical achieving ideal
physiological relevance and bio-printability. Unfortunately, durable 3D construct fabrication
requires the incorporation of chemical stabilizers, such as polycaprolactone, showing the
limitations of bio-inking technologies in mimicking both the biochemical composition and the
complex 3D structure of the liver. Another important challenge in 3D bioprinting is developing
innovative approaches to fabricate and mimic cellular microenvironments from molecular to
macroscopic scales for generating whole functional and vascularised liver with zonation and
proper metabolic activity properties suitable for transplantation. The main, but some important
issues, such as vascularization, should be addressed before this methodology can really be
implemented.

To address some of these issues, Stevens et al. bio-printed constructs of sacrificial lattices of
carbohydrate glass using a custom-built three-dimensional printer containing a heated nozzle
and then embedded it within a fibrin hydrogel and dissolved using phosphate-buffered saline
(PBS) to leave open channels. Afterwards, channels were filled by pipetting a slurry containing
HUVECs and neutralized collagen as well as aggregates of co-cultured primary hepatocytes
with human dermal fibroblast one by one channel in parallel (Fig I-6). Interestingly, the
transplanted bioengineered tissue showed a 50-fold expansion in response to regenerative
stimulus in fumarylacetoacetate hydrolase—deficient, nonobese diabetic, recombinase
activating gene—deficient and IL-2 receptor y chain—deficient mice. Necessarily, recombinase
activating gene—deficient and IL-2 receptor y chain—deficient mice treated with NTBC to avoid
liver failure. It always has been shown that animals treated by cycles of NTBC withdrawal to
cause liver injury and regenerative stimulus have larger hepatic grafts than the ones who
remained under NTBC. Moreover, grafts were positive for proliferative markers and show a
higher mRNA expression of genes known to induce hepatic proliferation. This work provided
a proof of principle that engineered liver tissue can adopt hepatic regenerative properties in

response to proliferative cues.
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Figure 1-6. Construction of human liver seed grafts. (A) Human hepatic aggregates
containing human primary hepatocytes and NHDFs were created using pyramidal
microwells. (B) Hepatic aggregates (red) were then combined with geometrically patterned
human endothelial cell cords (green) in a fibrin hydrogel to create “liver tissue seeds” that
were then implanted ectopically into FNRG mice. Right: Blue-gloved finger demonstrates
macroscopic scale of human liver tissue seeds 22.

Finally, scaffold-free bioprinting using a new technique that adapted for constructing a human
mini-liver model involving printing hepatospheres on a needle array using Regenova®
apparatus and then perfusion culture of the construct in a perfusion chamber for merging
spheroids, tubular mini liver tissue formation, and functionalization 62. However, this technique
is not scalable for construction large tissue construct for clinical application. Thus, despite the
amazing breakthroughs in generating bioengineered liver constructs, there is much work left

to do.

Liver Cell Sheets/Patches

Within the last two decades, sheets of various cell types have been used to regenerate several
types of tissues and/or organs including (but not limited to) the heart, cartilage and tendons,
meniscus, bone, cornea, skin, periodontal tissue, blood vessels, oral cavity, gastrointestinal
tract, and bladder 63. In 2012, Okano’s group has introduced the first generation of cell-sheet
engineering approach for liver using primary murine hepatocyte sheets, created on special
culture dishes coated with thermos- responsive polymer (PNIPAAm) that also offering

hydrophilicity-hydrophobicity transition. The sheet structure supported hepatocyte
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functionality after 48 h that providing a platform for drug testing applications 64.65. Afterwards,
different studies have engineered hepatic tissue sheets/patches composed of different
hepatocytes, cell types, and ECM components (e.g. decellularized liver ECM) to the
construction of small liver tissues in vitro and transplanted these constructions to
subcutaneous vascularized spaces mainly in mice models 66-69. Interestingly, some report
demonstrated pre-vascularization of the subcutaneous space before transplantation, by basic
fibroblast growth factor (bF GF)-releasing devices, allows the creation of 3D hepatic tissues by
stacking multiple primary hepatocyte sheets that maintained the hepatic functions and
morphology for longer than 200 day 6°. To overcome low primary hepatocyte proliferation and
fragility of the engineered sheets issues observed in previous studies, innovative multilayered
human primary fibroblast/hepatocyte cell-sheets with improved handling properties have been
engineered while maintaining high levels of hepatic-specific functions (i.e. albumin and urea
synthesis) and high potential for vascularization in vitro after subcutaneous transplantation 70-
72,

Advanced in assembly techniques such as a sandwich assembly approach combined with
bioprinting technology resulted in generation of several layers of cell-sheets to fabricate 3D
liver-like tissues with hepatic functions in vitro 73. Okano’s group have employed sandwich
approach to combine a hepatocyte sheet layer between two endothelial sheets layers in vitro
that resulted in creating triple-layered hepatic tissues with preserved hepatocytes specific cell
polarity 74. This approach has also adapted to creating human cells sheets by loading of cells
sterically onto other cells previously coated with fibronectin and gelatin nanofilms generated
via LbL assembly that showed superior albumin production ability than non-vascularized
tissue or a hepatocyte suspension in the vascularized tissue. Recently, Eguchi’s group
developed a new strategy to use hepatic nonparenchymal cells (NPCs) sheets co-cultured
with adipose-derived stem cells (ADSCs) 75. Subcutaneous implantation of these sheets in
mice showed to be able to form functioning bile canaliculi, store glycogen and survived for 4

weeks without pre-vascularization, probably due to the presence of signs of vascularization.
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More recently, liver organoids generated from LGRS5-positive bipotential human liver stem cells
repopulated decellularized liver discs and formed liver-like tissue after transplantation while
showing key liver metabolic functions 76. While transplantation of hepatocyte or hepatocyte-
like cell sheets, human iPSC-derived hepatocyte sheet (Fig I-7) 77, and 3D patches appears
to be considered as an innovative therapeutic strategy for liver injuries and consequently liver
diseases in small animal models, the presented results justify the application of these cell-

sheets to large animals and subsequently to clinical trials.

CCls-induced

acute liver failure .
Suvival rate

increase survival rate
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Figure I-7. Human iPS-HLC sheet transplantation have significantly increased survival rate
for CCL4-induced mice through HGF secretion 77.

Liver buds and organoids

The first organoid concept has been described about one century ago in 1907 by Henry Van
Peters Wilson who reported self-reaggregation and reassembly of sponge cells after
dissociation into a whole organism 78. However, the organoid concept become an advanced
and cutting-edge technology thanks to great progress in the understanding of morphogenesis
and stem cell biology during the 20th century and transformed from a mere experimental tool
to a sophisticated biological technology. Meanwhile, organoids have preliminary recognized

as unique /n vifro mode/ systems hold the promise to generate organ-like tissues in a dish for
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disease modeling, developmental studies, and drug discovery/toxicology 79-81. With advances
in organoids generation techniques and improving the robustness of protocols for scale-up
production as well as their unique features including recapitulating native organ like structure
and more importantly fetal to near organ-level functionality, they gained increasingly attention
to be used as potential therapeutic component and reach to the point of emergence of
“organoid medicine” in the next decade 82.

Organoids are mainly defined as a 3D-multicellular cluster derived from stem/progenitor cells
under in vifro culture condition, capable of self-renewal and self-organization, that
recapitulates the function of the tissue from which it was derived 3. Neural organoids was the
first organoids that generated with advanced stem cells research techniques including self-
organisation concept in 2008, and then different research groups have developed different
organoid technologies to generate optic cup, pituitary gland, intestine, colon, stomach,
pancreas, lung, kidney, and liver /n vitro 84. Liver organoids generated from different
techniques have different properties and diverse phenotypes but generally they can be defined
as three-dimensional (3D) structures that preserves the key physiological features of the liver
85, In terms of scale, liver organoids are mainly in form a spherical monolayer of epithelium or
dense/cystic spheres self-organizing and growing to the size of 100 pm to 1 mm in diameter
82 Thus, they can be considered as a bridge between using individual liver cells (e.g. HLCc
or MSCs isolated form liver) for liver cell therapy that suffering from functionality/production
scalability issues and 3D tissue constructs/whole liver bioengineering for transplantation that
mainly suffering from technical and production scalability issue. To date, liver organoids has
been generated employing different approaches including bioprinting 86, isolation/expansion
pf liver progenitors or expandable hepatocytes from adult liver tissue 8587, integrated
differentiation of hPSCs 88 or their genetically engineered form 89, and co-culturing as a three-
dimensional (3D) structure 90 or through dynamic self-organization/ self-condensation driven
by cell-cell interactions among co-differentiating cells 21. Here, generation techniques and

reports that demonstrated more potential for therapeutic application will be described further.
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Isolation/expansion of liver progenitors from adult liver tissue for liver organoid generation
Isolation of primary cells mainly liver progenitors from fetal or adult livers under physiological
or pathological conditions has emerged as a viable organoid generation technique from 2013.
This novel technique has been first established by Hans Clevers’s group, as pioneer in the
liver organoid field, that isolated Lgr5 liver cells from mouse liver and expanded them as
bipotent progenitor organoids /n vifro, which showed the ability to differentiate into functional
liver organoids (Fig. I-8) 85.

The protocol have been also adapted to human liver for generation of human liver organoids
and they long term expansion for potential clinical application 87. This innovative technique
involved two methods to generate liver organoids: cholangiocyte-derived organoids (Chol-
Orgs) or proliferative and expandable hepatocyte organoids (Hep-Orgs). Practically, the
human liver tissues/biopsies are dissociated, and epithelial cell adhesion molecule (EpCAM+)
cells (bipotent progenitor cells) are sorted and seeded into Matrigel (gel-forming extracellular
matrix complex) for generation of Chol-Orgs.

Using a culture medium highly enriched with growth factors, the sorted cells proliferate and
self-organize into spheres like shape and epithelial structure that can be differentiated into
either a hepatocyte or cholangiocyte phenotype upon modification of growth stimuli. It has
been demonstrated that Lgr5 expression in the liver is restricted to a unique subset of
hepatocytes most adjacent to the central veins 91. Recently, Has Cleavers group has also
established a scalable approach for expansion of these bipotent stem cells under dynamic

suspension culture to translate the technology for clinical application 76.

35



/ I;sggégﬁ)g'?s Embed into Matrigel Hep-org (Hepatocytes)\
BT
VN TR J
@ \ . 'Q 9
y

s 9
e L S
) I
. §  Proliferation and
roir
_> Culture medium _’ E ditferentiation
\\ o
k 3 (S

D '
- = ® 2V
w : 7 ; X
C A ) Yl y
\ ngg(Eeﬁli\c ;rs Chol-org (Cholangiocyy

Biobank Allogenic transplantation
_ _ from matched donor

oy == Toxicology

[ &
Drug Safety

Figure 1-8. Generating liver organoids from human liver. Liver-resident progenitor cells are
isolated from a liver biopsy or liver resection. The bipotent progenitor cells are selected by sorting
and embedded into Matrigel, soaked with culture medium rich in growth factors. They proliferate and
self-organize into 3D structures, reforming into their original patterning. Organoids derived from
proliferative hepatocytes form clusters of cells (Hep-Org), where gutters between cells (yellow lines)
connect them as a “canalicular” structure. Organoids derived from EpCAM+ cells form spheroids with
a central hollow area (Chol-Org). Notably, the organoids derived from liver-resident progenitor cells
contain epithelial cells only 92,

They reported an average 40-fold cell expansion for organoids after 2 weeks culture in spinner
flask, compared with 6-fold expansion in static cultures. Moreover, the organoids repopulated
decellularized liver discs and formed liver-like tissue after transplantation in after

xenotransplantation in mice. However, the culture media used for scale-up culture was also
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supplemented with xenogeneic Matrigel ECM that will limit the use of this protocol in
commercial production and clinical settings.

Another novel method to generate liver organoids has recently been reported including
isolation of proliferative hepatocytes from human fetal livers by Percoll gradient centrifugation
and embedding isolated cells into the Matrigel/growth factors supplemented culture medium.
Hepatic organoids exhibit hepatoblast-like features (AFP+: alphafetoprotein+) and
interestingly bile canalicular structure in 3D 93.

Generally, using fetal or adult liver tissues as a source of isolating proliferating liver progenitors
or hepatocytes offers the advantages of genomic stability of cells in organoids and higher
efficiency in their differentiation. Moreover, it can offer higher safety profile for potential clinical
application due to the lack of genetic manipulations during the process. Because the adult
stem cells are already committed to differentiate into hepatocytes or cholangiocytes, shorter
time is required to mature in culture. However, most of the protocols depends on using Matrigel
in culture system as key component for organoid generation/expansion that is not compatible
for GMP manufacturing of cell based therapeutic products. Moreover, generated organoids
are mainly compatible for autologous application and allogeneic application will require
creating a large bank of HLA matched bank of organoids for patients with different genetic

background.

Generation of liver organoids/buds from human pluripofent stem cells

hPSCs including hESCs and hiPSCs can be considered a unique and readily available source
of cells for generation of liver organoids/buds due to their self-renewality, pluripotency
differentiate into multiple lineages, and amenability for scale-up culture including expansion
and integrated differentiation to hepatocytes and/or liver organoids 18.89.94.95_ Several studies
reported generation of liver organoids/buds from hPSCs using different approaches that will

be discussed further (Fig. 1-9).
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Figure 1-9. Liver organoids can also be generated from pluripotent stem cells (iPSCs and
ESCs), usually by a three-stage differentiation process that recapitulates the signaling
programs active during development. iPSCs/ESCs are first directed towards an endodermal fate by
exposure to Act A and Wnt. These endoderm cells then progress to a hepatic fate following induction
of HGF and FGF signaling. These hepatic progenitors are hepatoblast-like cells. The hepatic
progenitors can form hepatocyte-like cells in response to OSM signaling. Conversely, by placing the
hepatic progenitors in ECM and modulating FGF, EGF and Act A signaling, ductal organoids can be
generated. Act A, Activin A; BMP, bone morphogenetic protein; ECM, extracellular matrix; EGF,
epidermal growth factor; ESCs, embryonic stem cells; FGF, fibroblast growth factor; FSK, forskolin;
HGF, hepatocyte growth factor; ICM, inner cell mass; iPSCs, induced pluripotent stem cells; OSM,
Oncostatin M; TGFbi, transforming growth factor beta inhibitor; TNFa, tumor necrosis factor-alpha 92.

Integrated diifferentiation of hPSCs

Sgooda et. al. reported a scalable 3D suspension culture system for generation of liver
organoids form hPSCs aggregates using integrated expansion and differentiation strategy.
Generated liver organoids maintained for up to 3 weeks with stable gene expression profiles
and metabolic features in a suspension culture system ranging from a 1.5mL up to a 15 ml.
Moreover, optimizing culture conditions has resulted in reproducible generation of
homogenous size organoids with more hepatic functionality properties compared to hepatic

PSC derivatives in 2D culture condition 88, However, this study has not demonstrated any self-
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organisation event or generating multiple liver cell types within generated organoids to meet

organoids definition criteria.

Engineered hPSCs for generating liver buds

Guype et. al. developed a novel approach for generating and then co-differentiating hiPSC-
derived progenitors employing a genetically engineered pulse of GATA-binding protein 6
(GATAG) expression during differentiation process 89. Employing strategy resulted in rapid
emergence of all three germ layers as a complex function of GATA6 expression levels and
tissue context. A complex tissue recapitulates early developmental processes with liver bud-
like phenotype, including haematopoietic and stromal cells as well as a neuronal niche
obtained within 2 weeks of culture. Interestingly, this approach demonstrated a unique self-
organisation event and derivation of complex tissues from hiPSCs using a single autologous
hiPSCs as source and generated a range of stromal cells that co-develop with parenchymal
cells to form tissues. This innovative approach provides a promising platform for generation of
complex and functional liver organoids for potential therapeutic application. However, the
protocol is suffering from necessity of genetic manipulation that is not preferable by regulatory
authorities for clinical applications as well as necessity of a static seeding step of hPSCs that

is limiting the scalability of protocol for large scale production of liver organoids.

Vascularized liver bud generation from hPSCs

Takebe group is pioneer in vascularised liver bud generation from hPSCs, they reported a
novel method to generate liver buds from iPSCs by coculturing with vascular stem cells and
mesenchymal stem cells by recapitulating the developmental stages of hepatogenesis 20.
They separately differentiated iPSCs into the endoderm, endothelial cells, and mesenchymal
cells in 2D culture dish, followed by dissociation and co-culture with optimized ratio in a
Matrigel drop. After 24-72 h of co-culture, the reconstituted cell mixture condensed and self-

organized into spheres, which developed a liver bud-like structure with vascular network
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inside. Gene expression profiles showed that liver buds gene expression is closer to human
embryos than human iPSC-derived mature hepatocyte-like cells. Transplantation of the liver
buds into different organs (liver, kidney, or brain) of immunodeficient mice resulted in fast
integration (after 48h) to host and generation of multicellular liver organoids that were
perfused by the host’s blood because of its vascular structure and gained further hepatic
maturation /n vivo. Afterwards, the platform has been adapted for generation of organ buds
from diverse tissues (e.g. brain, heart, kidney) and demonstrated the key role of mesenchymal
stems cells for regulating self-condensation and organisation of buds from mixture of single
cells 96, Recently, same group scaled- up the liver bud generation protocol by developing an
omni-well-array culture platform for mass producing homogeneous and miniaturized liver buds
on a clinically relevant large scale (>108) to translate the protocol for clinical application (Fig.
[-10) 21. This has been achieved by identifying three progenitor populations that could
effectively generate liver buds in a highly reproducible manner: hepatic endoderm,

endothelium, and septum mesenchyme.
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Figure 1-10. Progress in vascularized liver bud technology by Takebe group.

However, the cell number that has been achieved by the established technology was enough
for one pediatric patient that indicating the poor scalability of protocol. In another study, Ran-

Ran Zhang and his colleagues cultured posterior gut endoderm cells (PGECs) derived from
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hPSCs and co-cultured then ith HUVEC and MSC to generate PGEC-LBs 97. The
immunohistochemistry showed positive detection of the CD31, CK19 and ALB, suggesting the

mature function of human PGEC-LBs.

Co-culturing as a three-dimensional (3D) structure for generating liver buds and organoids

3D organization of the cells is known to improve stem cells differentiation capacity and
preserve their metabolic functions, compared to 2D cultures 98. This strategy combined with
co-culturing employed for development of different organoids including liver organoids. Mun
et al. generated a self-renewal liver organoid based on human embryonic stem cells and
induced pluripotent stem cells (PSCs) 99. Co-culturing human induced pluripotent stem cells
(hiPSCs) with Human Adipose Microvascular Endothelial Cells (HAMEC) using a 3D human
embryoid bodies (hEBs) formation technology resulted in generation of fully functional and
vascularised hepatocyte-like organoids with higher differentiation yield and notable
improvements across a wide range of hepatic functions 190, However, this strategy also

suffering poor scalability due to employing static 3D hEBs formation technology.

Liver bud'’s generation form hMSCs

In 2018, a study showed LBs was made up of single cell lineage. Jing Li et al. differentiated
MSCs into three kinds of cells (hepatocytes, hepatic stellate cells (HSCs)-like cells, liver
sinusoidal endothelial cells (LSECs) -like cells). And cocultured three kinds of cells with MSCs

to generated functional MSCs-LBs after 72 h 101,

Clinical application potential of liver organoids

The liver organoid may prove to be an efficient strategy for hepatocellular transplantation
because of its ability to stably proliferate. This proliferative ability will overcome the difficulty
with current hepatocellular transplantation models, namely, the poor supply of human primary

hepatocytes. The genomic stability of liver organoids de-rived from liver tissues will add the
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benefit of safety.5 Their superb scalability will make organoid-derived hepatocellular
transplantation more feasible. CRISPR/Cas9 genome editing will also be possible to correct
genetic mutations, and autologous organoid transplantation will be achievable. In addition, for
liver organoids derived from iPSCs, because of their self-supporting ability (mesenchymal sup-
port and vascular integration), an ectopic organoid trans-plantation could become a better
option as a “bridge” to liver transplantation. In transplant experiments in mice, it was proven
that human iPSC-organoids were functional and sustainable relatively long term when
implanted into the kidney capsules or the mesentery.19 Transplanting liver organoids into the
mesentery as a “second” liver to sup-port a failing liver is an attractive approach. regarding
the direct clinical application of organoid technology, there are many challenges. Malignant
trans-formation of the stem cell-derived organoids is a major concern after transplantation,
and extensive investigations in animal models are underway to address this concern. Another
challenge is to determine the optimal method of organoid production. In the current methods
of organoid culture, the use of bioengineered growth factors and extracellular matrix (Matrigel)
is essential; these contain animal-derived materials (i.e., bovine serum). The carryover of
these materials can contaminate the organoid products and may cause reactions in the human
host. Also, the use of chemically undefined bioproducts (i.e., Matrigel) has a major negative
impact on quality control; thus, further bioengineering is necessary to generate organoids via

chemically defined methods.

Lniver cells, hepatocyte like cells and stromal cells

During the last ten years, cell therapy of liver has gained increasing attention due to advances
in liver cells/ stem cells/ expandable progenitor cells isolation/ derivation and their
directed/integrated differentiation from human pluripotent stem cells or adult/induced
progenitors cell towards different cell lineages that mainly populated and exist in liver tissue

such as hepatocytes 12, macrophages 192, and mesenchymal stem cells 12. Hepatocytes,
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macrophages and mesenchymal stem cells have been transplanted with varying degrees of
success that will be described here. In the last two decades, a growing number of studies
demonstrated that 3D cultures have several advantages over traditional two-dimensional (2D)
cell cultures [110,111]. A physiologically 3D microenvironment is crucial to the development
of in vitro tissue models, particularly for such complex tissues as the liver, in which the
interaction between hepatocytes, hepatic stellate cells, and extracellular matrix (ECM) creates

the microenvironment of the hepatic lobules 103,

Primary Hepatfocyfes

Primary human hepatocytes that can be isolated from cadaveric livers for cell therapy
applications and regenerate the liver tissue are main parenchymal and functional cell type in
the liver tissue and make up 55-65% of the liver's mass. They can be considered as the chief
functional units of liver that play a critical role in synthesis, metabolism, and detoxification
processes. Thus, a critical mass of functioning hepatocytes is essential to meet the daily
demands of homeostasis. This is ensured by unique inherent hepatic regenerative capacity,
which enables replacement of lost hepatocytes through proliferation of healthy adult
hepatocytes 194, These cells can then move into the liver, replace damaged cells, and help
support the organ after transplantation. The first primary hepatocyte transplantation in
humans’ dates to 1992 for the treatment of cirrhotic patients. However, the results of this first
autologous transplantation were uncertain 105, Later, cell therapy with primary hepatocytes as
a treatment for CLDs has demonstrated promising results after splenic or portal vein infusions.
It has been reported transplanting individual hepatocytes allows their rapid attachment to
existing extracellular matrix /n vivo and inducing modest reductions in ammonia levels and
encephalopathy in both animal models and humans 106, Since then, hepatocyte
transplantation has been extended to other liver pathologies, including those induced by
metabolic defects and demonstrated partial metabolic recovery, such as urea cycle disorder

and Crigler-Najjar syndrome 107 glycogen storage disease type 1a patient with partial
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correction of metabolic abnormalities after transplantation that lasted beyond 9 months 108,
and hepatic failure induced by mushroom intoxication with Improvement in hepatic function
results 109,

However, primary hepatocytes transplantation facing critical issues for widespread clinical
application including; 1) difficulty of isolating a sufficient quantity of high-quality and
metabolically active cells and maintain their quantity and quality before transplantation, 2) High
sensitivity of these cells to freeze-thaw process and loosing viability and engraftment after
cryopreservation and reviving, 3) loss of proliferative ability when cultured in vitro, and 4)
shortage of their supply for widespread clinical application 110, Thus, developing innovative
technologies that can expand and maintain primary hepatocytes under in vitro culture
condition is in progress such as generation of expandable progenitor population from these
cells and then further differentiation to mature hepatocytes or cholangiocytes, generation of
hepatocyte-like cells form human pluripotent stem cells, and exploring alternative sources of

cells for liver cell therapy like mesenchymal stem cells .

Expandable liver progenitor cells

Recent studies proposed that hepatocytes are a source of expandable hepatic cells and
isolated/generated expandable hepatic progenitor population from liver tissue or primary
hepatocytes (Fig I-11). In 2008, Utoh et al. identified a small population (0.01-0.09%
depending on donor age) of replicative hepatocytes, termed colony-forming parenchymal
hepatocytes (CFPHSs), in long-term cultures of human adult hepatocytes. When CFPHs were
transplanted into uPA/SCID mice, they engrafted into the liver and grew for at least 10 weeks
with maximum 27% repopulation rate that indicate their slow proliferation and re-populative
capacity 111, Another study generated more proliferative and functional cells called human
chemically derived hepatic progenitors (hCdHs) from adult hepatocytes using HGF, A83-01
and CHIR99021 for chemical reprogramming. hCdHs proliferated for at least 10 passages

without losing differentiation potential in vitro and engrafted and repopulated about 20% of the
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diseased parenchyma within 3 weeks after transplantation into Alb-TRECK/SCID mice 112. Fu
et al. also developed a transition and expansion medium (EM), which can be used to convert
human hepatocytes into hepatocyte-derived liver progenitor-like cells (HepLPCs) in vitro [16,
42]. When HepLPC-derived hepatocytes (HepLPC-Heps) were transplanted into F/R mice,
human ALB-positive cells covered 7.2—-16.1% of the liver parenchyma in surviving mice.

Using a similar method, Zhang et al. generated proliferating human hepatocytes (ProliHHs) in
human liver isolation medium containing the same supplements as EM and lacked R-
spondin1, Noggin, and forskolin, and introduced Wnt3a as the key factor for generation of
these cells. Following transplantation of ProliHHs, 11 of 14 FRG mice survived for more than
4 months, whereas all FRG mice not transplanted with hepatocytes died within 4 months.
Interestingly, ProliHHs expressed phase | and Il enzymes and transporters at levels
comparable with those in primary human hepatocytes after transplantation (Fig 1-12) 113, While
these studied reported relatively promising results in animal studies, potential clinical of these
cells need more extensive research including scale up trials for demonstrating their stability

and then testing in larger animal models.
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Figure 1-11. Approaches to generate hepatocyte progenitors in vitro. Current approaches to

generate in vitro-expandable hepatocytes include differentiation of human pluripotent stem cells,

reprogramming of fibroblasts and cells of a similar developmental origin, identification of liver progenitor

cells, and reprogramming of mature hepatocytes. In vitro-expandable hepatocytes are required as a

therapeutic alternative to liver transplantation and for drug development 94.
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Figure 1-12. Generation of ProliHHs liver progenitor cells that can mature following in vitro
differentiation or transplantation 113, an overview of the protocol used for generation of human
hepatocytes-derived liver progenitor-like cells (HepLPCs) in vitro 114,

Hepatocyte-like cells derived from human Pluripotent Stem Cells

As mentioned before, another highly promising cell types as alternative to primary hepatocytes
are human hepatocyte-like cells (HLCs) derived from human pluripotent stem cells including
human embryonic and induced pluripotent stem cells. These cells promise a valuable source
of cells with human genetic background, physiologically relevant liver functions, and unlimited
supply due to hPSCs amenability for scale-up culture including expansion and integrated
differentiation to hepatocytes 18.94. With over 12 years’ efforts in this field of pluripotent stem
cells technology, great achievements have been made including generation of HLCs that have
been successfully derived and applied in disease modeling, toxicity testing and drug discovery
(Fig 1-13) 115,

To date, several studies have established protocols for differentiation of ESCs into hepatocyte-
like cells that express key hepatocyte-related genes and mimic some liver metabolic functions
116-119 ESC-derived hepatocytes also have the typical morphology of mature hepatocytes and

are able to colonize liver tissue after transplantation, promoting the injured liver’s recovery via
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cell replacement and stimulating endogenous regeneration 119,120, Despite these promising
results and the favorable characteristics of human ESCs, such as a good resistance to
cryopreservation, practical and ethical barriers have always precluded their application in
clinical practice.

The discovery made by Gurdon and Yamanaka that somatic cells from health individuals and
patients can be reprogrammed to iPSCs has opened up the possibility to generate pluripotent
stem cells from mature cells as well as patients for offering personalized medicine, disease
modeling, and drug discovery 121,

Therefore, human induced pluripotent stem cells (iPSCs) have emerged as a way of
bypassing the ethical concerns associated with the use of ESCs and generating therapeutic
derivatives for potential clinical applications. The iPSCs are mainly derived by reprogramming
mature somatic cells induced by different transcription factors and their self-renewal and
pluripotency properties make them as viable alternative for ESCs to generate different cell
lineages including hepatocyte like cells 122,123,

Protocols established to generate HLCs form human ESCs and human iPSCs are basically
mimic the developmental pathway of the liver during embryogenesis and have vastly improved
in recent years 124, Nevertheless, there are several issues regarding the safety and
reproducibility of iPSCs that still need to be addressed before their potential use for clinical
application, including tumorigenicity and teratoma formation, the debate on their
immunogenicity, long-term safety and efficacy, and the safe reprogramming techniques
122,125,126

Nonetheless, significant progress is being made in developing robust, safe and non-viral or
integration-free reprogramming technologies (e.g. Small molecule based approach) to

address translational challenged of iPSCs technology 127.
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Derivation of human hepatocyte-like cells
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Figure 1-13. Derivation and applications of human hepatocyte-like cells. A: Directed
differentiation process of human pluripotent stem cells (hPSCs)-derived hepatocyte-like cells (HLCs) in
vitro includes endoderm development, endoderm hepatic specification, and hepatic maturation stages;
B: Applications of human HLCs. HPSC-derived HLCs can be used to generate disease models to study
rare or common genetic variants. These cellular models can be applied in pathophysiological research,
drug screening, and toxicity testing. Cohorts of HLCs provide in vitro cell models for genome-wide
association studies and potentially pharmacogenomics in dishes. HLCs also offer a potential cell source
for bioartificial livers or liver transplantation. HLCs: Hepatocyte-like cells; hPSCs: Human pluripotent
stem cells 115,

Despite the promising insight of hepatocyte derived from hPSCs and several reports claimed
generation of functional hepatocytes from these stem cell, hepatocytes derived from stem cells
often have incomplete function and mainly exhibit characteristics of fetal liver cells rather than
mature hepatocytes. Thus, they are generally defined as hepatocyte-like cells (HLCs) 128-130,
On the other hand, most of studied generated HLCs in small and static culture system (e.g.

culture dishes and multi-well plates) that are suffering from limited scalability and not
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amenable for large scale production of cells as an essential perquisite for conducting clinical
trials and then commercial production (e.g. up to 108 cells produced using high-throughput
micro-well culture system per batch which may be only enough for treating one pediatric
patient) 21,131, Therefore, one of the main and current bottleneck and technical issue in
translating these technologies for clinical application is their limited scalability for production
of sufficient therapeutic doses of hepatocytes cells for one adult patient (1-2 109 cells per
patient) or few hundred billion cells for allogeneic liver cell therapy 132,

To date, a limited number of protocols and reports published that aimed to develop scalable
and integrated production process for generation of hepatocytes/liver organoids from hPSCs,
but these methods suffer from critical technical challenges including scalability that preclude
their potential use in clinical or commercial applications9%.133.134_ For instance, most of these
studies have been performed under uncontrolled culture conditions in limited culture working
volumes (1.5-50 ml) or used static cultures for generation of hepatocytes which offer poor
scalability for commercial scale production 95. Moreover, some other very important issues
still need be addressed such as quality issues including low differentiation efficacy and
functionality of hepatocytes (i.e., poor gene expression profiles and metabolic characteristics)
compared to primary hepatocytes, as the most important quality criteria and also productivity
issues such as cell yield, product homogeneity, and process reproducibility 133. Thus,
development of a robust, GMP (good manufacturing practice) compatible culture system and
bioprocess for large scale production of human functional hepatocytes and hepatic organoids
is a necessary step that should be taken before the clinical translation of currently developed

regenerative medicine technologies.

Macrophages
It has been well-demonstrated that hepatic macrophages can reverse fibrosis process as the
main regulator of dynamic fibrogenesis-fibrosis resolution paradigm [55,56]. It has been also

suggested that the regulatory effect of macrophages in liver fibrosis is associated with balance
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of profibrotic and restorative macrophages [57]. Therefore, A better understanding of the
mechanisms controlling this process could yield novel monocyte/macrophage-based cell and
regenerative therapies.

Monocytic populations can be produced via autologous propagation or derivation from human
pluripotent stem cells. However, the technology is not still mature and monocyte/macrophage-
based approach to damping liver fibrosis has already been attempted in animal models. For
instance, intraportal administration of differentiated BM-derived macrophages (BMMs)
improved liver fibrosis, regeneration, and function via a wide range of reparative pathways,
with a therapeutic benefit. On the other hand, liver fibrosis was not significantly affected by the
infusion of macrophage precursors, and it was interestingly even exacerbated by whole BM
cells 135, In another recent study, combination therapy using mesenchymal stem cells and
colony-stimulating factor-1-induced bone marrow-derived macrophages (id-BMMs) reduced
liver fibrosis (associated with increased matrix metalloproteinases expression), increased
hepatocyte proliferation (associated with increased hepatocyte growth factor, vascular
endothelial growth factor, and Oncostatin M in the liver), and reduced blood levels of liver
enzymes, more effectively than MSCs or id-BMMs monotherapy in mice with CCls-induced
cirrhosis 135. Therefore, macrophages can induce whole-organ changes and encouraging a

translational perspective and suggesting a future clinical potential.

Adult Stem Cells and MSC-derived hepafocytes

Adult Stem cells such as mesenchymal stem cells are also considered as an valid alternative
sources for the treatment of liver diseases 136. It has been suggested that the main function
of these cells is modulating the liver’s regenerative processes to reduce scarring in cirrhosis,
and to down-regulate immune-mediated liver damage. Adult stem cells could also be
differentiated into hepatocytes for cell therapy application 136,137, Different types of adult stem
cells have been tested over the years, including hematopoietic stem cells (HSCs),

mesenchymal stem cells (MSCs), endothelial progenitor cells (EPCs), and hepatic progenitor
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cells (HPCs) 138-140, HSCs are populated in bone marrow and express the surface marker
CD34. HSCs can easily be isolated in the bloodstream and differentiated to generate
hepatocyte like cells. It has been demonstrated that hepatocyte-like cells derived from HSCs
can support liver regeneration through novo-generation of hepatocytes via transdifferentiation
or the genetic reprogramming of resident hepatocytes through cell fusion, as well as
stimulating regeneration 140-144,

Endothelial progenitor cells (EPCs) are anther candidates for liver cell therapy that can be
found in both peripheral blood vessels and bone marrow, and their main function is promoting
neovascularization in damaged tissues. However, animal study in Rat model of fibrosis
demonstrated that the transplantation of EPCs into fibrotic liver or in combination with
hepatocyte stem cells led to a lessening of tissue fibrosis 145146, Promoting hepatocyte
proliferation and increase matrix metalloproteinase activity through increased secretion of
specific growth factors are other potential benefits of EPCs transplantation 147.

It has been also demonstrated that mesenchymal stem cells (MSCs) that can be found in
different tissues (e.g. bone marrow, adipose tissue, placenta, amniotic fluid, umbilical cord
blood, and umbilical cord) can repair acute liver injury when systematically administered 51.148
Different studies demonstrated that MSCs have the capacity to provide both metabolic and
trophic support due to their potential for hepatocytic differentiation, and their secretion of anti-
inflammatory, anti-apoptotic, immunomodulatory, and pro-proliferative factors 148149, This
leads to liver function being restored via the repair of damaged tissue, the suppression of
inflammation, and the stimulation of endogenous regeneration through paracrine effects 150.
Finally, isolating hepatic progenitors’ cells form liver and their efficient expansion have gained
increasingly attention for liver cell-based therapy to regenerate the liver during chronic
diseases. Several protocols have been established for isolating HPCs and bipotent stem cells
from the human liver or biliary tree 87.151, Due to the low number of these progenitor cells in
the liver, the use of autologous HPCs is probably unfeasible and establishing efficient protocol

for their expansion is more likely feasible 76. Though this approach also raises questions
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regarding the engraftment rate of transplanted cells, their proper differentiation in vivo, and
the need for immunosuppressant therapy. Despite the promising view of such approaches,
acquiring a deep understanding of HPCs nature, their precise role in liver pathophysiology,
and how the entire process of regeneration/differentiation is regulated is essential. Given the
possible disadvantages of HPC activation, which might exacerbate disease progression or
prompt the onset of cancer 152, addressing all these issues and translating the technology for
clinical application need further study and careful examination of cells and their mechanism of

action under in vivo condition.

Comparing the translational potential of therapeutic components and established platforms
for treating liver cirrhosis and their widespread clinical application

In previous sections currently established technologies with promising potential for treating
liver cirrhosis and liver regenerative medicine described. Liver-assistive devices and whole
liver bioengineering technologies have witnessed significant progress but still suffering form
critical efficacy and technical challenges that hindered their use for widespread clinical
application. For instance, liver-assistive devices and external supports are highly complex and
costly devices that showed poor efficacy in most trials for patients suffering from acute liver
failure to induce their liver inherent regeneration capacity or bridging them to receive a
transplant. Donor tissue variability, shortage of cadaveric liver, undefined matrix composition,
tricky recellularization process, and low functionality of bioengineered whole-liver organ is also
important issue that still need extensive research to offer viable solutions. Liver patches and
tissue constructs that fabricated by bioprinting or patterning technology are also demonstrated
promising results in animal studies but most of established protocols employed fabrication
techniques are not scalable for large scale manufacturing and implantation of constructs need
invasive transplantation and open surgery. Therefore, liver cell therapy and liver organoids

transplantation can be considered as most promising technology for liver regenerative
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medicine. However, currently established protocols for hepatocyte-like cells and expandable
hepatocytes mainly resulted in generation of cells with significantly lower functionality and
metabolic activity compared to primary hepatocytes and adult liver tissue. On the other hand,
liver organoids/buds with complex structure such as vascular network and self-organized
structure are gained increasingly attention as therapeutic component since they provide a
native liver tissue like structure and recapitulating hepatic functions in tiny scale. Moreover,
they are expandable and can be transplanted with non-invasive methods for clinical
applications. A comparison of currently available RM technologies base on their translational
aspects to meet widespread clinical applications indicating that vascularised liver
bud/organoids production from readily available cell source; hPSCs is a highly promising
platform for liver regenerative medicine due to fast integration to host for functionalization,
significant in vivo maturation, and recalculating key liver metabolic functions (Table I-1).

However, generation of complex, functional, and vascularized liver organoids/buds has been
done under static culture conditions (mainly multi-well and array multi-well plates) that offer
poor scalability for mass production or used xenogeneic ECM components for bud formation
or organisation, lacking biliary structure/bile metabolism and mainly require using Matrigel as
ECM which is not compatible with GMP requirements of therapeutic products manufacturing
for human use 2021, Thus, developing scalable and robust generation of complex, functional,
and vascularized liver organoids for therapeutic applications may provide a valuable platform

for liver cirrhosis organoid medicine.
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Table I-1. Comparing translational aspects of different regenerative medicine technologies for treating acute liver failure

Platform

Options

Fabrication
technique

Cell ingredients

In vitro Cell
Functionality /
In vivo
maturation

Complex/
vascularized
structure

ingredients
production

Defined
culture
condition

Production
process
scalability

GMP
compatibility
of process

Translational
potential for
allogeneic

Whole liver
bioengineering

Whole organ
decellularization/r

Hepatic progenitors,
endothelial progenitors,

scalability

application

ecellularization parenchymal cells Poor + = = = = =
Liver tissue Bioprinting Human primary
constructs: hepatocytes/ Fibroblasts/
Expandable liver Endothelial cells Good + = - B + B
tissue
Genome-Stable Static culture in Liver organoids raised
Bipotent Stem Matrigel from adult liver tissue
Cells derived biopsy and differentiated Good = r = = = =
organoids to hepatocytes
hPSCs derived Intergated hPSCs
liver organoids expansion and
differentiation as Poor = + + + +
3D aggregates
Liver
organoids/buds liver bud-like tissue Genetic hiPSCs
generation using engineering
GATAG over Good + i + - = +
expression
Liver buds Co-culture in hiPSCs/Mesenchymal
generation by Multi-well- stem cells/
mesenchymal stem Omniwell tech. Endothelial cells Good + + + - + +
cells driven self-
condensation
Cell therapy by Encapsulation in hPSCs, liver progenitors,
primary decellularized expandable heaptocytes,
hepatocytes, matrix hMSCs
hepatocyte like Good = + + + = i
cells,
hMSCs
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Current challenges in scalable generation and clinical application of vascularized liver
buds/organoids

There are some critical challenges in translating vascularized liver bud’s production platform
for clinical application that can be generally categorized as technical, functionality, and

transplantation challenges highlighted as below:

Production scalability issue

Current platforms for production of vascularized liver buds and organoid depends on co-
culture of different cell types such as hepatic progenitors, endothelial cells, and mesenchymal
stem cells in 3D culture condition mainly using animal-derived ECM such as Matrigel in a multi-
step process. Multi-well plates 20, micro-well arrays 199, or (omni)-well-array plates are the
most culture systems that were used to generate liver buds/organoids under static culture
condition that are offering very good control over the co-culture condition, aggregate size
control and self-organization/condensation process but very poor scalability for large scale
production of organoids. In addition, using xenogeneic/undefined ECM and culture condition
combined with labor-intensive multistep process nature of existing approaches will result in
significant variability and low throughput of organoids production.

Other scalability issue is poor scalability of established protocols for required starting cell
ingredients production for liver organoid production. In fact, large scale production of
organoids would essentially require scalable production of starting cell materials before co-
culturing or fabricating organoids. However, most of current protocols for liver organoid
generation have employed cell ingredients that generated under static culture condition after
extensive optimization of differentiation process in petri dishes or flasks that are not amenable
for scalable manufacturing 2'. Moreover, adapting protocols in static culture condition to
dynamic culture condition can result in generation of cells exhibiting different fate and

functionality and subsequently organoid generation efficacy.
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Organoids functionality issue

Although several strategies are available to generate hepatic micro-tissues, buds, and
organoids with demonstrated fetal to mature like hepatic functionality, few studies have
succeeded in generating a liver organoid with hepatobiliary structure (hepatobiliary organoids)
and efficient bile metabolism from hPSCs or liver tissue 193.154, Bile metabolism and bile ducts
structures are essential for normal liver function and preferably should be exist in in vitro
generated organoids for transplantation. However, these studies have been done in very small

scale and static culture conditions which hindered their use for clinical application.

Challenges in transplanting liver organoids

To date, most of the liver organoids transplant in mice for in vivo integration and functionality
studies but not to develop a effective transplantation strategy 2. It was proven that human
iPSC-organoids were functional and sustainable relatively long term when implanted into the
kidney capsules or the mesentery 20. Generally, mesentery can be considered as attractive
option for transplanting organoids as “second” liver to support a failing liver. However, direct
clinical application of organoid technology facing multiple challenges including potential
malignant trans-formation of the hPSCs derived organoids that is under extensive
investigations in animal models are underway to address this concern. Another issue is few
hundred to 1 mm scale of organoids diameter size and their size and structure heterogeneity
that will make their injection and In vivo integration difficult. Thus, developing a robust
process for homogenous organoids generation and an effective transplantation strategy

would largely facilitate the future organoid medicine technology.

Scalable techniques for generation of liver bud’s/organoids

Nowadays, significant progress in biomaterials development and microfabrication
technologies have offered great opportunities and paved the way to recreate 3D tissue/organ
models and complex organoid with more physiological relevance in a controllable manner.
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Natural 195, defined 156, or combinatorial/composite hydrogels 157 as 3D soft scaffolds has
been used in several studies to create biomimetic matrices, 3D microenvironments or porous
scaffolds, and tissue constructs using different fabrication techniques (e.g. simple substrate
coating and advance ones such as micro-molding, 3D bioprinting, photolithography,
stereolithography, patterning, and microfluidics) for tissue constructs or organoid formation to
reduce their variability. However, most of these technologies are suitable for generation tissue
constructs and require extensive lab work that offering poor scalability for large scale
production of microscale organoids. Thus, robust scalable production of complex liver
buds/organoids remained challenging.

One viable alternative is using core shell hydrogel micro capsules as 3D microenvironment for
organoids generation and their scalable and continuous production using electro spray/jetting
systems 158 or microfluidic technology 199. Practically, hydrogel capsules with solid shell and
liquid core can be used for loading stem cells or co-culturing different cell types for organoid
formation instead of individual wells in micro-wells or array-well plates due to their uniform and
tunable morphology, customizable permeability, and the ability in scale-up production 160,161,
Several studies have used core shell hydrogel systems for controlled generation of embryonic
bodies 162, generation of hepatospheres from primary hepatocytes 139 and intestinal or
pancreatic organoids 163,164 ysing elector-spray or microfluidic technology. The microfluidic
generation of core shell capsules can be considered as viable choice over electrospray
systems because of high reproducibility, consistency, and control over capsules generation
and capable of generating wide range of capsules diameter 100-1000 pm which are
considered as bottleneck in elector spray systems that are limited to generate capsules with
min. 300um diameter 165, However, these studies have been done in small scale for
generation of simple organoids or different type spheres using typical microfluidic equipment’s
but not as platform for scalable and continuous generation of complex and vascularized

organoids such as vascularized liver buds or organoids.
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Aim of Study and Thesis Outline

In this project, we are going to address two important challenges in translating two most
promising liver organoid generation technologies from hPSCs for therapeutic application
including scalable generation of functional complex organoids by integrated differentiation
process as the first convenient approach, secondly the scalable platform for xeno-free
generation of vascularized complex buds/organoids including large scale production of the
required starting cell material, and developing an innovative transplantation strategy for
delivering organoids will be explored. Accordingly, key bioprocess parameters will be
optimized in integrated differentiation of hPSCs toward liver organoids in stirred suspension
bioreactor to generate functional liver organoids.

In the next step, we tried to develop a fully scalable and continuous process for generation of
functional vascularized liver organoids form hPSCs based on liver bud generation concept by
co-culturing and self-organization technique. Two strategies will be explored including co-
seeding cells in dynamic suspension culture condition and then co-culturing in core shell
capsules by one-step fabrication of dissolvable liquid core and shell capsules using a novel
and scalable microfluidic technology that is adaptable for GMP manufacturing. The first phase
of co-culture approach study involve developing a robust and fully scalable protocols for large
scale production of starting cell ingredients from hPSCs that required for generation of
vascularized liver organoids including hepatic progenitors to generate functional hepatocytes,
endothelial progenitors for creating vascular structure and improve hepatocytes maturation,
and mesenchymal stromal cells for promoting self-condensation and organization under ECM-
free dynamic suspension culture . The next phase of the project is developing a scalable and
GMP compatible platform for large scale production of vascularized liver organoids and

subsequently developing innovative transplantation strategy (Fig 1.13).
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Introduction

Liver diseases, including chronic and acute liver failure, are the fifth leading causes of mortality
worldwide with over one million deaths annually 1.2. Although liver transplantation is a highly
successful treatment for chronic liver diseases, it is the only available option. Increasing
numbers of patients die each day or experience deteriorating health when placed on liver
transplantation lists because of the critical local and worldwide shortages of available
transplantable livers. There are approximately 25 000 liver transplants are available worldwide
per year 34, To cope with this unmet medical need, different research groups and companies
have focused on developing promising regenerative medicine technologies that use different
cell types as starting materials (e.g., human pluripotent stem cells [nPSCs], adult derived
progenitors, and induced hepatocyte-like [iHep] cells from somatic cells) to generate functional
hepatocyte-like cells, liver organoids, or tissue constructs 5 as therapeutic components for
transplantation. These therapeutic components can be used to induce or assist the liver's
inherent regeneration capacity and hopefully treat acute or chronic liver failure 6. Among the
different available cell sources, hPSCs are considered one of the most convenient cell types.
These cells provide an unlimited source for integrated hepatic differentiation and scalable
production of hepatocyte-like cells or liver organoids for translational studies and clinical
applications, and are easily amenable for scalable expansion and integrated differentiation 7.8.
However, most studies have used small and/or static (culture dishes and multi-well plates) or
dynamic culture (spinner flasks) systems with limited culture working volumes (1.5-50 ml) and
uncontrolled culture conditions in an attempt to establish protocols to generate hepatocyte-
like cells or hepatic organoids from hPSCs 9-12. These culture systems are convenient for
protocol development and optimization studies; however, they lack adequate scalability to
produce clinically relevant cell numbers (1-2 X 109 cells per patient) as essential therapeutic
components to treat one or multiple patients with autologous or allogeneic cell therapy

strategies 13. Therefore, this critical technical issue has largely hindered the potential use of
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currently established protocols for clinical or commercial applications 12.14. Other critical
issues that should be addressed in established protocols of small scale cultures include issues
with quality of the final product such as low differentiation efficacy and functionality of
hepatocytes (e.g., poor gene expression profiles and metabolic characteristics) compared to
primary hepatocytes; productivity issues such as low cell yields; product homogeneity; and
lack of process reproducibility that could be potentially boosted during scale-up trials 14. Thus,
development of robust bioprocess technologies for scalable production of human functional
hepatocytes or hepatic organoids is a necessary step prior to the clinical translation of
currently developed regenerative medicine technologies.

Previously, we improved the efficacy of our protocol for stepwise and integrated hepatic
differentiation of hPSCs as three dimensional (3D) aggregates in a 50 ml dynamic suspension
culture by optimizing a hepatic endoderm differentiation strategy (e.g., CHIR and activin A
concentration and treatment time) and explored the optimal hPSCs starting aggregate size for
beginning the differentiation process 1°. However, we realized that our protocol was not
scalable after a 3X volume increase to a 150 ml working volume under the same uncontrolled
dynamic culture condition and resulted in the generation of heterogeneous hepatospheres that
had limited functionality. Next, we employed fully controlled culture conditions in a bioreactor
to scale-up our established integrated hepatic differentiation protocol by regulating pH and
optimizing dissolved oxygen (DO) concentrations in the range of liver tissue physiological
oxygen concentrations, as a very important cue in hepatic fate determination and liver function
16. To date, the results of different studies have demonstrated the significant effect of oxygen
concentration/gradient on hPSCs hepatic differentiation efficacy, functionality, and maturation.
Blood oxygen concentration modulates liver zonation and metabolic activity 17-20 as well as
hepatic differentiation from human hPSCs by regulation through intercellular TGFB signaling
21, However, generation of hepatocyte-like cells or liver organoids in fully controlled stirred
bioreactors and exploring the effect of DO concentration on integrated hepatic differentiation

efficacy of hPSCs as 3D aggregates has not been studied. Therefore, we used a stirred tank
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bioreactor to develop a fully controlled integrated hepatic differentiation process and explored
the effect of different oxygen concentrations (20%, 30%, and 40% air saturation, which
corresponded to 30-60 mmHg pO2 within liver tissue) on process efficacy and quality
attributes of the final product. Stirred suspension/tank bioreactors have been successfully
used for scalable production of hPSCs and their potential therapeutic derivatives such as
beating cardiomyocytes 22, neural stem cells 23, and hepatocytes 14, and can be considered
a superior option for large-scale production of hPSC derivatives, including hepatocyte-like
cells and hepatic organoids.

Here, the application of an optimized DO concentration (30% air saturation at 37°C, equal to
40-45 mmHg pO2 in liver tissue) resulted in the generation of self-organized fetal-like hepatic
organoids comprised of functional hepatocytes and red blood cells. We observed that 20%
DO and an uncontrolled culture condition generated hepatospheres that had poor
functionality. The demonstrated cross-talk between hepatocytes and erythroid cells, which
also occurs during human liver bud development, resulted in improved metabolic activity,
functionality, and meaningfully higher levels of CYP enzyme activity of the hESC-derived fetal-
like hepatic organoids generated in our study 24. Our data emphasized and highlighted the
critical effect of oxygen concentration on integrated differentiation efficacy of hPSCs and its
fate determination properties as 3D aggregates, which should be explored and optimized

before clinical translation and the commercialization stage of established protocols..

Material and Methods

Expansion and infegrated hepatic differentiation of human pluripotent stem cells (hPSCs)
under dynamic suspension culfure condijtion

We selected the human embryonic stem cell line (hESC), RH5 (passages 40-60), 166 as the
cell source for this study. We cultured RH5 as 3D aggregates under a dynamic suspension
culture as previously described 15. The hPSCs were passaged in a spinner flask as follows:

day 7 hPSpheres were collected in a tube, washed with PBS without Ca2*/Mg2* and
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dissociated by an Accumax™ enzymatic solution treatment. We then transferred 2 105 cell/ml
inoculation density of the hPSCs to a 250 ml glass stirred bioreactor vessel that had a 150 ml
working volume of standard hPSC medium, which consisted of DMEM-F12 supplemented with
20% DO (v/v) KOSR, 1% (v/iv) MEM-NEAA, 1% (v/v) Glutamax, and 0.1 mM of 2-
mercaptoethanol (all from Invitrogen) that had been conditioned with human fetal fibroblasts
for 24 h and subsequently supplemented with 100 ng/ml bFGF. The agitation rate was 40 rpm
during the hPSCs expansion and integrated differentiation. All dynamic suspension cultures
were performed under standard culture conditions of 37 C, 5% CO2, and saturated humidity.
The integrated hepatic differentiation process for the hPSC aggregates under a dynamic
suspension culture was conducted in three developmental steps. Briefly, after 3—4 days of
dynamic suspension culture and generation of hPSC aggregates (diameter: 142+32 ym), we
harvested all of the aggregates from the spinner flask that had a 150 working volume, and
transferred them to a conical tube. The aggregates were allowed to settle down, and extra
medium was removed. The aggregates were washed with PBS plus Ca2* and Mg2* prior to
the differentiation process. For endoderm differentiation, we used a basal medium that
included RPMI 1640 plus 1X B-27 supplement (without vitamin A) and 0.1% bovine serum
albumin (BSA) and 6 pM CHIR99021. After 24 h, the aggregates were washed and treated
with basal medium supplemented with activin (10 ng/ml) for 48 h with one medium refreshment
after 24 h. For hepatic differentiation, DMEM/F12 plus KOSR (2% v/v) supplemented with
hepatocyte growth factor (HGF, 10 ng/ml) and fibroblast growth factor 4 (FGF4, 10 ng/ml) was
used for six days. Subsequently, 50% (v/v) of the previous medium was replaced by HCM
medium (v/v) that contained Oncostatin M (OSM, 10 ng/ml) and dexamethasone (Dex, 10-7
M) for 11 days. The medium was refreshed every two days during this period. The diameter
of the spheres in each experimental group was determined with ImageJ software (National
Institutes of Health) under phase-contrast microscope from three independent images.
Approximately 100-500 spheres were counted in each group. Table S1 lists the materials

used in this study.
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Integrated hPSpheres fo hepatic differentiation organoids under fully controlled culture
conditions in a stirred tank bioreactor

We conducted all of the bioreactor runs in a 250 ml glass stirred bioreactor vessel equipped
with a glass bulb impeller that was placed on a magnetic stirred platform (CELLSPIN, Integra
Bioscience, Switzerland) in a temperature-controlled chamber at 37 ‘C. The vessel was
equipped with pH and DO probes, and fully monitored and controlled by a PC-based stirred
tank bioreactor (New Brunswick™ CelliGen 310, USA) and BioCommand software
(Biocommand Bioprocessing Software, New Brunswick, USA). Both the integrated and fully
controlled hepatic differentiation processes in the bioreactor and its uncontrolled condition
counterpart (control group) had an equal working volume of 150 ml with 40 rpm agitation rate.
The pH level in all controlled runs was precisely regulated at 7.1+0.1 by a cascading pH
setpoint with a CO2 gas sparge/flow rate. DO concentrations (20%, 30%, 40% air saturation)
were monitored by a polarographic DO probe and automatically regulated by a cascading DO
setpoint at three levels with air, N2, and O2 sparge/flow rate, consequently using the bioreactor
4-gas mixing system that included four solenoid valves/TMFCs to control each gas flow rate
(0.08-2 VVM) and was controlled by bioreactor controller software. All gases were sparged
into the headspace of the bioreactor vessel after passage through a 0.2 um microfilter
membrane (Midistart 2000, Sartorius) and a humidifier to maintain a constant media level
during the 20 days of culture. The most important bioprocess parameters of temperature, DO,
pH, and gas flow rates were monitored and recorded online at 1 min intervals during the 20-
day culture period.

Gene expression analysis

Total RNA was extracted using the TRIzol reagent in different stages under different
conditions. RNA integrity and purity were verified by 1% agarose gel. cDNA was synthesized
with 2 pg total RNA based on the manufacturer’s instructions. Real-time PCR reactions were

performed as previously reported 5. The fold change for each gene was normalized against
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the GAPDH housekeeping gene and calibrated with pluripotent status. Data analysis was
performed with StepOne software v2.1 and by the comparative CT method (2 24¢t). Human
adult and fetal liver tissues were used as positive controls for gene expression analysis. Table

S2 lists the primers used in this experiment.

Immunofiuorescence staining

Spheres were collected from different groups on days 3, 9, and 20 of differentiation as the
endoderm, hepatoblast, and hepatocyte steps. Immunofluorescence staining was done as
previously described 1°. Briefly, the spheres were fixed overnight with 4% paraformaldehyde
and embedded in a 2% agar gel. After processing, the tissues were embedded in paraffin
blocks. The paraffin blocks were cut into 6 ym sections, which were subsequently
deparaffinized and dehydrated before rehydration. Next, the sections were treated by antigen
retrieval (Dako and trypsin) and then permeabilized by 0.3% Triton X-100 (except for the
membrane protein) before they were blocked. Subsequently, the sections were incubated
overnight with diluted primary antibodies at 4 °C followed by incubation with secondary
antibodies after a washing step. The nuclei were counterstained with DAPI and the slides were
analyzed by a fluorescent microscope (IX71; Olympus).

Immunofluorescent staining in the adherent cells was done according to a previous study 167,
The adherent cells were fixed with 4% paraformaldehyde for 15—20 min. After washing, the
cells were blocked and permeabilized with 0.3% Triton X-100 in 1% BSA. Diluted primary
antibodies were added to samples and allowed to remain overnight at 4 C, then they were
washed and incubated with secondary antibodies. The samples were washed again, DAPI
was added, and the samples were analyzed by a fluorescent microscope.

Flow cytometry analysis

Flow cytometry analysis of the endospheres was done as previously described 167, Briefly, the
dispersed cells were fixed with 4% paraformaldehyde, permeabilized, and blocked.

Subsequently, they were incubated overnight with diluted primary antibodies at 4 °C, then
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washed and incubated with secondary antibodies for 45 min at room temperature. The
expressions of surface red blood cell markers were done in live dispersed hepatic organoids
using conjugated primary antibodies, and then incubated for 30 min at room temperature. Flow
cytometry analysis was performed with a BD FACSCalibur flow cytometer (Becton-Dickinson,
USA).

DNA and proftein extraction

Briefly, the cells were homogenized with TRIzol reagent and centrifuged at 12000 X gfor 15
min after addition of chloroform. The DNA was precipitated by the addition of 100% ethanol to
the lower phases, followed by extraction per the manufacturer’'s instructions. DNA

concentration and quality were evaluated by spectrophotometry.

Western-blot

Protein extraction and Western blot analysis were performed as previously described 167,
Briefly, the upper phase of the vial from the previous step was transferred to a new tube, and
the proteins were precipitated by centrifugation and washed. Protein pellets were dried at room
temperature and dissolved in urea buffer. A Pierce BCA Protein Assay kit was used to
determine the protein concentration. For Western blot analysis, 20 pg total protein was
separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and transferred to a PVDF membrane via a semi-dry blotting system for 2 h at 25 V. The
blotted membranes were blocked by 2.5% nonfat milk, then washed with tris-buffered saline
that contained 0.1% Tween 20 (TBST) for 5 min. Subsequently, the blots were incubated with
primary antibodies against ALB, AFP, and GAPDH for 90 min. After we washed the blots three
times for 10 min each, they were incubated for 1 h with secondary antibodies. The blots were
washed similar to the previous step, and the protein bands were visualized on X-ray films in a
darkroom using an ECL select substrate. The images were scanned using a densitometer

(Bio-Rad, USA). Table S3 lists all antibodies used in this experiment.
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Functional analysis
ICG and LDL uptake, and PAS staining were performed to evaluate the maturation extent and

metabolic activity of the generated hepatic cells (Table S1).

Albumin (ALB) and fibrinogen secretion and urea production

To evaluate the albumin (ALB) secretion ability of hepatocytes, the supernatant culture media
was collected on day 20 at 48 h after the last media refreshment and stored at 20 "C before
the assay. The concentrations of ALB and fibrinogen in the supernatant were assessed by an
ELISA kit specific for each protein according to the manufacturer’s instructions.

Urea concentration was assayed using a colorimetric assay. Data in these experiments were

normalized to the total DNA content in each group.

Cyfochrome P450 activity and inducibility

On day 20, the hepatic organoids generated under fully controlled and uncontrolled culture
conditions were divided into two groups. To evaluate the CYP3A4 enzymatic activity of these
hepatocytes, we incubated the hepatic organoids for 72 h in basal medium that contained
rifampicin (20 uM) as a CYP3A4 inducer or DMSO (0.1%) as the control group. Enzymatic
activity was assessed with a P450-Assay Kit (Promega) according to the manufacturer’s
instructions and a luminometer (Biocompare). Relative activity was measured by taking into
consideration the amount of activity in the inducer group relative to DMSO. The data were

normalized to the amount of total DNA in each group.

Transplantation

Acute liver failure was induced in five BALB/C mice (10-12 weeks age) by an intraperitoneal
injection of 1 ml/kg of CCL4 diluted 1:10 in corn oil. Under inhaled anesthesia, 10—20 hepatic
organoids that were derived under the 30% DO condition were injected into the spleen of each

mouse. The animals were monitored daily and received normal food and water. The animals
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were sacrificed at 7 and 14 days after the transplantation. The presence of human ALB in the
mice sera was evaluated using a human albumin ELISA quantitation kit that did not cross-
react with mice ALB (Bethyl Laboratories). Liver and spleen samples were fixed in 10%
formalin. After the tissues were processed, they were ready for immunohistochemistry staining

for human ALB.

Statistical analysis

We had a dedicated uncontrolled bioreactor culture for each DO concentration trial with same
cell source and differentiation protocol, which included three biological replicates for the
different DO concentrations. The samples were derived from 1.5-2 ml suspensions collected
from different time points in the bioreactor runs. Data were presented as meanzstandard
deviation (SD). Comparisons between groups and data were performed with one-way ANOVA

and the post-hoc Tukey test. £0.05 were considered statistically significant.

Results

Online monitoring of DO concentration and pH during integrated hepatic differentiation of
hPSC aggregaftes in the stirred bioreactor

The hPSC 3D spheroids (~150 um mean aggregate diameter; hereafter named hPSpheres,
Fig. S1A) were differentiated into a hepatic lineage in three developmental steps that included
generation of endodermal cells (endospheres), hepatoblasts (hepatoblastspheres), and
hepatocyte-like cells (hepatospheres) over a 20-day culture period as previously described 18
(Fig 1.1 A). We used a fully controlled stirred tank bioreactor with a 150 ml working volume to

scale-up our established protocol in a 50 ml working volume.
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Figure l-1 Integrated hepatic differentiation of hPSC 3D spheroids (hPSpheres) into hepatic organoids
in a stirred tank bioreactor under fully controlled conditions. (a) Schematic diagram of hepatic organoid
generation from hPSpheres. (b, c) A stirred Therefore, we developed a strategy to control the DO
concentration (20%, 30%, and 40% air saturation, equal to 30, 45, and 60 mmHg, respectively, at 37 C)
in similar range of pO2 in different regions of the human liver tissue (Brooks, Hammond, Girling, &
Beckingham, 2007) and regulated the pH precisely at 7.2 + 0.1 during different steps of the hepatic
differentiation process in an attempt to improve efficacy and productivity of the hepatospheres. The
results of all bioreactor runs were compared to their uncontrolled culture condition counterpart, which
was conducted under the same time and operation conditions of cell source, working volume, culture
vessel, differentiation protocol, and operation time.

Key bioprocesses parameters were monitored during the integrated differentiation to identify
potentially important parameters that possibly influenced hepatic differentiation efficacy and

might result in the generation of heterogeneous hepatospheres with low functionality and
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metabolic activity (Fig II-1 B). Online monitoring of the hepatic differentiation process in the
150 ml working volume under uncontrolled culture conditions revealed unstable and
decreasing DO and pH profiles during the different stages of differentiation. The oxygen
concentration was not limited during endoderm differentiation (Day 3) and hepatoblast
generation (Day 9 of the integrated differentiation process).

However, the oxygen concentration dramatically decreased during the hepatocyte expansion
and maturation phase, from approximately 70% after medium refreshment to 5-20% air
saturation during 10-20 days of culture. Hence, we considered the oxygen concentration as
a variable and a potentially limiting factor during the integrated hepatic differentiation process
that should be optimized accordingly (Fig 1l-1 C). We observed that the pH level was unstable
and decreased from 7.8 to 6.2 after medium refreshment, even with continuous introduction
of air with 5% CO2 into the vessel headspace for pH control, which is a standard strategy for

maintaining a constant pH during the culture condition.

The effect of regulating DO concentration on integrated differentiation efficacy info
endodermal cells and hepatoblasts

In the first step, we evaluated the endosphere differentiation efficacy of hPSpheres at different
DO concentrations after 3 days of the stepwise and integrated differentiation process. The
generated endospheres had a relatively similar morphology under both the controlled and
uncontrolled conditions (Fig. lI-2 a). We measured the aggregate diameters to estimate cell
proliferation kinetics during each point of the stepwise hepatic differentiation. The
endospheres had a round and dense morphology with a 220 ym mean diameter size under all
culture conditions, except for 40% DO (Fig.1l-2 b). The 40% DO resulted in larger
endospheres (244 + 82 ym) with an approximately 33% coefficient of variation (CV), which
showed increased heterogeneity of the endosphere sizes (Fig. lI-2 b and c¢). Immunostaining
results indicated that the SOX17-positive cells were distributed and well-expressed in each

single endosphere under different culture conditions (Fig. II-2 d).
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Figure II-2 The effect of controlled DO on differentiation to endodermal cells. (a) The morphology of
endospheres was relatively similar between groups. Scale bar = 200 ym. Mean size with CV (b) and (c)
size distribution of endospheres. Histogram data showed that size heterogeneity increased under 40%
DO conditions. About 150-200 spheres were counted in each experimental group. (d)
Immunofluorescent images of sectioned endospheres under different culture conditions. (e) Flow
cytometry data showed a similar percent of SOX17-positive cells among the groups. The percentage
of SOX17 positive cells was higher under 30% DO than 20% DO. Scale bar =100 ym. Data
(mean = SD) were analyzed with ANOVA and Tukey's post hoc test; n=3. 20%, 30% and 40%,
differentiation under DO controlled culture conditions in a stirred bioreactor with 20%, 30%, and 40%
DO. ANOVA, analysis of variance; CV, coefficient of variation; DAPI, 4',6-diamidino-2-phenylindole;
DO, dissolved oxygen; Un, differentiation under uncontrolled culture condition. *p < .05
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Flow cytometry analysis also showed that approximately 70% of the cell populations
expressed SOX17 under uncontrolled, 20% DO, and 40% DO conditions. The highest SOX17
expression was under 30% DO (about 80%) and was significantly higher than 20% DO
(p<0.05; Fig. lI-2 e and 1I-S2). Thus, controlling the DO concentration during endoderm
differentiation resulted in higher expressions of endoderm markers at 30% DO and lower
expressions at 20% DO. In the next step, the endospheres were treated for an additional 6
days in HGF and FGF4 supplemented medium for integrated differentiation to hepatoblasts
as 3D aggregates (hepatoblastspheres).

The hepatoblastspheres generated in all of the trials had a round and mostly dense
morphology (Fig. 11-3 a,f, 4’,6-diamidino-2-phenylindole staining).

The aggregate mean diameter size increased in the higher DO concentrations until it reached
a maximum diameter of 260 ym at 40% DO with higher CV compared with the other groups
(Fig. -3 b). The hepatoblastspheres size distribution was more homogenous at 20% and 30%
DO, and increased heterogeneity was observed under the uncontrolled and 40% DO
conditions (Fig. II-3 b,c).

Gene expression analysis showed that the hepatoblasts generated in all groups well-
expressed -fefoprotein (AFP), albumin (ALB), HNF4A,and 7TTRin a similar manner
(Figure 11-3 d). AFP expression, as a key marker of hepatic progenitors, was also validated by
western blot analysis.

The results showed no significant differences in AFP expression levels among the different
trials (Fig. II-3 e and 1I-S3A). Immunostaining analysis also showed that AFP was well-
expressed in the cytoplasm of cells distributed through all hepatoblastspheres generated
under the different trials, except for those generated under 20% DO where AFP expression

was not detected in some spheres.
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Figure 1I-3 The effect of controlled DO on hepatoblast differentiation. (a) Hepatoblastspheres in different
groups had a similar morphology. Scale bar = 200 uym. (b) and (c) Mean size, CV, and size distribution
of hepatoblastspheres. The mean size of the hepatoblastspheres was 260 ym; 70% of the
hepatoblaspheres were 200-400 um. About 100-150 spheres were counted in each experimental
group. (d) Gene expression analysis of hepatoblastspheres showed high expression levels
of TTR, AFP, HNF4A, and ALBin the groups. (e) Western blot for AFP expression in
hepatoblastspheres. (f) Representative immunofluorescent images of sectioned hepatoblastspheres in
different conditions showed expressions of AFP and E-cad. Scale bar = 50 um. Data (mean + SD) were
analyzed with ANOVA and Tukey's post hoc test; n= 3. 20%, 30%, and 40%, differentiation under DO
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controlled culture conditions in the stirred bioreactor; AFP, -fetoprotein; ALB, albumin; CV, coefficient
of variation; DAPI, 4',6-diamidino-2-phenylindole; DO, dissolved oxygen; E-cad, E-cadherin; Un,
differentiation under uncontrolled culture condition

E-cadherin (E-cad), an early surface hepatic marker, expressed in cells that were mainly
located around the hepatoblastspheres under fully controlled DO conditions, which was similar
to liver organoids derived from the human liver (Fig. II-3 f). Thus, the results of gene and
protein expression analyses indicated that the integrated differentiation efficacy to

hepatoblasts was similar under the controlled DO conditions and the uncontrolled condition.

Generation of human fetal-like hepatic organoids during integrated hepatoblast expansion
and maturation

There was a significant change in hepatosphere morphology after Day 11 in both the fully
controlled and uncontrolled conditions (Fig. ll-4a). The average diameter sizes of Day 20
hepatospheres in all groups were approximately 370 um, except for the 30% DO group that
had a smaller diameter size compared to the other conditions (mean diameter: approximately
300 um) with more uniform morphology and lower CV (Fig. II-4b,c). More important, the fully
controlled conditions significantly decreased the generation of hepatospheres that had cystic
morphologies. The majority of hepatospheres generated under the uncontrolled culture
condition had a cystic/transparent (59 + 9%) structure and morphology (Fig. II-4d) compared
to4 + 0.1% at 20% DO (p <.001), 16 £ 10% at 30% DO (p < .01), and 30 + 12% at 40% DO.
These results indicated that the fully controlled culture condition could reduce final product
morphology heterogeneity in favor of dense hepatosphere production (Fig. 1I-4 a,d). Third,
measurement of total DNA content in the final products, as an indirect method for estimation
of cell numbers, showed that the total cell production yield after the 20-day culture increased
by 1.4—1.6-fold under the fully controlled conditions compared to the uncontrolled culture

conditions (p < .01; Fig. 1l-4 e).

85



(b} Hepatic organoid {C} = 100-300 = 301-600 =501-900 (d) m Danse = Cystic (E}E DNA content
600 100 o0 120 S 18
= 500 = = 100 &
8 _ £ g £ £3
=400 = o @ BO B 12w
W ] ¢ 3
8 w0 . B g w0 =3
D 200 na "'%zu S B2 os
100 e 20 %
[ o ] o § 1]
Un 20 30 40 Un 20 30 a0 Us 20 30 40 Un 20 30 40
(M

Spheres at
day 20

(g) (h}
30 ulUn =30 m4d mnRBC
o slUn =30 w40 =
‘SE —aa. -B
= _— ]
@ 30 w
3 g
Q2 —tt 3
: | = :
= ]
= 1 2z
3 =
o ]
€036 com CD235a o
(i) sUn =30 =40
12 Day 9 ] : Day 20_.
<D 8
gs :
Ec &
o .2
>0 2
-
mp 3
28
2 i

1] +
Tt 0t T e e o 0t et
Figure II-4 The effect of controlled DO on differentiation to hepatocyte-like cells. (a) Morphology of
hepatic organoids differed among the groups. Scale bar = 200 um. (b, ¢) Mean size, CV, and size
distribution of hepatic organoids. The mean size of the hepatic organoids was approximately 370 uym.
The size distribution of the hepatic organoids showed a vastly distributed heterogeneous population,
except under the 30% DO condition. About 70—150 spheres were counted in each experimental group.
(d) Different appearance of hepatic organoids, dense or cystic. Hepatic organoids under the
uncontrolled culture condition had a significantly more cystic population than the controlled condition.
(e) Fold change of cells by total DNA concentration of hepatocytospheres. DNA concentration showed
an increase in the total yield of cells produced under the controlled conditions. (f) Controlled bioreactor
produced red clusters in hepatic organoids under 30% and 40% DO conditions. Morphology of red
clusters inside the hepatic organoids. During differentiation of hepatoblasts to hepatocytes, we
observed the appearance of several red clusters in spheres in the 30% or 40% DO conditions harvested
after 20 days of culture. (g) Flow cytometry data for erythroid markers. Flow data revealed that a small
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fraction of the dispersed hepatic organoids expressed erythroid precursor markers CD36, CD71, and
CD235a. (h) gRT-PCR data for -, y- and S-globin expressions showed that samples derived under 30%
and 40% DO controlled conditions significantly expressed -globinand y-globin, but not g-
globin, compared to the uncontrolled condition. Nucleated RBCs derived from cord blood were used as
the positive control that highly expressed all globin genes. (i) gqRT-PCR data for expression of HSC
markers during three differentiation steps. Data (mean £ SD) were analyzed with ANOVA and Tukey's
post hoc test. 20%, 30%, and 40%, differentiation under DO controlled culture conditions in stirred
bioreactor; CV, coefficient of variation; DO, dissolved oxygen; nRBC, nucleated red blood cell; qRT-
PCR, quantitative reverse-transcription polymerase chain reaction; Un, differentiation under
uncontrolled culture condition. (n=3. *p<.05; **p<.01; ***p<.001)

Fourth, we observed the appearance of red cell clusters inside the hepatic endoderm
aggregates under 30% DO and 40% DO controlled conditions, which was an interesting
morphological change.

The red spots in the aggregates were visible from 11 to 13 days of the integrated hepatic
differentiation and these areas were increasing onward until Day 20. We counted the
hepatospheres with red spots at Day 20 and found that 27.8 £ 6.3% and 31.7 £ 6.0% of the
total hepatospheres (small or large, cystic or dense) contained red blood cells under 30% and
40% DO, respectively (Fig. -4 f). The red cells generated within the hepatospheres were
characterized after harvesting all aggregates at the end of the differentiation process (Fig. Il-
4 g,h).

Flow cytometry analysis of these red cell populations revealed a relatively small population of
cells that expressed early erythroblast markers CD36 and CD71. Approximately 13 + 2% of
this population expressed CD36 in 30% DO and 14.5 + 5% in 40% DO, whereas 16 + 4% of
cells expressed CD71in 30% DO and 25.5 £ 7% in 40% DO (Fig. II-4 g). CD235a, an erythroid
precursor surface marker, was expressed in 18 + 12% of the hepatosphere cell population
under 30% DO and in 29.5 £ 3.5% of these cells under 40% DO. A significant difference
existed in expressions of these markers under 30% DO and 40% DO compared to the
uncontrolled culture condition, where approximately 4 + 5% of the erythroid markers were
expressed with the same differentiation culture media and strategy. This data showed a direct
effect of increased DO concentration on regulation of the hPSC fate inside the hepatic

endoderm aggregates, which resulted in co-generation of hepatocytes and red blood cells.
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We evaluated relative RNA expression of a-, y-, and B-globin, an erythroid specific marker, in
hepatospheres generated under controlled and uncontrolled conditions, and compared the
results to nucleated red blood cells (hnRBC) derived from cord blood (positive control; Fig. 1l-4
h). Cell populations derived from 30% DO (p < .001) and 40% DO (p < .05) expressed fetal
erythroid markers such as a- and y-globin at significantly higher levels than the uncontrolled
condition. §-globin, an  adult H#B, was expressed at Ilow levels in these cell
populations. HB expression in the hepatic organoids was lower than in nRBC, which
demonstrated the fetal nature of these generated erythroid cells within the hepatospheres.
Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis was
performed on Days 3, 9, and 20 to assess the temporal expressions of the mesoderm and
hematopoeitic markers at 30% and 40% DO.

MIXL 1, a hematopoiesis promoter and mesoendodermal marker 26, upregulated significantly
at Day 3 of differentiation under the fully controlled culture condition (Fig. 11-4 i). However, the
expressions of the mesodermal and hematopoiesis markers, 7 or Brachyury and KDR 27-29
did not change significantly at Day 3. Day 9 gene expression results showed that RUNX7,
HOXAY, HOXB4, DLL4, and PECAMwere significantly upregulated under controlled
conditions compared to the uncontrolled condition. RUN/IX7is a master regulator of
hematopoiesis, which is essential in the initial and final stages of hematopoiesis 30. HOXA931
and HOXB4 are important for hematopoietic stem cell (HSC) fate determination
32, DLL4and PECAM are important for both HSC maintenance and erythroid lineage
commitment 32,

Expression analysis of the cells at Day 20 showed a significant increase in LMO-2 expression
(HSC and erythropoiesis marker 34) under controlled conditions compared to the uncontrolled

culture condition (Fig. 11-4 i).
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Figure 1I-5 The gene and protein expression of the hepatic organoids. (a) Gene expression analysis of
hepatic organoids showed that hepatic gene expression in 20% DO was significantly lower than the
uncontrolled condition. Expression of some mature genes in the 30% DO condition was significantly
higher than under the uncontrolled condition. (b) The percentage of ALB-positive cells in the hepatic
organoid cell population was calculated by counting positive cells from different immunofluorescent
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images of sectioned hepatospheres generated in 30% DO. (c) Western blot for AFP and ALB
expression in hepatic organoids. (d) Representative phase contrast images of plated hepatic organoid.
(e) Immunofluorescent staining of plated hepatic organoids AFP, ALB, CYP1A1, and ASGPR as mature
hepatic markers in the 30% DO condition. Scale bar = 50 ym. Data (mean + SD) were analyzed with
ANOVA and Tukey's post hoc test; n= 3. 20%, 30%, and 40%, differentiation under DO controlled
culture conditions; AFP, -fetoprotein; ALB, albumin. ANOVA, analysis of variance; DAPI, 4',6-
diamidino-2-phenylindole; DO, dissolved oxygen; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; Un, differentiation under uncontrolled culture condition. *p < .05; **p < .01; ***p < .001
In contrast to 30% DO, expressions of other hepatic markers (CYP3A7, CYP3A4, PEPCK, G6PC, TAT,
and TDO) significantly downregulated in 20% DO and TAT significantly downregulated in 40% DO
compared to the uncontrolled culture condition (Fig. Il.5a). We also evaluated hepatic nuclear factor
expressions in the differentiated cells. HNF4A and HNF1B had significantly lower expressions in the
20% and 40% DO conditions compared to the uncontrolled condition, as well as HNF6A expression at
30% and 40% DO compared to the uncontrolled and 20% DO conditions (Fig. 1I-5 a).

There were no significant changes in expressions of PU. 7 (marker for myeloid or lymphoid
precursors cells) 35 SOX436, GATA2(HSC and erythroid lineage) 37, and hepatoblast
markers (Fig. 1I-4 i) 27. These results indicated that the DO concentration regulated the fate of
the hPSC aggregates through endoderm as well as mesoderm induction. This regulation was
concentration dependent. Regulation of DO at higher (30%) air saturation resulted in partial
generation of mesoderm cells, an erythroid lineage, and subsequently red blood cells in
addition to endodermal, hepatic endoderm, and hepatic cells.

We quantified the hepato-specific gene expressions of the differentiated cells after 20 days of
integrated differentiation and found that hepatocyte cells were generated under all the tested
conditions and they expressed the basic hepatic markers 77R, AFPand ALB. The expression
levels of these basic hepatic markers were comparable to fetal liver expression levels;
however, they were not similar to the adult liver expression pattern because AFPis not
normally expressed in the adult liver (Fig. II-5 a). Gene expression analysis results showed
that fully controlled integrated differentiation at 30% DO resulted in the highest expression of
important mature hepatic markers (CYP3A, G6PC) compared to the other DO concentrations
and the uncontrolled culture condition, which provided evidence for the enhanced maturation
and functionality of these generated cells (p < .001).

We attempted to conduct a cell population study of the generated hepatospheres with different
treatments. However, we were unable to dissociate the hepatospheres into viable single cell

populations for flow cytometry analysis when we used different enzymatic or mechanical
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treatments or their combinations because of the highly intact structure of these hepatospheres.
We hypothesized that the hepatospheres became intact in response to dynamic shear stress
in the stirred bioreactor by the secretion of the ECM around the spheres. To obtain a rough
estimate of the number of ALB-positive cells in the hepatic organoids, we counted the ALB-
positive cells in different immunofluorescent images of the cross-sectioned hepatospheres.
The results showed that about 35% of the population per microscopic field were ALB-positive
under the 30% DO condition (Fig. 1l-56b and S1B) and were dispersed in all hepatosphere
sizes and morphologies (Fig. 1I-S1B). The ALB-positive cells were significantly less under the
20% DO condition compared with the other groups (p .05; Fig. II-5b and S1B).

Data from western blot analysis also confirmed the expressions of AFP and ALB in all the trials
(Fig. lI-5 c). Quantitative analysis showed significantly lower expressions of AFP (p < 0.05)
and ALB (p < .01) in the 20% DO group compared to the uncontrolled, 30% DO, and 40% DO
groups. These markers had similar expression patterns in the 30% DO and 40% DO groups
(Fig. 11-S3 B). To assess the morphology of hepatocytes generated within hepatospheres
under the two-dimensional (2D) culture condition, we plated hepatospheres that had been
generated under the 30% DO condition on Matrigel-coated plates. After 3 days of plating,
polygonal cells with large nuclei had migrated from each hepatosphere (Fig. IlI-5 d). We
observed that they expressed AFP, ALB, CYP1A1, and ASGPR as demonstrated by
immunostaining (Fig. lI-5e).

These results demonstrated the co-generation of functional fetal hepatocyte-like cells and red
blood cell populations within hepatospheres after 20 days of integrated differentiation under
the 30% and 40% DO concentrations. Thus, we called these hepatospheres fetal-like hepatic
organoids because of their similar cell population and functionality to the human fetal liver,
which is mainly populated by these two cell types.

To further evaluate the functionality of the generated hepatocyte-like cells within these

organoids, we analyzed the metabolic activity of these cells by exploring the secretion profiles
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of hepatic specific metabolites in samples collected from hepatic organoid conditioned

medium after Day 20 of differentiation (Fig. II-6 a—d).
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Figure 11-6 The functional activity of hepatic organoids. The hepatic organoids performed major hepatic
functions. (a) ALB and (b) fibrinogen secretion. ALB and fibrinogen secretions decreased significantly
in the 20% DO. (c) Urea secretion. (d) Evaluation of the detoxification activity. Data showed that
CYP3A4 enzyme activity increased significantly in response to rifampicin compared to DMSO as the
control group under 30% DO and it reduced under 20% DO. (e) Representative images for uptake of
LDL, stored glycogen in their cytoplasm, and ICG under the uncontrolled culture condition and 30%
DO. Scale bar = 100 um. (f) Engraftment of hepatic organoids cells derived under 30% DO in mice
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spleen. Representative immunohistochemistry images showed the transplanted hepatic organoid cells
distributed as clusters or single human ALB-positive cells in the spleen and liver of mice at days 7 and
14 post-transplantation. (g) Engrafted cells secreted human ALB into mice sera at Days 7 and 14. Data
are mean £ SDand analyzed with ANOVA and Tukey's post hoc test; n=3; 20%, 30% and 40%,
differentiation under DO controlled culture conditions; AFP, alpha-fetoprotein; ALB, albumin. ANOVA,
analysis of variance; DO, dissolved oxygen; Un, differentiation under uncontrolled culture condition.
**p<.01; *™*p<.001

The hepatic organoids generated under 30% and 40% DO had relatively higher secretion
levels of ALB (Fig. II-6 a) and fibrinogen (Fig. I-6 b) compared to the 20% and uncontrolled
conditions. In addition, hepatospheres and hepatic organoids derived under all tested
conditions had the ability to produce urea as a key and essential metabolic activity of
hepatocytes (Fig. I1-6 c).

The drug detoxification ability of hepatic organoids was also tested by analysis of CYP3A4
activity, as an important enzyme of xenobiotic metabolism. We treated the hepatic organoids
with rifampicin, a CYP3A4 inducer, for 3 days and compared the results to the DMSO control
group, which represented basal CYP3A4 enzyme activity in the hepatocytes.

The results showed a significant fold increase in CYP3A4 enzyme activity compared to DMSO
in the 30% DO condition and a decrease in the 20% DO (Fig. 1I-6 d). Further evaluation of
these cells in the 30% DO condition showed that they had additional hepatic specific functions
of indocyanine green (ICG) and low-density lipoprotein (LDL) uptake, as well as glycogen
storage in their cytoplasm in the uncontrolled culture condition (Fig. 1I-6 €).

Uptake results showed that about 59.0 £ 9.9% and 71.1 £ 13.5% of the hepatospheres could
uptake ICG and became partially or entirely green under the uncontrolled and 30% DO
conditions, respectively. Additionally, 76.5 £ 5.6% of the hepatospheres could uptake LDL
under the uncontrolled culture condition and 78.4 £ 7.6% could uptake LDL under the 30%
DO condition.

Altogether, differentiation under the 30% DO controlled bioreactor condition resulted in the
generation of fetal-like hepatic aggregates that had a more homogenous morphology and

diameter  size  distribution, higher cell vyield, hepatic metabolic activity
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(particularly CYP activity), hepatic functions, and gene expression compared with the other
DO concentrations and the uncontrolled culture condition.

Finally, to demonstrate the in vivo functionality of hepatic organoids generated under the fully
controlled condition, we transplanted the whole organoids derived under the 30% DO condition
into the spleen of an acute liver mouse model. We observed a human ALB-positive cell
population that was distributed as clusters or single cells within the mice spleens at 7- and 14-
day post-transplantation (Fig. 11-6 f). Most human ALB-positive cells were positioned around
the large capillaries in the liver on days 7 and 14 post-transplantation (Fig. II-6 f).

These cells secreted 2.5 £ 1 ng/ml human ALB into the mice sera 7 days post-transplantation
and 3.4 £ 0.7 ng/ml human ALB into the mice sera 14 days post-transplantation (Fig. II-6g).
The results indicated that the human fetal-like hepatic organoids had successfully engrafted
into the spleen and liver of the mouse model and had a demonstrated ability to secrete human

ALB into the mice sera.

Reproducibility of the developed integrated hepatic differentiation process at the 30% DO
concentration

Finally, we validated the reproducibility of the developed integrated differentiation process by
conducting three independent bioreactor runs under the 30% DO concentration. Similar gene
expression profiles and culture outcomes confirmed the reproducibility of this established
protocol (Fig. lI-7 a). We showed that increasing the integrated hepatic differentiation working
volume from 50 to 150 ml without key bioprocess parameter controls (DO and pH) caused a
significant decrease in mature hepatic differentiation, which could be overcome by conducting
the process at 30% DO under fully controlled culture conditions in the stirred bioreactor (Fig. II-

7 b,c).
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Figure II-7 Validation of the developed integrated hepatic differentiation protocol at 30% DO
concentration. (a) Important hepatic marker gene expressions in fetal-like hepatic organoids generated
with three different bioreactor runs at 30% DO concentration. (b) Production of hepatic organoids under
uncontrolled (50 and 150 ml) and fully controlled conditions (30% DO, 150 ml). (c) Their important
hepatic marker gene expression compared to the fetal and adult livers. Data (mean + S0D) were
analyzed with ANOVA and Tukey's post hoc test; n= 3. ANOVA, analysis of variance; DO, dissolved
oxygen. *p<.01; *p<.01; **p<.001
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Discussion

Previously, we developed a scalable culture system for large-scale production of hepatocytes
from hPSC aggregates under a dynamic suspension culture. However, that protocol suffered
from low differentiation efficacy, decreased hepatosphere size, lack of a homogeneous
morphology (approximately 50% cystic and 50% dense spheres, and poor productivity 14. It
has been reported that cystic or dense hepatospheres generated under uncontrolled culture
conditions exhibited differences in marker expression levels and distribution of expressed
spatial markers within the hepatospheres. For instance, dense hepatospheres contained
higher percentages of hepatocytes that expressed mature specific markers, whereas the
same markers were downregulated in hepatocytes populated in cystic hepatospheres.
Subsequently, we attempted to improve the efficacy of this protocol by establishing a cost-
effective, efficient differentiation process to optimize the size of the initial hPSC aggregates
before starting integrated hepatic differentiation under a dynamic suspension culture in a 50
ml working volume. Optimization trials resulted in improved efficacy of the differentiation
protocol with decreased cystic hepatospheres formation with poor functionality and improved
hepatocyte function inside the cystic hepatospheres 15. We attempted to scale up this protocol
for large scale production of functional hepatocyte-like cells from hPSCs. However, scale-up
trials with only three-fold (150 ml) working volume with the same improved and optimized
differentiation protocol were not successful because of a significant increase in cystic
hepatosphere generation and decreased expressions of some important mature hepatic
markers along with their significant downregulation during the integrated differentiation
process. Therefore, we determined that the poor scalability of the uncontrolled culture
condition was a critical issue that should be addressed before translating established protocols
to clinical or commercial applications. Here, we monitored the key bioprocess parameters
during integrated and stepwise hepatic differentiation in the bioreactor with 150 ml working
volume under an uncontrolled culture condition. It was our intent to explore possible limiting
parameters that resulted in the generation of hepatospheres with low functionality. We
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observed that pH values and DO concentration were largely unstable and had a decreasing
trend during integrated hepatic differentiation. Practically, the DO concentration profile
suddenly decreased during the hepatoblast phase (day 9 of culture) as determined by online
monitoring of these parameters during 20 days of culture. We hypothesized that the DO
concentration was a limiting and important factor during the hepatocyte expansion/maturation
phase, which possibly affected the efficacy and productivity of the hepatic differentiation
process. Theoretically, the amount of oxygen available for cells can become limited when
expansion and integrated differentiation is conducted with large culture working volumes (i.e.,
more than 1 L) under dynamic suspension without DO and pH control because of a lower cell
culture surface to volume ratio (e.g., spinner flask culture). Under uncontrolled cultures, the
amount of DO largely depends on culture vessel geometry, agitation speed, liquid/air interface
area to depth of the medium ratio, cell density, cellular respiration, and oxygen level in the
incubator 38,39.

Several studies have demonstrated the critical effects of the oxygen concentration/gradient as
a developmental morphogen and cell fate modulator (e.g., stem cell maintenance or cellular
differentiation) in a concentration-dependent manner for neural, cardiomyocyte, endoderm,
and mesodermal lineages, which were mainly under static culture conditions with limited
working volumes 40-42,

Regarding hepatic differentiation of hPSCs, it has been shown that a hypoxic or normoxic
culture condition can regulate the differentiation process efficacy and outcome. Hypoxic
culture conditions can promote mesoderm, endoderm, and hepatoblast differentiation;
however, it has an adverse effect on haptic endoderm cell proliferation and maturation, which
will lead to inhibition of mature hepatocyte induction in a 2D adherent culture 43. The hypoxic
culture condition activates hypoxia-inducible factors (HIF-1a molecules that control and
regulate stem cell behavior and regulate the Wnt, Notch, and TGFp signaling pathways) 44
that promote differentiation of hepatoblasts to a cholangiocyte fate 21. However, it has been

shown to decrease the metabolism, functional polarization, gene expression, and drug
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clearance of hepatocytes 45. CYP3A4, a hepatic maturation marker, has been shown to
downregulate under hypoxic conditions and recover under normoxic culture conditions 43.
Thus, a hypoxic culture condition (2%—-5% Og2) is not efficient for the entire hepatic
differentiation process. Proliferation of hepatic progenitors and their further maturation would
require a normoxic culture condition (20% O2).

The significant effect of DO concentration on the integrated differentiation process was
reported for different cell types, including neural cells 46, red blood cells 47, and skin-derived
precursor cells 48 that were produced in fully controlled bioreactors. However, for liver and
integrated hepatic differentiation of hPSCs, most studies were conducted in small scale culture
systems under uncontrolled culture conditions in an attempt to explore the role of the oxygen
concentration/gradient in hepatic differentiation and functionality, liver development, and
primary hepatocyte maintenance and function.

In terms of the effect of oxygen concentration on hepatocyte structure and metabolic activity
in human liver tissue, an oxygen concentration gradient exists in the adult liver lobule that
induces the formation of three different zones in the liver for over 500 metabolic activities.
Around the portal vein, the oxygen concentration is approximately 60—65 mmHg, whereas it
decreases to 30—-35 mmHg in regions closer to the central vein 16. Gluconeogenesis and
ureagenesis occur in the majority of periportal hepatocytes, whereas the pericentral zone is
the site of glycolysis and detoxification activities 16.

However, there is no report about the effect of physiological levels of DO concentrations during
the integrated hepatic differentiation process and large-scale production of hPSC derived
hepatocytes in fully controlled bioreactors. Therefore, we evaluated three DO concentration
levels (20%, 30%, and 40% equal to 30, 45, and 60 mmHg at 37°C, respectively) in the range
of human liver tissue oxygen concentration levels (30-60 mmHg pO2 at different regions)
combined with an automatic pH control of 7.1£0.1 to explore the effect of these DO

concentrations on hepatic organoid formation.
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Our data showed that high oxygen concentrations (30% and 40% DO) had no significant
effects on endoderm and hepatic endoderm differentiation efficacy compared to the
uncontrolled culture condition. The 20% DO concentration generated hepatic endoderm that
had poor functionality. The uncontrolled culture condition with 150 ml working volume had a
DO concentration above 50%—-70% after media refreshment during endoderm and hepatic
endoderm generation; therefore, it could not be considered a limiting factor. Thus, the lower
DO concentration (20%) compared to other trials generated hepatic endoderm with lower
specific marker expressions and a DO concentration of approximately 30% employed during
the integrated hepatic endoderm generation phase.

During the hepatic endoderm proliferation and maturation phase, the 30% DO concentration
generated functional fetal-like liver organoids that had a uniform size and better homogeneity.
Interestingly, different DO concentrations also resulted in hepatocytes that were generated
with different metabolic activities and functionalities or mixed cell populations. For instance,
there were significantly greater GE6PC gene expression, which functions in the
gluconeogenesis and glycogenolysis processes, and CYP3A7 and CYP3A4 activities (as
xenobiotic factors responsible for the detoxification process) in the 30% DO, which resembled
the oxygen concentration in the pericentral liver zone. It was reported that rat hepatocytes
cultured in a 30% DO controlled bioreactor resulted in long-term maintenance of metabolic
activity compared to the uncontrolled culture condition 49.

At 40% DO, there was no difference in the expression levels of the related genes compared
to the uncontrolled condition, whereas more erythrocyte cells were produced compared to
30% DO due to induction of erythroid cell generation by the higher DO concentration. Thus,
hepatocytes with special zone characteristics might be produced if we extended the
differentiation process for a longer period and regulated the oxygen concentration at different
levels.

Another important outcome of this study is the regulation effect of the oxygen concentration

(830% and 40% DO) on hPSCs fate and generation of hepatic organoids that consisted of red
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blood cells and functional hepatocyte-like cells with similar characteristics to the human fetal
liver cell population 24. During embryogenesis, primary erythropoiesis transfers from the yolk
sac to the fetal liver and definitive erythropoiesis occurs 0. The resident hepatoblasts secrete
erythropoietic cytokines such as stem cell factor (SCF) and erythropoietin to promote
differentiation of hematopoietic stem cells to erythroid cells and produce red blood cells 51.
Although the production of red blood cells in conjunction with hepatocytes can result in
decreased hepatocyte production, it resulted in improved functionality of the hepatocytes
generated under 30% DO with higher CYP activities, which was possibly due to cell-cell
interaction and cross-talk between these two cell populations. HSC secrete OSM, which
promotes hepatocyte maturation 52. We demonstrated that erythroblasts produced within our
hepatic organoids under 30% and 40% DO conditions have a fetal identity similar to cells
generated during fetal liver development.

Therefore, we hypothesized that this was a direct result of regulating oxygen concentrations
over 30% DO and inducing co-generation of mesoderm and endoderm cells within the hPSCs
aggregates from day 3 of the integrated differentiation process. This was confirmed by qRT-
PCR analysis of mesoderm related genes, which showed significant upregulation of MIXL7
under 30% and 40% DO compared to the uncontrolled culture condition, as well as T to a
lesser extent on day 3 of differentiation. Previous studies showed that a hypoxic culture
condition 53 and treatment with CHIR99021 54 could promote mesoderm and hemangioblast
differentiation of hPSCs. We had one day of CHIR treatment in our protocol that mainly
induced mesoendoderm generation and activin treatment that mainly promoted endoderm
differentiation 15. We believe that the higher DO concentration regulated the CHIR
treated/mesoendoderm induced hPSC aggregate fate and induced mesoderm differentiation
in parallel with endoderm differentiation. Jin et al. reported similar results and concluded that
reactive oxygen species enhanced differentiation of human embryonic stem cells into a

mesendodermal lineage under a static culture condition 5.
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The fully controlled culture at 30% and 40% DO resulted in enhanced expressions of some
hematopoietic progenitor cell related genes (RUNX1, HOXA9, HOXB4, DLL4, and PECAM)
compared to the uncontrolled culture condition on day 9 of culture. However, most of these
hematopoietic specific markers and receptors are commonplace with hepatic progenitor cells
and could not be solely related to erythropoietic differentiation. This similarity made it difficult
to characterize HSC generation during integrated hepatic differentiation. It has been reported
that hepatic progenitor cells derived from hPSCs also expressed CD31, CD133, and GATA2
markers that are also related to hematopoietic cell markers 29. Nevertheless, the expression
of erythroid related genes was higher under controlled conditions from the hepatic endoderm
generation step to further maturation and generation of functional hepatic organoids.

Finally, we injected whole organoids into the spleens of mice that had induced acute liver
injuries to assess the transplantability of these fetal liver organoids that were generated under
the fully controlled 30% DO condition. The results showed the existence of viable and
metabolically active human ALB-positive cells and clusters in the spleens of this animal model
7- and 14-days post-transplantation, along with their increased metabolic activity as
demonstrated by increased levels of human ALB in mice sera two weeks after the

transplantation.

Conclusions

We have developed a scalable platform for fully controlled large-scale production of
hepatic organoids by optimizing DO concentration during the integrated differentiation process
(Fig. 11-8). Our data emphasize that oxygen concentration is a very important bioprocess
parameter that regulates proliferation, differentiation efficacy, and generated hepatocyte
metabolic activity. Thus, this parameter should be carefully optimized during the integrated
hepatic differentiation process for a scalable production of hepatic cells. The results show that
the oxygen concentration regulates the fate of these hPSC aggregates by inducing

simultaneous endoderm and mesoderm in a concentration-dependent manner, which results
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in the generation of fetal-like hepatic organoids and red blood cells. The functionality and
metabolic activities of hepatocytes were improved at 30% DO. The oxygen switching during
differentiation could be used to generate hepatocytes with different metabolic activity profiles
that mimic those different zones of liver tissue. This integrated hepatic differentiation strategy
might facilitate large-scale production of organoids for potential medical applications,

fabrication of liver tissues/organs in the laboratory, and drug discovery applications.
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Figure 11-8 Employing fully controlled dissolved oxygen (DO) at physiologically relevant concentration
level similar to liver tissue and pH during integrated differentiation process led to regulating the fate of
human pluripotent stem cell (hPSC) aggregates and generation of fetal-like hepatic organoids
including red blood cells (RBCs). The homogeneity, functionality, and metabolic activities of
hepatocyte-like cells (HLCs) were improved at 30% DO including improved CYP activity within
organoids.
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Supplementary Material

Supplementary Tables and Figures

Supplementary Table II-1 List of materials used in this study.

Material Company Cat. no.
DMEM/F12 Life Technologies 21331021
MEM Non-essential Amino Acids Life Technologies 11140035
Glutamax Life Technologies 35050-038
Serum Replacement Life Technologies 10828028
bFGF Royan Biotech -
DPBS Life Technologies 14040117
PBS without Ca2+ and Mg2+ Life Technologies 21600-010
Insulin-transferrin-selenium Life Technologies 41400-045
Mitomycin C Sigma Aldrich M4287
Y-27632 Sigma Aldrich Y0503
Trypsin-EDTA 0.5% Life Technologies 25300054
FBS Life Technologies 10437
RPMI 1640 Life Technologies 52400041
B-27 Supplement without vitamin A Life Technologies 12587-010
Bovine serum albumin (BSA) Sigma Aldrich A3311-100G
CHIR99021 Stemgent 04-0004
Activin A R&D Systems 338-AC
Fibroblast growth factor (FGF4) Royan Biotech -
Hepatocyte growth factor (HGF) R&D Systems 294-HG
Oncostatin M (OSM) R&D Systems 295-OM
Dexamethasone (Dex) Sigma Aldrich D2915
HCM Bullet Kit Lonza CC-3189
TRIzol Sigma Aldrich T9424
cDNA Synthesis Kit Takara RRO37A
Real Time PCR Kit Takara RR820L
Cardiogreen Sigma Aldrich 12633
Dil-Ac-LDL BTI (Biomedical Technology) BT-902
Human Albumin ELISA Quantitation Set Bethyl Laboratories E80-129
P450-Glo™ CYP3A4 Assay Kit Promega V9002
Fibrinogen ELISA Quantitation Set Genway 10-288-22856
BCA Thermo Fisher Scientific 23225

_ Sigma coat Sigma FI2-100 ml

107



Supplementary Table II-2 The list of primer sequences.

Gene Name Forward primer sequence

Reverse primer sequence

AFP
ALB
TTR
HNF4A
TAT
CYP3A4
CYP3A7
TDO
G6PC
HNF1B
HNFEA
PEPCK
HBA
HBB
HBG
GAPDH

AAATGC GTTTCTCGT TGC TT
CTT CCT GGG CATGTTTTT GT
GAGGAGGAATTTGTAGAAGGGA
CGATGACAATGAGTATGCCT

ATG CTG ATC TCT GTT ATG GG
TTTTTGGATCCATTCTTTCTCTCAA
GACCGTAAGTGGAGCCTGATTTC
GGT TTA GAG CCA CAT GGATT
GTG GATTCT CTT TGG ACA GC
TCACAGATACCAGCAGCATCAGT
GCTTAGCAGCATGCAAAAGGA
GGCTGAAGAAGTATGACAACTG
AAGGTCGGCGCGCACGCT
GGCACCTTTGCCACACTG
GGACAAGGCTACTATCACAAGC
CTC ATT TCC TGG TAT GAC AAC GA

GCC ACAGGC CAATAG TTT GT
TGG CAT AGC ATT CAT GAG GA
CGTGGTGGAATAGGAGTAGG
GTCGTTGATGTAGTCCTCCA
CAC ATC GTT CTC AAATTC TGG
ATCCACTCGGTGCTTTTGTG
ACAGACCATGAGAGAGCACAA
ACA GTT GAT CGC AGG TAG TG
AGC AAG GTAGAT TCG TG
GGGCATCACCAGGCTTGTA
CTGACAGTGCTCAGCTCCAA
AAATCCTCCTCTGACATCCA
CTCAGGTCGAACTGCGGG
CACTGGTGGGGTGAATTCTT
GGAAGTCAGCACCTTCTTGC
CTTCCT CTT GTGCTCTTG CT
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Supplementary Table 1I-3 The list of antibodies.

Primary antibody Type Company Cat. no. Dilution  Dilution
(Western)

SOX17 Goat R&D AF1924 1:300 -

ALB Goat Bethyl Lab A80-229A  1:100 1:5000

AFP Mouse R&D Mab1368  1:200 1:5000

E-cad Rabbit  Santa Cruz SC7870 1:100 -

CYP1A1 Mouse Santa Cruz SC-48432 1:100 -

ASGPR Goat Santa Cruz SC-13467 1:100 -

CD36 Mouse BD 561820 1:100 -

CDT71 Mouse BD 555536 1:100 -

CD235a Mouse BD 561051 1:100 -

GAPDH Mouse Cell Signaling 97166 - 1:10 000

Secondary antibody Type Company Cat. no. Dilution  Dilution
(Western)

Anti-goat IgG Alexa Fluor®488 Donkey Invitrogen A11055 1:500 -

Anti-rabbit IgG Alexa Fluor®546 Donkey Invitrogen A10040 1:500 -

Anti-mouse IgG Alexa Fluor®546 Donkey Invitrogen A10036 1:300 -

Anti-mouse IgG Alexa Fluor®488 Donkey Invitrogen A21202 1:500 -

FITC Mouse 1gG2a, x Isotype Mouse BD 553456 1:100 -

Control

PE Mouse IgG2b « Isotype Mouse BD 555743 1:100 -

Control

Anti-mouse IgG HRP Goat Sigma-Aldrich  A4416 - 1:50 000
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Figure legends

Supplementary Figure II-1 (A) The morphology of human pluripotent stem cell (hPSC) spheres
under dynamic culture conditions. (B) Immunofluorescent staining for hepatic markers in
hepatic organoids under the uncontrolled and all the controlled dissolved oxygen (DO)

conditions.
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Supplementary Figure 11-2. Flow cytometry analysis. Upper panel shows the isotype control
population. Lower panel shows the representative dot plots and percent of SOX17-positive cells in
endospheres derived under different dissolved oxygen (DO) conditions.
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Supplementary Figure 1I-3. The quantification of western blot data. The expression of hepatospecific
markers at day 9 (A) and day 20 (B) of differentiation procedure under different DO conditions in
compared to uncontrolled condition (as dotted line). Data (mean+SD) were analyzed with ANOVA and
Tukey’s post hoc test. n=3. *: p<0.05; **: p<0.01
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This chapter will be as supplementary section of next chapter related manuscript which is
under review of project supervisors and US patent pending for submission through MIT TLO

office:

l1l. Chapter 3. Scalable production of hepatic endoderm,
endothelial progenitors, and mesenchymal stromal cell derived
from hPSCs for scalable vascularized liver bud/organoid
generation.
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Chapter Introduction

As mentioned in aims and project scope section, the vascularized liver bud generation
technology that recapitulated the developmental stages of hepatogenesis is one the most
promising RM platforms for treating acute liver failure as unmet medical need. However, the
technology is mainly facing protocol and production scalability issue for widespread clinical
application since currently established protocol that claimed as mass production platform
capable of producing about 100 million cells for treating one pediatric patient.

In this platform that established by Takebe group, three progenitor populations identified and
generated that could effectively generate liver buds in a highly reproducible manner: hepatic
endoderm, endothelium, and septum mesenchyme. However, these 3 populations were
generated under static culture condition that is not amenable for large scale manufacturing
and can be considered as critical bottleneck issue in large scale production of vascularized
liver buds 21. Here, we established protocols for scalable production of these progenitor’s

population under dynamic suspension culture.
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Scalable production of definitive and hepatic endoderm cells as 3d aggregates

Introduction

Takebe group have performed massive “reverse” screen experiments by comparing the
multiple endoderm stages based on the resultant organoid quality as well as employing most
reproducible published mature hepatocyte differentiation protocols. This has been done to
precisely determine the best endoderm stages for iPSC-LB functionality by starting LB culture
from day 0 to day 20 cells. They realized that only the day 6 and day 10 endodermal cells
exhibited the highest hepatic functions after extended culture using 3 days treatment of
hiPSCs with Activin A (100ng/ml), Wnt3a (50ng/ml), and sodium butyrate (0.5 mM) followed
by another 3 days treatment with Activin A (100 ng/ml), Wnt3a (50 ng/ml) as optimized protocol
for endoderm differentiation under static culture condition. Subsequently, human iPSC-derived
endodermal cells were treated further with RPMI-1640 with 1% B27, 10 ng/ml human basic
FGF, and 20 ng/ml human BMP4 for 2 days to derive a TBX3- and ADRA1B-positive
transitional hepatic endoderm population (tHE). These day 8 cells were the only population
capable of maintaining highly homogeneous LBs within 100—200 pum in size after co-culture
21, However, this protocol has been done under static adherent culture condition using iMatrix-
511-coated dishes that is not fully defined and not amenable for large scalable production of
tHE cells for scalable liver bud generation. Other groups also published protocols for efficient
generation of liver progenitors from hPSCs but used same small scale and static culture
system for establishing the protocol 124. Our previous experiences showed that protocols
established under static culture condition using monolayer culture system cannot be easily
adopted for differentiation of hPSCs as 3D aggregates under dynamic suspension culture
conditions and re-optimization of differentiation protocols maybe required 168,

Previously, it has been shown that definitive endoderm (DE) differentiation in suspension is
feasible 169 that facilitating the culture scale-up in stirred suspension bioreactors for integrated

differentiation to hepatic endoderm and subsequently hepatocytes 18170 |t has been also

114



reported that integrated differentiation at suspension may be superior to adherent culture
differentiation since DE markers appear faster with more strongly expression. Despite
promising prospects to use suspension cultures for DE and hepatic differentiation, most of
these protocols have done in small scale under undefined culture condition without optimizing
the differentiation protocol under dynamic suspension culture that is crucial for generating a
large population of liver progenitors within 3D aggregates. Practically, massive numbers of
liver progenitors (even in billions scale) are essentially required as starting material for
scalable vascularized liver buds/organoids generation for potential clinical application. Here,
we optimized the DE and hepatic progenitors generation form hPSC aggregates under
dynamic suspension culture condition by optimizing definitive endoderm differentiation
protocol and then optimizing HGF concentration and hepatic differentiation day by tracing key
liver progenitors’ markers that introduced in other studies (e.g. TBX3, ADRA1B (alpha-1b
Adrenergic Receptor), EPCAM, CD90, and Hnf4a 21.124) This has been done to achieve 3D
aggregated populated and enriched by liver progenitors for subsequent dissociation and
incorporation in vascularized liver bud’s/organoids generation process under scalable and

reproducible manner (Fig. IlI-1).
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% W
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Figure 1lI-1. Integrated differentiation protocol for scalable generation of liver progenitors form hPSCs

as 3D aggregates under dynamic suspension culture condition.
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Material and Methods

hPSC aggregate culture

Here, we used hESC line (H9, passages: 25-50, WiCell Research Institute, Inc., Madison, WI,
http://www.wicell.org) 166 and the hiPSC line (Gibco™ Episomal hiPSC, passages: 25-45) for
definitive endoderm and hepatic defined differentiation protocol development under fully
defined culture condition. Both cells lines were maintained on Vitronectin XF™ coated plates
in mTeSR™ Plus medium before transferring to static suspension culture. We developed a
suspension culture of 3D hPSC aggregates in spinner flasks as previously described with
some modification 171, After 2 or 3 passages in a static suspension culture (low attachment
culture dish), 1.5 *107 dispersed cells were transferred to 50 ml of mTeSR™ Plus medium
(STEMCELL Technologies) in 100ml spinner flask with a 40 rpm agitation rate 172, All hPSCs
culture procedures were performed under standard cell culture conditions of 37 °C and 5%

COz2 with approximately 95% relative humidity.

Integrated differentiation of hPSpheres

3 to 4 days hPSCs aggregates (after reaching to mean 150um aggregate diameter size) were
washed in phosphate-buffered saline plus Ca2* and Mg2*, and then cultured in basal medium
for differentiation to endodermal cells (endospheres). The basal medium consisted of RPMI
1640 (Life Technologies), 1X B-27 without vitamin A (-vit A) or insulin (-Ins; Life Technologies),
and 0.1% human serum albumin (HSA; Sigma Aldrich). On the first day, 6 yM CHIR99021
(CHIR; Stemgent) was added to the basal medium. After 24 h, the cells were washed before
refreshing the medium. Then, Activin A with 10 to 100 ng/ml concentration (R&D Systems,
hereafter Activin) or plus Wnt3a (50 ng/ml) was added during day 2 to 5 to induce the hPSCs
into a definitive endoderm. Generated endodermal aggregates were called endospheres.
The efficacy of this protocol has also compared with Takebe group protocol for endoderm

generation form hiPSC but using hPSCs aggregated with same diameter size under dynamic
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suspension culture (i.e. 3 days treatment of hPSCs aggregates with Activin A (100 ng/ml),
Wnt3a (50 ng/ml), and sodium butyrate (0.5 mM) 21,

Then, the endospheres that were generated by optimized definitive endoderm differentiation
protocol, induced for hepatic differentiation as previously described with some modifications
173, Integrated hepatic differentiation of endospheres were conducted in DMEM/F12
supplemented with 2% knockout serum replacement (KOSR; Life Technologies), fibroblast
growth factor 4 (FGF4, 10 ng/ml; Invitrogen) and hepatocyte growth factor (HGF, 10-20 ng/ml;
R&D Systems) for 6-12 days to trace liver progenitor markers by gene expression and
immunostaining.

Aggregates size and morphology evaluation

The morphology and the size distribution of spheres in each step were assessed by a phase-
contrast microscope (EVOS XL; Thermofisher Scientific). The diameter size of aggregates

(approximately 100 aggregates per sample) was measured by the microscope software.

Gene expression profiling by RT-gPCR

RNA was extracted using Qiagen mini-RNA extraction kit. Reverse transcription was
performed with random primers (Applied Biosystems RT kit) to generate cDNA. Gene
expression was quantified using gene-specific primers and KAPA SYBR® Fast qPCR kit
(KAPA Biosystems, KK4602). NCBI primer designing tool was used to design gene-specific
primer sequences. The primers used were validated for their specificity and those with
efficiency between 90-110% were used (Table 111.S4). Gene expression profile was analyzed

using Microsoft excel and heatmaps were generated using GenePattern version 2.0 174,

Immunofiuorescence staining and flow cytometry
Differentiated aggregates collected, washed, and fixed overnight in 4% paraformaldehyde at
4 °C for immunofluorescence staining or confocal microscopy. The fixed spheres were

incorporated in an Histogel (2%). After processing, they were embedded in paraffin blocks
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and sectioned into 6 ym sections with a microtome (Microm™, HM325). We followed the
standard protocol for immunofluorescence staining. Fixed aggregates were also stained with
direct antibody staining protocol and suspended in glycerol/fructose solution in glass bottom
24-well plates (Cellvis) for imaging the confocal microscopy (Olympus FV1200 Laser Scanning
Confocal Microscope).

For flow cytometry analysis, we dissociated the differentiated spheres into single cells using
Accutase® cell detachment solution or 20 mg/mL collagenase type | (Sigma-Aldrich).
Dispersed cells were fixed in 4% paraformaldehyde at 4 °C for 20 min, permeabilized, blocked
in bovine serum, and allowed to incubate overnight with diluted dye conjugated antibodies for
direct staining method or diluted primary antibodies at 4 °C and then washed and incubated
with secondary antibodies for 45 min at room temperature. Flow cytometry analysis was

performed with a BD LSRFortessa™ flow cytometer (Becton Dickinson).

Statistical analysis

Data were presented as mean * standard deviation (SD). T-squared test was used to compare
two independent groups. Comparisons between groups and data were performed with one-
way ANOVA and the post-hoc Tukey test and p < 0.05 were considered statistically significant.

The analyzes were performed using SPSS 16 software.
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Results

First, we employed Takebe group static monolayer protocols for generation of DE and tHE
cells 2! and adapted it for integrated differentiation of hPSCs aggregates for production
definitive endoderm cells as 3D aggregates and compared its efficacy to our group protocol
which was optimized for hepatic endoderm’s production in our previous reports under
suspension culture condition 18. Results showed that Takebe group endoderm differentiation
protocol was not efficient for endoderm differentiation of hPSCs aggregates since significant
cell death and aggregates dissociation observed within aggregates after starting the
differentiation process and then a heterogeneous population of small or large number of
aggregates were generated after 5 days of differentiation process under dynamic suspension
culture for both of H9 and Episomal iPSCs lines (Fig. 1ll-2). On the other side, Farzaneh
protocols that was optimized for endospheres production form hPSCs aggregates using RH5
and RH6, (hESCs, passages no: 25-50) and the hiPSC4 lines (passages no: 40-45) resulted

in homogenous generation of endospheres from H9 and Episomal hiPSC lines 18.

CHIR 6uM Activin 10 ng/ml
1 Day 2 Days

Frazaneh et al. (2018)

H9 Endospheres Episomal hiPSC
: £ 8 A Day 3 Endospheres
H9 aggregates Day 3

Day 3
T w—w Y'v
Activin A (100ng/ml), Wnt3a (50ng/ml), 3
m&j’t& B I i i W

Episomal hiPSC Takebe et al. 2017
aggregates )
Day'3 H9 Endospheres Episomal hiPSC
ndospheres
Day 5 Day5

Figure Il-2. Integrated differentiation of hPSCs (H9, and Episomal hiPSC) using two different protocols
for scalable generation of DE endospheres 21,168, H9 and Episomal hiPSC cells were expanded as 3D
aggregated and differentiated when aggregates size reached to about 150-170 uym diameter size by

either Farzaneh et al.'8 or Takebe group 2! protocols for generation of transitional hepatic endoderm’s..
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However, optimizing integrated differentiation protocol for maximizing the generation of liver
progenitors was not conducted in Farzaneh protocol and not published yet so far.

Here, we sought to determine the optimal differentiation strategy for generating liver
progenitors as 3D aggregates by optimizing the endoderm differentiation steps through
exploring optimum Activin A treatment period (2 to 4 days) from day 2 to 5 of the differentiation
process and its concentration (10, 25, 50, 75, 100 ng/ml) (Fig. IlI-3 A) after one day of priming
with 6uM CHIR. Then, we explored the effect Wnt3a (50ng/ml) addition to optimized Activin A
treatment strategy from day 2 to 5 of differentiation process because of the critical role of Wnt
signaling pathway in hepatic endoderm generation from hPSCs and hepatogenesis 168,175,
Results showed that one day treatment with 6 yM CHIR followed by 3 to 4 days treatment with
50 ng/ml Activin A can result in more efficient generation of DE cells as endospheres from H9
cell line since about 82% of the total endospheres cell population double expressed SOX17
and FOXA2 as key DE markers after 3 days treatment, respectively (0<0.05, Fig. llI-3 B).
Increasing Activin A concertation to 75 and 100 ng/ml and continuing treatment for 4 days was
not resulted in significant increase in DE markers expression compared to 3 days treatment
with 50 ng/ml Activin A.

Integrated differentiation trials with 50 ng/ml Activin A treatment with addition of 50 ng/ml
Wnt3A supplementation at different days revealed that Wnt3A supplementation for 3 days
(Day 4 of the differentiation process) can improve DE differentiation efficacy since 85-90% of
the total endospheres cell population double expressed SOX17 and FOXA2 as key DE
markers for H9 and hiPSC cell lines (p<0.05, Fig. 3.2.3 C). Extended supplementation of
Whnt3a for 4 days was not resulted in significant increase in DE markers expression for both
of tested the cell lines. Thus, 6 yM CHIR treatment followed by 3 days treatment with 50 ng/ml
Activin A plus 50 ng/ml Wnt3a selected as optimal differentiation strategy for endospheres

generation from hPSCs for liver progenitor’s generation trials.
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Figure 111.3 Schematic design of the protocol optimization for generation of endospheres from hPSCs
under dynamic suspension culture condition (A). Flowcytometery data of SOX17 and FOXA2
expression of cell population within endospheres generated from H9 cell line after Activin A treatment
with different period (2 to 4 days) from day 2 to 5 of the differentiation process and different
concentrations (10, 25, 50, 75, 100 ng/ml) (B). Flowcytometery data of SOX17 and FOXA2 expression
of cell population within endospheres generated from H9 and Episomal hiPSC cell lines after 1-4 days
50 ng/ml Activin A treatment plus 50 ng/ml Wnt3a or without Wnt3a (C). Data are presented as mean
1 SD (n=3-6). Data were analyzed using ANOVA followed by the post hoc Tukey's tests, *: p<0.05.
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To generate hepatic endoderm aggregates populated by liver progenitors expressing key liver
progenitors’ markers (e.g. TBX3, ADRA1B, EPCAM, CD90, and Hnf4a), H9 and Episomal
hiPSC derived endospheres were further treated with 10 or 20 ng HGF and 10 ng FGF4 for 5
days and generated hepatic endoderm aggregates were analyzed by quantitative gene
expression for Hnfda and TTR genes as important markers of hepatic progenitors. Results
showed that supplementation with 20 ng HGF (as a key growth factor for hepatic
differentiation) will results in higher expression of Hnf4a and TTR genes compared to 10 ng/ml
HGF for both cell lines (P<0.05, Fig. IlI-4 B). Therefore, endospheres were treated with 20
ng/ml HGF and 10 ng/ml FGF4 for 7days from day 5 to day 13 of the differentiation process
and aggregate samples were taken from each day of hepatic differentiation process for tracing
liver progenitors related markers expression (Fig IlI-4 C). Quantitate gene expression analysis
of aggregate samples revealed that most the hepatic progenitors marker genes were started
to express from day 8 of the differentiation process and all progenitors marker genes reached
to their maximum expression levels during day 10 and 11 of the integrated differentiation
process (i.e. TBX3, ADRATB, EPCAM, CD90, AFP, and Hnf4a). AFP and Albumin markers
expressions has also increased after Day 9 of differentiated process indicating the undergoing
hepatic maturation process from liver progenitors to hepatocyte like cells (Fig. Ill-4 C). Thus,
the established protocol repeated using H9 cell line to monitor the proliferation and key
markers/genes expression differentiation process (Fig. IlI-4 D).

Microscopic observation of aggregates revealed that hPSCs aggregates size increased during
endoderm differentiation from 150 + 25 pm to 178 + 32 um diameter size for endospheres and
then increased to about 210 + 34 ym after 11 days of differentiation for hepatic endoderm
aggregates (Fig. lll-4 E, F, G). Immunostaining of Day 4 endospheres showed that cells are
double positive for SOX17/FOXA2 indicating efficient DE differentiation (Fig IlI-4 H). They also
started to express TBX3 and alfab1 as key tHE markers as well as E-cadherin from day 8 of
the differentiation process which were previously introduced as a reliable cell surface marker

for liver specific stem cells 176,
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Treatments:
10-20 ng HGF, 10 ng FGF4 (Day 6-13)
Optimized:
20 ng HGF, 10 ng FGF4 (Day 10-11)
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Figure lll-4 Schematic design of the protocol optimization for generation of hepatic endoderm
aggregates form endospheres under dynamic suspension culture condition (A), Comparing two
concentration of HGF including 10 ng/ml and 20 ng/ml for hepatic differentiation of H9 and Episomal
hiPSC cell as 3D aggregates (B)..RT-gPCR analysis for key liver progenitors’ markers expression (e.g.
TBX3, ADRA1B, EPCAM, CD90, and Hnf4a as well as AFP and Albumin as markers for hepatic
endoderm) from day 6 to day 13 of integrated hepatic differentiation of H9 (C). Schematic design of
optimized differentiation strategy to generate 3D hepatic endoderm aggregates populated by liver
progenitors (D). Morphology of endospheres (E) and hepatic endoderm aggregates at day 4 (F) and
day 11 (G). SOX17 and FOXA2 expression in H9 endospheres detected by immunostaining and
confocal imaging (H), tracing liver progenitors’ markers by immunostaining of hepatic endoderm cells
atday 8, 10, and 11 of the differentiation processes for TBX3, alfab1, and E-cadherin markers (I). (White
scalebars: 200um, Red scalebars: 100um)
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Interestingly, hepatic endoderm aggregates were also started to budding and generating small
aggregates from Day 9 of the differentiation process may be due to high proliferation capacity
of hepatic progenitors (Fig 111-4 1).

Expression of liver progenitors’ and hepatic endoderm markers were decreased from Day 12
of integrated hepatic differentiation process while albumin expression increased in parallel as

an indication for starting hepatic maturation process towards hepatocytes.

Similar results obtained by Takebe group using different protocol done under static culture
condition that introduced day 8 of the differentiation process as the starting day for expression
of tHE related markers 21. Farzaneh et al. have also introduced Day 9 of the differentiation

process for generating hepatoblasts as 3D aggregates under dynamic suspension culture 18,

Thus, hepatic endoderm aggregates generated from Day 8 to 11 were selected for conducting
co-culture studies with endothelial cells and hPSCs derived hMSCs and exploring optimal
conditions of cell ratio and culture conditions to achieve vascularized liver buds/organoids
through self-organization/self-condensation. The established platform can be also used for
scalable production of hepatic progenitors as 3D aggregates in stirred bioreactors for other
applications such as tissue constructs fabrication and recellularization of whole liver

decellularized scaffold.
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Scalable production of progenitors and mature endothelial cells form hPSCs

Introduction

During last 5 years, scalable manufacturing of endothelial cells (ECs) and endothelial colony
forming cells (ECFCs) capable of differentiating to regenerate endothelial cell populations has
gained increasingly attention due to significant progress in vascularized organs, tissues, or
organoids/bud’s fabrication using these unique cells for in vitro vascularization as well as their
support for proliferation and maturation of liver or pancreatic progenitors 21.177,178 ' Recently,
“endothelial cell therapy” has also gained increasingly attention for therapeutic angiogenesis
as a new and exciting approach to the treatment of cardiovascular diseases 179-181,

To date, few reports available that established protocols for scalable production of endothelial
cells from hPSCs using different approaches including expansion and differentiation in
thermo-responsive gel-based platform 182, integrated differentiation of hPSCs aggregates
followed by MACS separation of CD31 positive cells 183, and using a alginate hydrogel column
based approach for hPSCs seeding and integrated differentiation to endothelial cells (Fig. llI-
5) 184 Lin et. al. expanded and differentiated hPCSs into ECs in a 3D thermoreversible
PNIPAAmM-PEG hydrogel that resulted in high-culture efficiency of expansion/differentiation
culture system including high-viability (>90%), high-purity (>80%), and high-volumetric
productivity yield (2.0 x107 cells/ml). Moreover, genome-wide gene expression analysis
revealed that ECs generated in scalable culture system had higher expression of genes
related to vasculature development, extracellular matrix, and glycolysis, while 2D-ECs had
higher expression of genes related to cell proliferation 182, This platform introduced an
innovative strategy for production of endothelial cells but purity of CD31* cells was reported
about 80% that should be improved to min 90% for potential applications. Moreover, scalability
of hydrogel based hPSCs expansion and differentiation should be demonstrated at larger
scales. Olmer ef al. have also established a scalable strategy for production of functional

endothelial cells form hPSCs as 3D aggregates in dynamic suspension culture system from
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static suspension culture to agitated Erlenmeyer flasks, and finally transfer to a 120ml
bioreactor. They reported production of up to 76.8% CD31* cells in dynamic suspension
culture using CHIR and BMP4 for KDR positive cells generation and VEGFA plus forskolin for

generation of mature endothelial cells 185.
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Figure IlI-5. Comparing currently established protocols for scalable production of functional
endothelial cells from hPSCs 182,184,185
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By applying CD31-based magnetic-activated cell sorting (MACS) separation on day 7 of
differentiation, the proportion of CD31 positive cells could be increased from 74.7% + 8.6% to
98.3% CD31* cells that could be further expanded on fibronectin coated plates. This platform
is high promising for scalable production of endothelial cells since adapted for 3D suspension
culture of hPSCs and their integrated differentiation 185, However, the necessity of using
MACS purification system for generating mature endothelial cells can be considered as
drawback of the protocol since it can result is significant cell loss during purification process.
The alginate hydrogel-based protocol that developed by Lin ef a/ is also suffering from
scalability issue due to hydrogel column fabrication steps for scalable production and
harvesting that should be also adapted for GMP manufacturing 184.

Thus, developing a scalable approach for production of pure population of endothelial
progenitors, endothelial colony forming cells, and functional CD31+ cells can facilitate the
large-scale production of this unique cells for potential clinical and organoids/tissue
fabrications applications. Here, we tried to establish a scalable approach for production of
ECFCs, EPCs, and the further maturation to ECs from hPSCs using 3D aggregate culture as

well as microcarrier culture under defined culture conditions (Fig. I11-6).
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Figure IlI-6 Scalable endothelial differentiation strategy under dynamic culture using small molecule or
growth factor-based differentiation strategy as well as culture mode (3D aggregate vs. micro-carrier
culture approach).
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Materials and Methods

Integrated differentiation of hPSCs to endothelial cells

We used hESC lines RH5 (passages: 22-41, Royan institute, Iran), H9 (passages: 25-50,
WiCell Research Institute, Inc., Madison, WI, http://www.wicell.org) and the hiPSC line
(Gibco™ Episomal hiPSC, passages: 25-45) for definitive endoderm and hepatic
differentiation protocol development. All cell lines were maintained on Vitronectin XF™ coated
plates in mTeSR™ Plus medium before transforming to static suspension and then dynamic
suspension culture. We employed a protocol for suspension culture of 3D hPSC aggregates
in spinner flasks as previously described with some modification 171. After 2 or 3 passages in
a static suspension culture (low attachment surface culture dish, Corning), 1.5 x 107 dispersed
cells were transferred to 50 ml of mTeSR™ Plus medium (STEMCELL Technologies,
Canada) in 100ml spinner flask with a 40 rpm agitation rate to generate hPSCs as 3D
aggregates 172, All hPSCs culture procedures were performed under standard cell culture

conditions of 37 °C and 5% CO2 with approximately 95% relative humidity.

Integrated differentiation of hPSCs to endothelial cells as 3D aggregates

Integrated diifferentiation of hPSCs to endothelial progenitor cells as 3D aggregates using
growth factors

To start differentiation cultures as 3D aggregates with growth factors, 3 to 4 days hPSCs
aggregates produced in dynamic suspension culture (after reaching to mean 150 pm
aggregate diameter size) were washed in phosphate-buffered saline plus Ca2* and Mg2*, and
then treated by 12um CHIR99021 for one day in RPMI 1640 medium (11875093, Gibco)
medium supplemented with B27 (A3582801, Gibco). After 24 hours, medium refreshed with
RPMI/B27 without CHIR99021 for another 24 hours. Then, 25 ng/ml BMP4 (R&D systems,
314-BP-010), 50 ng/ml VEGF-A (aa 207-318, R&D biosystems,), 10 ym purmorphamine
(SML0868-5MG, Sigma) and 10pm SB431542 (S4317, Sigma) were added to the cell medium

and kept for 48 hours. All cultures have conducted in CELLSPIN spinner flask system using
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50 ml medium in 125 ml spinner flask with 40 rpm agitation rate under standard cell culture

condition.

Infegrated differentiation of hPSCs fo endothelial progenitor cells as 3D aggregates using
SMs

To start differentiation cultures as 3D aggregates, 3 to 4 days hPSCs aggregates (after
reaching to mean 150 um aggregate diameter size) were washed in phosphate-buffered saline
plus Ca2* and Mg?*, and then treated by 6 uM CHIR9901 (4423, Tocris Bioscience) and 100
pg/ml ascorbic acid (A8960, Sigma Aldrich) for 2 days in defined media containing DMEM
High Glucose (11965, Life Technologies,) according to Xiaoping ef a/. report that established
a monolayer differentiation culture for generation of endothelial cells from hPSCs under
chemically defined culture conditions 186, Then, CHIR9901 was removed by refreshing media
with DMEM High Glucose supplemented with ascorbic acid at a concentration of 100 ug/mi
for another 4 days. All differentiation cultures conducted in CELLSPIN spinner flask system

using 50 ml medium in 125 ml spinner flask under standard cell culture condition.

Integrated differentiation of hPSCs to endothelial progenitor cells on microcarriers

In this approach, hPSCs expanded as aggregates and then dissociated after 5 days of culture
with Accumax cell dissociation solution and single cells seeded cell corning synthamax Il high
concentration microcarriers with 25000 cells/cm? cell density in mTeSR™ Plus media. About
3 - 4 days after seeding and reaching to 60-70% confluency on microcarriers surface, the
hPSC expansion media was refreshed with DMEM high glucose medium supplemented with
6uM CHIR9901 and 100 pg /ml ascorbic acid in for 2 days. CHIR9901 was removed after two
days and the cells were cultured for extra 4 days in media supplemented with 100 pg /ml
ascorbic acid. All cultures have conducted in CELLSPIN spinner flask system using 50 ml

medium in 125 ml spinner flask with 40 rpm agitation rate under standard cell culture condition.
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Integrated differentiation of endothelial progenitors fo mature endothelial cells under 3D
dynamic culture condition

At the day 6 of differentiation process when reaching to maximum endothelial progenitor cells
population, endothelial colony forming cells/progenitors sorted based on KDR expression with
BD FACSAria lll Cell Sorter and isolated KDR+ cells were cultured on cell culture plates
coated with collagen type 1 (Sigma Aldrich C3867) in EGM-2 (Lonza CC-3162) supplemented
with 50 ng/ml VEGF-A (R&D biosystems) for two more days to generate mature CD31 positive
endothelial cells.

As an alternative scalable strategy, endothelial progenitors were harvested form DMC carrier
and seeded on denaturated collagen coated dissolvable microcarriers ( denaturated collagen
DMC) or collagen coated microcarriers with 20,000-50,000 cell/cm?2 seeding density without a
sorting step in same medium to generate mature CD31* endothelial cells on microcarriers

under dynamic suspension culture.

Monitoring endothelial differentiation process

Expressions of Brachyury (Mesodermal and also endodermal differentiation marker), CD34
(Colony forming endothelial progenitor marker), KDR (Endothelial progenitor marker) and
CD31 (Mature endothelial marker) were measured during the differentiation process of all
trials by RT-gPCR and flowcytometry to monitor the integrated differentiation process for
generation of endothelial progenitors.

Endothelial maturation markers such as CD31, VE-cadherin, VWF, and LDL uptake were also
examined after 8 days of culture in integrated differentiation of endothelial progenitors by
immunocytochemistry and flow cytometry techniques to validate the functionality of cells abd

efficacy of the differentiation process.
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Flow cytomnelry and cell sorting

During the differentiation, at day 2,4,6 and 8, cells were dissociated with trypsin/EDTA (15400-
054, Gibco-Invitrogen) or Accumax cell dissociation solution. For dissolvable microcarrier
cultures, cells were harvested by with a solution of EDTA and pectinase for dissolving carriers
and releasing cells. Following neutralization with DMEM supplemented with 10% FBS, cells
were washed in PBS that contained 2% FBS (FACS buffer). Subsequently, cells were
incubated for 1 h at 4 °C with mouse IgG1 monoclonal anti-human KDR, and then washed
with FACS buffer. Secondary polyclonal rat anti-mouse IgG1-PE or FITC was added and cells
incubated for 1 h at 4 C. After washing with FACS buffer, KDR positive cells were sorted by
BD FACSAria Il Cell Sorter (USA). This method was also used for sorting CD31-positive cells
in EGM-2 medium. After differentiation of KDR positive cells into ECs in EGM-2 medium, the
cells were dissociated using trypsin/EDTA after reaching confluency. Afterwards, cells were
fixed with 4% paraformaldehyde (Sigma-Aldrich, P6148) and stained with monoclonal
antibodies for CD31, CD144, CD146, FLK1, and CD45. Cells were washed twice with PBS

before being analyzing by flow cytometer (FACS Aria, BD).

Quantitafive PCR and RT-PCR

Reverse transcription reactions were performed using SuperScript Il reverse transcription
(Invitrogen). The resulting cDNA was used for quantitative PCR (qPCR) and RTPCR. gPCR
was performed with Power SYBR Green PCRMasterMix (Applied Biosystems) according to
the manufacturer's instructions. The signals were detected with a 7900HT Fast Real-Time

PCR system (Applied Biosystems).

Immunostaining and confocal imaging
For 2D immunostaining, cells were harvested form aggregates of microcarriers and fixed with
4% paraformaldehyde (PFA) overnight at 4 °C, permeabilized with 0.25% Triton X-100 for 30

min and blocked with 5% donkey serum for 1 h before incubating with primary antibodies or
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Alexa Fluor® conjugated primary antibodies at 4°C overnight. After extensive washing,
secondary antibodies, and 10 mM, DAPI in 2% BSA was added and incubated at room
temperature for 4 hr. Cells were washed with PBS three times before imaging. For 3D
immunostaining of cells on microcarriers, hPSCs were fixed with 4% PFA at 4°C overnight,
and then incubated with PBS+ 0.25% Triton X-100+ 5% (vol/vol) goat serum+ Alexa Fluor®
conjugated primary antibodies at 4°C for 48 hr. After washing with PBS three times,
microcarriers suspended in glycerol/fructose solution in glass bottom 24-well plates (Cellvis)
for imaging the confocal microscopy (Olympus FV1200 Laser Scanning Confocal

Microscope).

Tube formation assay

Tube formation assay conducted for endothelial cells generated from optimal culture condition
using Angiogenesis Assay Kit (Abcam, ab204726). Briefly, extracellular matrix solution added
to empty culture plate and incubated for 1 hr at 37°C to allow the solution to form a gel. Then,
endothelial cells as single cells were added to plates at 50,000 cells/well for 3-4 hours and

then examined in EVOS XL light microscope. Tubes were quantified with Image J software.

Staftistical analysis

Data were presented as mean * standard deviation (SD). T-squared test was used to compare
two independent groups. Comparisons between groups and data were performed with one-
way ANOVA and the post-hoc Tukey test. p < 0.05 were considered statistically significant.

The analyzes were performed using SPSS 16 software.
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Results

Integrated endothelial differentiation of hPSCs as 3D aggregates

As mentioned in experimental procedure section, two strategies were employed for scalable
generation endothelial cells including 3D aggregate culture and microcarrier culture using two
different differentiation protocols including growth factor and small molecule-based
differentiation (Fig. llI-7A).

After employing the integrated differentiation strategy with RH5 3D aggregates using growth
factor-based protocol, Flowcytometery analysis of Brachyury expression- as a mesoderm
marker- in cells treated with CHIR99021 showed that 85% of cells were Brachyury positive.
After further treatment of aggregates with BMP4, Purmorphamine, SB431542 and VEGF for
4 days, heterogeneous population of aggregates were generated and flowcytometery analysis
showed that only 30% of the cell’'s population are KDR positive (VEGFR2 positive) (Fig 3.7
B). Thus, this strategy resulted in poor efficacy for generation of endothelial progenitor cells
that will require a sorting step for isolation of progenitors for further differentiation and
maturation to CD31 positive endothelial cells which is not amenable for scalable
manufacturing.

In integrated differentiation of RH5 aggregates with chemically defined protocol, aggregates
with mean 150 ym aggregate diameter were exposed to CHIR99021 small molecule with
concentration of 6 uM and 100 pg / ml ascorbic acid for 2 days in DMEM high glucose. Then,
CHIR was removed from the cell environment by media refreshing with DMEM High Glucose
and 100 pg / ml ascorbic acid for more 4 days to generate endothelial progenitors and colony
forming cells. Flowcytometery analysis on day 6 differentiated cells indicated 6.25% for CD34
marker (primary precursor cell) and 11.64% of the cells were positive for KDR marker (Fig IlI-
7C). This result indicating that Xiaoping et al. protocol that has been established for
endodermal differentiation of hPSCs ad monolayer culture cannot be adopted for integrated

differentiation of hPSCs as 3D aggregates 186,
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Integrated endothelial differentiation of hPSCs on microcarriers

Here, RH5 and H9 human embryonic stem cells were expanded as aggregates and then
coated on corning microcarriers with Synthemax surface (Corning high concentration
synthamax Il microcarriers) at optimal density of 25000 cells/cm?2 (5000-75000 cells/cm?
range) in 100 ml spinner flasks with 50 ml working volume and 14 gr/L microcarrier
concentration (about 500 cm?2 surface per 100 ml culture medium).

After 3-4 days and reaching to about 60-70% confluency, expansion medium was removed,
and cells exposed to 6 um CHIR99021 and 100 ug/ml ascorbic acid for 2 days in DMEM high
glucose medium. After 48 hours, CHIR99021 was removed and cells were cultured in DMEM
High glucose + 100 pg / ml Ascorbic acid for 4 days (Fig. IlI-7 D). Samples were taken at days
2,4,6 and 8 of differentiation process and analyzed with different techniques to monitor the
differentiation process.

Flow-cytometry analyzes revealed the highest expression of Brachyury at the protein level on
day 2 at about 80%, and 70% of cells differentiated on microcarriers were KDR* at day 6 of
the differentiation process which was highest expression obtained among different tested
trials. The maximum CD31 expression was also at day 6 reached to about 13% expression
(Fig. -7 C). Real-Time PCR analysis also confirmed the results and showed the highest
expression of Brachyury marker at day 2 with about 1,000 times increase compared to hPSCs
expression level, the highest expression of KDR was on day 6 and about 150 times, and the
highest expression of CD31 was about 17.5 times higher at day 6 (Fig. IlI-7 D). Thus, days 6
selected as optimal day for generating endothelial progenitors’ cells for further maturation to

CD31 mature endothelial cells.
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Figure 1ll-7 Integrated differentiation of hPSCs to endothelial progenitors, Integrated differentiation of
RH5 cells as 3D aggregates using two different approaches including growth factor or small molecule
based approach, Morphology of aggregates generated after 6 days treatment with growth factor based
approach as well their Brachyury and KDR expression analyzed by flowcytometry (A). Morphology of
aggregates generated after 6 days treatment with small molecule-based approach as well their CD34
and KDR expression analyzed by flowcytometery (B). Integrated differentiation of hPSCs to endothelial
progenitor’s cell on microcarriers using two small molecule-based approach (C), Expression levels of
Brachyury, KDR, and CD31 quantified by Flowcytometery (E) and RT-gPCR (D). (n=3; *p<0.05,
~p<0.01, ~p<0.001)
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Integrated maturation of endothelial progenitor cells towards mature endothelial cells on
collagen coated microcarriers

In this experiment, H9 cells seeded and grown on Corning® High Concentration Synthemax™
Il Microcarriers treated with chemically defined approach for generation of KDR™* cells.
Afterwards, KDR™* cells generated on surface of microcarriers were harvested from at day 6 of
the differentiation process and then seeded on Corning® denatured collagen dissolvable
microcarriers or collagen coated microcarriers with 40,000 cells/cm?2 density (500 cm?2/100 ml
surface) in EGM-2 medium (Lonza) supplemented 50 ng / ml VEGF-A Growth Factor (Fig. llI-
8 A, B, C, D).

Results showed that hPSCs and KDR* cells successfully attached to selected microcarriers
and expanded on the carrier surface (Fig. IlI-8 B, C, D). Moreover, endothelial progenitor cells
that grown and expanded on microcarriers were highly proliferative and started to form tubular-
like structures out of carrier surface at day 6 of differentiation process. They also efficiently
differentiated to CD31* cells on collagen coated microcarriers that imaged by confocal
microscopy through direct staining with dye conjugated antibody (Fig. 111-8 E). Flowcytometery
analysis revealed that about 70% of cells were KDR* at Day 6 of integrated differentiation
process (Fig. 1lI-8 F). After harvesting generated KDR* endothelial progenitor cells and
seeding on collagen coated microcarriers without sorting step, 93.7% of cell population
expressed CD31 and mature endothelial cell markers as well as 94.1% expressed vascular
endothelial (VE)—cadherin (CD144) as adhesion molecule that mediates cell-cell contact
between endothelial cells. However, denaturated collagen dissolvable microcarriers were not
supported endothelial progenitors’ cells efficient attachment and differentiation to CD31*
mature endothelial cells since only 12 % and 14.9 % of cell population expressed CD31 and
CD144, respectively (Fig. IlI-8 G). H9 and Episomal hiPSCs derived endothelial cells on
collagen microcarriers also showed typical morphology of endothelial cells after plating as

monolayers culture (Fig. 111-8 H&I).
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Fig 1lI-8 Schematic design of integrated endothelial differentiation of hPSCs under 3D dynamic
suspension culture. Attachment and growth of hPSCs, endothelial progenitors, and endothelial cells on
microcarriers (B, C, and D). Proliferation of endothelial progenitor cells and tubular-like structures on
microcarriers during 6 days of differentiation process and CD31 expression after day 8 of culture (E).
Flowcytometery analysis of KDR+ at Day 6 of integrated differentiation process (F). CD31 vascular
endothelial (VE)—cadherin expression at day 8 by Flowcytometery (CD144) (G). Morphology of H9 and
Episomal hiPSCs derived endothelial cells after plating as monolayers culture (H&I). Immunostaining
of generated cells for CD31 (on collagen coated microcarriers) (J) and CD31 and vWF expression under
static suspension culture (K). LDL uptake (L) and generation of tube-like structure after seeding
generated cells on collagen type | 3D scaffold (M). (Scale bars= 100 pum).
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Immunostaining of generated cells on collagen microcarriers (Imaged by confocal microscopy)
and plated cells also confirmed CD31 expression as well as of VWF expression under static
suspension culture (Fig. 11I-8 J&K). They also could uptake LDL and generated tube-like
structure after seeding on collagen type | 3D scaffold (Fig. 11I-8 L&M). Tube formation assay
also showed that H9 derived endothelial cells generated larger tubes, higher number of branch
points, and larger tube area compared to HUVEC cells and endothelial cells generated on

denaturated collagen microcarriers
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Figure 11I-9 Tube formation assay of H9 derived endothelial cells. (A) including number of tubes (B),
number of branch points (C), tube area (D) compared to HUVEC cells and endothelial cells generated
on denaturated collagen microcarriers. Cell density during endothelial differentiation of hPSCs (H9 and
Episomal hiPSC) after 6 days of culture and generation 70% KDR+ cells and 2 days after harvesting
reseeding KDR+ cells on collagen coated carriers and generation of mature CD31+ endothelial cells.
(Fig. -9 A, B, C, and D). (n=3; *p<0.05, **p<0.01, ***p<0.001)

Finally, the productivity of integrated differentiation of hPSCs on microcarrier culture for
generation of mature CD31* endothelial cells was about 4.3- and 4-fold increase for H9 and
Episomal hiPSC cell lines, respectively (Fig. IlI-9 E). These results indicating that the
established microcarrier platform can be employed for scalable production endothelial

progenitors and mature cells for scalable generation of vascularized liver buds/organoids
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under defined culture condition without using hydrogels as matrix 184 or cell sorting step

(MACS separation) 185 as the main bottlenecks of previously established protocols.
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Scalable and GMP-compatible production of hMSCs derived from human pluripotent stem
cells

Introduction

Developing efficient protocols for generation of human pluripotent stem cell derived
mesenchymal stem cells has gained increasingly attention during last 5 years for providing a
readily available cell source for potential clinical applications including treatment of a series of
autoimmune, inflammatory, and degenerative diseases where promising results observed in
animal studies 187-189, However, most of the established hPSC-MSCs derivation and
expansion protocols rely on two-dimensional (2D) static culture systems, which are inefficient
and offering poor scalability for large-scale production as perquisite for most the intended
therapeutic applications. Meanwhile, recent findings about critical role of mesenchymal stem
cells in self-organization and condensation of organoids and tissues called as “mesenchymal
cell-driven condensation” has boosted this need for scale up culture as essential cell ingredient
for scalable liver bud formation 9. Although numerous studies have published aiming scalable
manufacturing of hMSCs isolated from various tissue sources for allogeneic cell therapy
application 190.191 only one study reported a scalable approach to generate hESC-derived
MSCs using 3D aggregate culture of hESCs 192, Yan et. al. demonstrated that hESC spheroids
can directly differentiate into MSC spheroids (EMSCsp) within 20 days in one vessel without
passaging and the system is scalable to any desired size of vessel. EMSCsp successfully
differentiated into osteocytes and chondrocytes in spheres or demineralized bone matrix while
also retains immune-modulatory effects /n vifro and therapeutic effects on two mouse models
of colitis after dissociation. Interestingly, suspension derived EMSC cells had faster
proliferation and higher yield and develop less apoptosis and slower senescence compared
to monolayered derived cells. However, for each batch of production, hPSCs should be
expanded in large scale followed by integrated differentiation to hMSCs that could increase

the cost of the process due to high cost of hPSCs media and differentiation reagents. In this
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project, we tried to establish a more cost-effective approach by generation of expandable
MSCs form hPSCs under static culture condition following banking homogenous population of
isolated hMSCs and then their scalable expansion on dissolvable microcarriers for facilitated

scale up and harvesting.

Materials and Methods

Generation and characterization of ES-MSCs

Human embryonic stem cell line H9 (WiCell Research Institute, Inc., Madison, WI,
http://www.wicell.org),) was cultured on Vitronectin XF™ coated plates in mTeSR™ Plus
medium. Every other day, the medium was changed and every four days the colonies were
passaged using Gentle Cell Dissociation Reagent (STEMCELL Technologies, Canada). To
induce hPSCs differentiation into hMSCs, spontaneous differentiation was performed. Briefly,
hPSC colonies were dissociated using Gentle Cell Dissociation Reagent (STEMCELL
Technologies, Canada) and plated on 6 cm2 non-adherent culture petri dish at 2 X 105
cells/cm?2 in ESC medium supplemented with RevitaCell Supplement (1X) (Thermofisher,
USA) in the absence of bFGF. The medium was refreshed every other day to generate
embryoid bodies (EBs) after 7 days. Then, generated EBs were plated on gelatin-coated
plates in Alpha Modified Eagle’s Medium ( a-MEM, Life technologies) supplemented with 5%
GMP-grade Human platelet lysate (PLTGold, Merck Millipore, USA) and 2 mM L-glutamine for
7-10 days. The outgrowing differentiated cells were collected and subsequently re-plated and
cultured for additional days. Then, resulted ES-MSCs of passage 0 were passaged at 80%
confluency until 4 passages and then banked as 5 X 108 cells/ml in 5 ml cryovials for

microcarrier expansion trails.
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Microcarrier suspension culture

Dissolvable microcarriers (Synthemax ll-coated dissolvable microcarriers, surface area of
5000 cm?2/g, Corning Life Sciences) were used for dynamic suspension culture of hPSCs
derived MSCs. To hydrate dry powder of dried microcarriers, 5,000 cm?2 (1 g) dissolvable
microcarriers were aseptically transferred to a 500 ml sterile bottle. Next, 150 mL sterile water
(Gibco, USA) was added to the bottle (150 mL water per gram microcarriers), and the mixture
was gently swirled in order to resuspend the microcarriers and incubated for 10 minutes at RT
to allow complete hydration. Then, water was removed from the settled microcarrier bed and
washed with 100 ml StemPro® MSC SFM medium to minimize dilution of the culture medium
due to residual water from the hydration step. Next, the microcarriers were resuspended in
StemPro MSC SFM medium to a final volume of 50 mL (500 cm2/ml microcarrier
concentration) in 100 ml corning disposable spinner flask and then incubated in a cell culture
incubator for ~30 minutes to allow the media to equilibrate.

To prepare cells for microcarrier cultures, LN2 cryopreserved hMSCs were thawed and
seeded directly into gelatin coated T75 flasks at 5,000 cells/cm? in StemPro® MSC SFM
CTS™ serum-free medium (SFM) medium (Thermofisher), incubated for 5-6 days in a cell
culture incubator (at 37 °C, 5% CO2 and saturated humidity) and refreshed by same media at
day 3. To harvest, cells were twice with 15 ml DPBS (Thermofisher) and then incubated with
4-5 mL TrypLE™ Select Enzyme (1X) (Thermo Fisher) for 6-8 minutes. Following cell
dissociation, cells were centrifuged at 200 xg for 3-4 minutes and then resuspended in 25 ml

of same medium for inoculating to microcarrier culture.

Dynamic suspension culture in spinner flask

Harvested cells were seeded at a density of 6,000 cells/cm? in spinner flask and cultures was
mixed for 18-24h at 25 rpm using CELLSPIN SYSTEM (Pfeiffer, Germany) inside a CO2
Incubator. Cell attachment was monitored by taking a 1 mL sample of the microcarrier culture

and visual observation by EVOS XL microscope. After 24h, agitation rate was increased to 40
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rpm till day 3 and 50 rpm by day 7. Half-volume media exchanges were performed on days 3

and 5.

Cells harvesting from microcarriers

Cells were harvested from the dissolvable microcarriers after 5 to 7 days of expansion when
reaching to confluency on microcarrier surface. First, spinner flasks transferred to biosafety
cabinet for microcarriers settle down and spent media removed by aspiration then. Next, the
microcarriers were washed with 50 mL DPBS and allowed to settle again after the addition of
DPBS and the supernatant was then removed. 50 ml of pre-warmed dissociation solution
including 100 U/mL pectinase (P2611, MilliporeSigma), 10 mM EDTA (46-034-Cl, Corning),
5X TryPLE™ Select (A12177-01, Thermo Fisher) diluted in DPBS (21-031-CM, Corning)
added to microcarriers and spinner flasks was incubated on a stir platform for 10-15 minutes
at 35 rpm. Once a single-cell suspension was observed, the cells were centrifuged at 200 xg
for 5 minutes in a two 25 mL centrifuge tubes and then resuspended in media for

characterization studies.

Monitoring microcarriers culture and determining cell yield

Microscopic inspection was performed daily to monitor the morphology of cells by taking 0.5
ml sample and observing by EVOS XL camera microscope. In addition, cell counts, and
viability measurement were performed at least on day 5,6, and 7 for spinner cultures using

Countess™ |l Automated Cell Counter (Thermo Fisher Scientific) by Trypan blue method.

Surface marker expression
Expression of surface markers was determined on cell samples that were cryopreserved on
day 7. Cells were thawed and evaluated for H-CAM, STRO-1, THY-1, CD45 and CD-146

markers expression by immunostaining and flowcytometery. Data acquisition was performed
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on a FACSCanto using Diva-software (BD LSRFortessa™, USA). The data was analyzed

using Flow-jo software.

Multipotency determination

Expanded hMSCs were differentiated into adipocytes and osteocytes to demonstrate their
multipotency potential. The cryopreserved cells were thawed and washed in culture medium
to remove the freezing medium. For adipocyte and osteocyte differentiation, the cells were re-
seeded in Corning CellBIND surface 6-well plates and differentiated according to
manufacturer’s recommendations (SCR020 and SCR028, EMD Millipore). After 2-3 weeks of
differentiation process, cells were fixed in 2% paraformaldehyde and stained for characteristic
markers of differentiation: adipocytes (01516-250ML, Oil Red O; MilliporeSigma), osteocytes

(TMS-008-C, Alizarin Red; MilliporeSigma).

Karyolyping

The cells were seeded in culture flasks to stimulate proliferation, treated with colcemid (4-6 h
at 0.15 pg/mL), and detached using trypsin and concentrated by centrifugation. The pelleted
cells were treated with hypotonic solution (75 mM KCI, 3 min), centrifuged again, and fixed
with 10 volumes fixative 1 [methanol-acetic acid 9:1 (v/v)]. The cells were concentrated and
subsequently fixed with 10 volumes fixative 2 [methanol-acetic acid 3:1 (v/v)]. The fixed cell
dropped onto microscope slides after another concentration step and allowed to dry and aged
overnight at 60 °C. The slides were re-hydrated in 2 SSC and subsequently in PBS, treated
with trypsin (0.07%, 3 min) and finally stained at room temperature for 3—4 min using 1 ml
Giemsa (Merck) and 3 mL Leishman stain (Merck) in 60 ml Gibco® Gurr Buffer. The slides
were dried and mounted in Eukitt® before observation.

Statistical analysis

Data were presented as mean * standard deviation (SD). T-squared test was used to compare

two independent groups. Comparisons between groups and data were performed with one-
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way ANOVA and the post-hoc Tukey test. p < 0.05 were considered statistically significant.

The analyzes were performed using SPSS 16 software.

Results

Generation and characterization of ES-MSCs

To produce hPSCs-MSCs, hPSCs were cultured in hPSC medium in the absence of bFGF to
form EBs. Then, EBs were plated in gelatin-coated plates and cultured in StemPro™ MSC
SFM CTS™ as cell therapy grade xeno and serum-free media as reported previously with
some modification 23. Spontaneous differentiating of EBs resulted in outgrowth of ES-MSCs
around the colonies. Generated MSC-like cells were further passaged four times to acquire a
homogenous population with spindle-shaped morphology (Fig IlI-10 A). The resulting cells
were cryopreserved after 4 passages under static culture condition and used for scaling up
trials using corning Synthemax Il dissolvable microcarriers (Fig Il1I-10 A). Cryopreserved
hPSC-MSCs were transferred to two T-flasks to prepare seed culture for microcarriers culture
after thawing and inoculated to spinner flask culture systems for 3D dynamic suspension
culture at 6000 cells/cm? seeding density in 75ml working volume and 500 cm? surface area
per 100ml culture medium. Generated cells were characterized after 5-6 passages in
microcarrier culture for MSC markers expression by immunostaining and flowcytometery (Fig.
[1I-10 B, C). Results showed that MSC expanded on microcarriers in multiple passages no
longer expressing OCT4 as pluripotency marker and expressed H-CAM, STRO-1, THY-1 and
CD146 MSC markers (Fig 111-10 B). These results were confirmed by flowcytometery and 72.1
%, 66.3%, 99.7%, and 81,3% of cells well expressed H-CAM, STRO-1, THY-1 and CD146
markers, respectively (Fig IlI-10 B). Moreover, differentiation studies demonstrated that
generated MSCs are multipotent since successfully differentiated after 21 days culture in
adipogenic differentiation medium to mature adipocytes as indicated by the accumulation of

lipid vacuoles stained with Oil Red O compared to control sample (Fig. 11I-10 D (A, B, C)).
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Figure I1I-10. Scalable expansion of hPSC-MSC using Synthmex Il dissolvable microcarriers
from P4 cryopreserves cells including their harvest procedure after each passage.
Immunostaining of MSC markers STRO-1, THY-1 (CD90), CD146 as well as OCT4 as hPSCs
pluripotency marker (B). Flowcytometery analysis of MSC markers STRO-1, THY-1 (CD90), CD146
(C). H9 derived MSCs differentiated in adipogenic (D(B), D(C)) and osteogenic (D(D), D(E))
differentiation medium.Generated cells differentiated after 21 days to mature adipocytes as indicated
by the accumulation of lipid vacuoles that stain with Oil Red O (D(B), unstained; D(C), 40X
magnification). Control untreated human mesenchymal stem cells did not contain any lipid droplets
D(A). H9 derived MSCs also differentiated to an osteocyte lineage as demonstrated by alkaline
phosphatase (D(D), 10X magnification) and Alizarin Red S (ARS) D(E) staining. Alizarin Red S staining
demonstrates mineral deposition throughout the culture that was not observed in control untreated cells
D(F). Karyotyping of H9 derived MSC after 10 passages under dynamic suspension culture
(E).Optimizing the microcarriers surface are in 100 ml culture medium for increasing the FI (F),
Exploring the proliferation capacity of H9 generated MSCs during six passage after thawing conducted
in spinner flask with 50 ml defined StemPro® MSC SFM medium (G). (n=3-4 ; *p<0.05)
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They also differentiated to osteocyte lineage as indicated by alkaline phosphatase with
demonstrates mineral deposition trough staining with Alizarin Red S (ARS) (Fig. 11I-10 D (D,
E, F)) Karyotyping also demonstrated preserved genetic stability of MSCs during derivation,
banking, and 5-6 passages on microcarriers (Fig 111-10 E).

To optimize the MSC cells yield in microcarrier culture, different microcarriers area surface
was used in similar working volume. Results showed that maximum cell yield can be achieved
by 600 cm?2 microcarrier surface area that lead to about 11-fold increase in single cell
inoculation density (Figure 11I-10 F). To demonstrate the robustness of the protocol, cells
cultured on microcarriers until passage 12 that demonstrated their preserved proliferation
capacity after multiple passages which is essentially required for scalable manufacturing of
cells for commercial application (Figure I1I-10 G). Thus, the established differentiation strategy
and microcarrier based expansion platform can be considered as viable strategy for creating
a universal bank of MSCs from different hPSCs lines and their robust expansion under defined
and serum-free culture condition for production of clinical grade cells required for scalable of

liver/organoids buds through MSC driven self-condensation under clinical grade settings.

References of this chapter are merged with the next chapter.
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IV. Chapter 4. Large scale and continuous production of
vascularized liver organoids using scalable microfluidic
technology
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This chapter is based on following paper prepared under review of project supervisors and
US patent pending for submission through MIT TLO office:
Continuous Production of Vascularized Hepatobiliary Organoids from Human Pluripotent

Stem Cells Using a Scalable Microfluidic Platform

Introduction

Generating complex and vascularized organoids derived from self-organizing stem cells-
derived progenitors or somatic cells is considered as a major technological breakthrough in
regenerative medicine filed. These organoids have potential to revolutionize the current
standard care and treatment protocols and raising hope for developing efficient treatment for
unmet patients’ needs through “Organoids medicine” 82 as well as discovery of more safe and
effective drugs for personalized medicine using organoids as models system 193, Current
protocols for generating vascularized and highly functional liver organoids mainly depends on
co-culture of different cells type with precise cell ratio in animal derived matrixes (e.g. Matrigel)
or coated microwell plates using static culture system (e.g. multi-well and array-well plates)
through a labor-intensive multi-step process that are not amenable for scalable manufacturing
of organoids in clinically relevant cell numbers for clinical application 21.100, Moreover
generated liver buds/organoids lacking vascular 193 of biliary structure/bile metabolism 21.194
that are essential for proper liver function and preferably should be present in generated
complex organoids as therapeutic component.

Therefore, generating complex, functional, and multicellular organoids such as liver organoids
in a reproducible and high-throughput manner remained challenging and hindered their
therapeutic and commercial application. To date, significant advances and progress in
hydrogel science and microfabrication technologies have opened new doors and offered great
opportunities to recreate 3D tissue/organ models with more physiological relevance in a
controllable manner 195,196, Several groups have attempted to create bioinspired hydrogels

as soft and biomimetic matrices or 3D scaffolds for liver organoid/tissue formation to increase
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their functionality and reduce variability in the generation process 197-199, These hydrogels
have been created using different fabrication techniques (e.g. Bioprinting) and formats such
as inverted colloidal crystal poly (ethylene glycol) scaffold for liver organoids generation 200,
patterned substrates for expandable liver tissue generation 22, and microfibers for generation
of hepatic micro-organoids 157. Despite the progress, most of these technologies are offering
poor scalability for production of required cell ingredients or their process for generating
organoids in reproducible manner and large-scale production of complex organoids under
defined culture conditions remined challenging. Microfluidic or electrospray generation of
liquid core and hydrogel-shell made microcapsules using natural biopolymers such as
biodegradable alginate or alginate-chitosan based shell material or non-degradable PEG
based microcapsules have been suggested as proper 3D culture environment for different
applications including human organoids generation 195, For example, uniform aggregate
formation of hPSCs 201, primary hepatocytes encapsulation and co-culture with fibroblast 159
or HepG2 cells with HUVEC cells 202, and encapsulation/transplanting of human islets or stem
cells derived islets for clinical application 158.163 has been successfully done owing to hydrogel
microcapsules tunable permeability, and adaptability for scale-up production. Among different
microcapsules generation technologies, the microfluidic technology for generating core and
shell microcapsules can be considered as proper choice for continuous production of
organoids due its capability to achieve uniform morphology and size-controlled capsules with
tunable mechanical properties and permeability in a fully controlled manner. However,
currently established droplet microfluidic platforms mainly used natural biopolymers such as
alginate/chitosan-based materials for microcapsules production that can result in batch to
batch variation in microcapsules production process and their size homogeneity due to the
natural source of shell material and its inherent composition variability 195. GelMa and 4-arm
PEG network hydrogels providing more defined materials with tunable diffusion properties but

not offering degradability for organoids release after generation which is essential for scalable
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culture for further maturation, integrating to host tissue, or fabricating a tissue in lab settings
for either autologous or allogeneic organoid based therapy 199.202,

Moreover, almost all studies that using microcapsules for cell encapsulation/culture/co-culture
used PDMS material for fabrication of the 3D flow-focusing chip which require intensive work
for fabrication and prone to change its hydrophobicity/surface properties during the
microcapsule’s generation process that can result in capsules adhesion to microfluidic chip
wall and stopping the process. Accordingly, PDMS chips have not translated well to a
commercial scale and mass-production manufacturing due to their multi-step and labor-
intensive fabrication processes such as etching (glass and silicon) or embossing and injection
molding (thermoplastics) 163.203, Moreover, most of the microfluidic platforms used typical
syringe pump systems that working with limited working volume (e.g. 50 ml for each stream),
with no option for efficient mixing of cells suspension in core solution to avoid cells settling
down and aggregation that make them unsuitable for continues and scalable generation of
droplets and organoids. In fact, it seems that almost all related studies have done in small
scale as proof-of concept studies rather that process development for scalable manufacturing
of microcapsules and large-scale organoid production.

Here, we first established a scalable platform for large scale production of hepatic progenitors
as 3D aggregates, progenitor and mature endothelial cells, and mesenchymal stem cells from
individual hPSC lines as required cell ingredients for scalable generation of functional
vascularized liver buds through co-culture and self-organization. Then, we established a fully
scalable and continuous biodegradable microcapsules production process using pressure
driven microfluidic pumps / remote pressurized vessels under control of an automated
microfluidic system to address scalability issue of previous established protocols for liver
organoid production through co-culturing technique. The microfluidic platform combined with
medical grade polycarbonate (PC) made chip or ready-to-use polyester made 3D-printed-3D-
flow focusing chip for one-step fabrication and continuous production of biodegradable

microcapsules under aseptic culture condition. Fully degradable hydrogel materials including
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synthetized 4arm-PEG-MMP-sensitive peptide or PGA hydrogel microcapsules were also
used for continuous generation of vascularized hepatobiliary organoids through self-
organization/ condensation mechanism. We demonstrated that liquid core microcapsules with
proper size, permeability, mechanical properties, and degradability allowed co-culture of liver
progenitors, endothelial cells and mesenchymal stromal cells derived from hPSCs under
defined and animal-free culture condition in single step to generate mono-dispersed
vascularized hepatobiliary liver organoids and their subsequent release to the dynamic
suspension culture for further maturation. We showed that 3D dynamic suspension culture of
organoid resulted in generation of highly functional and self-organized hepatobiliary organoids
that showed future maturation and formation of /n vivdl liver tissue like biliary and vascular
structures after 7 days of culture. The cell ingredients scalable production process combined
with the established microfluidic platform offering a promising approach for large production
of highly functional hPSC derived vascularized hepatobiliary organoids under defined culture
conditions that can be employed as manufacturing platform to commercialize “Organoid

medicine” as allogeneic organoids therapy platform.

Materials and Methods

Optimizing co-culturing conditions and density optimisation for liver bud/organoid generation
To explore the optimum cell density and ratio for generating human liver organoids 9-12 days
hepatic endoderm cells, KDR+/CD31+ endothelial cells and hPSCs-derived mesenchymal
stromal cells were resuspended at different cell densities (1-60 X 106 cells/ml) and ratio 10:8:5,
10:8:2, 10:5:5, 10:5:2, 10:2:2 were resuspended in a mixture of endothelial cell growth medium
(EGM, Lonza) and hepatocyte culture medium (HCM, Lonza containing 0.1 mM
dexamethasone ; Sigma-Aldrich, St. Louis, MO) without using FBS, Oncostatin M (10 ng/mL;
R&D biosystem), hepatocyte growth factor (HGF) (20 ng/mL, R&D biosystem), and 2%
PLTGold® Human Platelet Lysate in 40 pl volume for each well and transferred to Corning®

384-well Round Bottom Ultra-Low Attachment Spheroid Microplate after passing through a
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reversible strainer (37 ym, STEMCELL technologies). The bud/organoid formation Kinetic was
monitored by phase-contrast imaging plus time-laps video capture using IncuCyte® S3 Live-

Cell Analysis System (Essen bioscience).

Delaying cell aggregation after co-culfure in spinner flask

Here, we used 1-5% Mebiol® Gel PNIPAAmM-PEG 3D (Cosmo bio, US) as and 1 g/L dextran
sulfate (40 kDa, Sigma Aldrich) as culture medium densifiers for delaying cell clumps during
co-culture under 3D dynamic suspension culture and avoiding cell clumps transfer to the
microfluidic chip 204, Aggregation kinetics were monitored by co-culturing cells in 125 ml
spinner flask with 50 ml working volume and taking 2 ml samples each 2 h for observing under

inverted light microscope (Evos XL, Life technologies).

Synthesis of biodegradable 4arm-PEG-MMP sensitive peptide as shell material
4-arm-PEG-4-Maleimide (10 and 40 kDa, >95% end-group substitution) was purchased from
the Jenkem Technology Co., Ltd. (USA). Fast MMP1 degradable peptide with one thiol group
(NH2-CGPQGIWGQGRK-CONH2) was synthesized proteomics core facility of Koch institute
for integrative cancer research. Sulfo-MBS purchased from Click chemistry (US) and
triethanolamine (TEA), KRB buffer, mineral oil, human recombinant MMP1, and Dithiothreitol
(DTT) purchased from Sigma Aldrich.

A schematic of the hydrogel formation and degradation concept is presented in (Fig. IV-1). 4-
arm-PEG-MAL-MMP were prepared by Michael-type addition of fast MPP1 sensitive peptide
(NH2-CGPQGIWGQGRK-CONH2) to 4-arm-10K PEG-MAL or 4-arm-40K PEG-MAL.
Practically, 4-arm-PEG maleimide was dissolved in phosphate buffered saline to prepare a
stock solution (25 mM). In parallel, peptide solution ( 101 mM in 1X PBS, 0.05 mmol, 5
equiv,1.25 equiv. per maleimide, concentration checked by UV) was prepared in tri(2-
carboxyethyl) phosphine hydrochloride (TCEP) (36 mg, 0.025 mmol, 2.5 equiv.) and stirred at

RT for 30 min. Next, 4-arm-PEG maleimide (25 mM, 0.01 mmol, 1 equiv.) solution was added
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to the peptide solution to make a final reaction solution (10 mM). After 3 h of continuous
vigorous shaking, the reaction mixture was passed through an Amicon® filter (MWCO 50K)
and washed with PBS 1 X (3 times), concentrated, and characterised by microflex™ LT/SH
MALDI-TOF mass spectrometer. Then, the modified PEG with MMP sensitive peptide has
been used directly for the next step after coupling confirmation.

In the next step Maleimide group was added to synthesized 4arm-PEG-MAL-MMP to create
4arm-PEG-MAL-MMP-MAL that can be crosslinked by thiol groups to create a hydrogel
network. Briefly, Sulfo-MBS (42 mG, 0.1 mmol, 10 equiv.) was added to the reaction mixture
and vortexed to make the solution homogenous. The mixture was vigorously shaken till the
solution turned clear. It was then again passed through an Amicon® filter (MWCO 50K) and

washed with PBS 1X and characterised by NMR and MALDI-TOF mass spectrometer.

Scalable microfluidic platform for continuous production of liquid core and shell
microcapsules

We used 3D flow-focusing microfluidic polycarbonate or polyester made chip with hydrophobic
surface combined with a fully scalable and continuous microfluidic platform for generation of
liquid core and biodegradable microcapsules. The Microfluidic platform consisted of four
pressure pumps (Mitos P-Pump, Dolomite Microfluidics, UK) equipped with in-line Mitos Flow
Rate Sensors to monitor and control the streams flow rates by integrated pressure and flow
sensor (Figure 1V-1).

Four flow rate sensors, two 30 - 1000 pl/min and two 1 - 50 pl/min were employed in the
organic lines and aqueous lines to pulse-free delivery of stream to the chip, respectively.

An air compressor (California AirTools) equipped with 0.2 microfilter for air inlet and outlet
provided the supply pressure for the remote P-Pumps to control different streams flow rates

by regulation pressure.
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Figure IV-1. Schematic design of 3D flow focusing chip and scalable microfluidic platform for generation
of liver organoids. Concept of droplet microfluidic chip including information about different streams
including core, shell, shielding oil or crosslinking oil compositions (A). PC-controlled scalable
microfluidic droplet generation platform using pressure-based remote pumps and vessels for aseptic
production of microcapsules and vascularized liver organoids, and their further maturation under
dynamic suspension culture condition (B).

The pumps were connected to three 30ml remote pressure vessels for shell, shielding oil and
crosslinking oil streams and one 400 ml remote pressure vessel with a two arm 50 ml cell
culture spinner flask (Wheaton scientific) inside placed on magnetic stirrer for continuous
stirring of cells suspension delivering them as single cells to the chip during microcapsules
production process.

A USB camera microscope (AM4113T, Dino-lite, US) was also used for continuous monitoring

of capsules generation process in PC. The whole set-up was controlled by Flow Control Centre
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software through a PC and all components except Pumps and air compressor placed inside
A2 Biosafety cabinet for aseptic production of microcapsules for optimisation trials and the
shell solution also microfiltered before use and sterile mineral oil and reagents were used for

shielding oil and crosslinking oil preparation (Fig. IV-1).

Fabrication of polycarbonate 3D flow focusing chip

Polycarbonate chips were from TUFFAK® Polycarbonate Sheet (thicknesses of 2 and 3 mm;
Bayer, Germany) and were processed with laser cuter before making channels. Top and
Bottom masters were prepared by Othermill Pro mini CNC machine. We designed the
channels with AutoCad 2019 software and generated the CNC code, and created toolpaths
with Bantam Tools software (BANTOM TOOLS, USA). Prior to bonding all master and bottom
pieces were cleaned from debris with pressurized water and then with detergent and several
rinsing steps with distilled water. Then both PC pieces were transferred to a 2L vacuum
chamber with 5 ml dichloromethane in a glass vial (DCM, Sigma) with 10 mbar vacuum
pressure to create a swelled surface layer on PC parts after exposing to DCM solvent vapor
for 30 min. Then, slabs with swelled surface were immediately transferred between a silicon
rubber sheets to a preheated thermal press (Carver, US) at 135 °C for 40 min at 0.4 MPa for
boding two parts together. After bonding and cooling, required ports were created by drilling

and stainless-steel needles were used to create ports for 4 different streams.

Fabrication of 3D printed 3D flow focusing chip

3D printed microfluidic chips including ports (i.e. Top and Bottom slabs) were designed in
AutoCad 2019 software and 3D printed from VeroClear material which is a transparent
polyester based material that simulates PMMA (polymethyl methacrylate) using Stratasys
Objet30 Pro (Stratasys, USA). Support material were removed from printed parts and cleaned

parts were soaked in 2 M NaOH for 2 h for support materials residues cleaning and rinsed
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multiple times with distilled water. Then, slabs were bonded using medium viscosity medical
instant glue (Loctite 403, Japan) by embedding paraffin in channels and removing after

bonding by heating at 50° for 30 min in laboratory oven.

Microfiuidic device operation, microcapsule fabrication, and separation

Microfluidic 3D flow-focusing devices for both chip types were infused with 4 different solutions
to generate capsules: 1) a core solution composed of different densifiers 2 % w/v Mebiol® Gel
PNIPAAmM-PEG thermo responsive gel, 1 g/L 40 kDa Dextran sulfate in EGM2- HGM 50:50
culture medium including hepatic endoderm, endothelial progenitors, and mesenchymal stem
cells with different cell densities from 1-40 x 106 cells/ml at 1: 0.8 :0.2 ratio, respectively. The
cell suspension mix filled in autoclaved 50 ml spinner flask and transferred to 400 ml pressure
chamber under aseptic condition and the chamber were purged with humidified sterile air with
5% CO2 and transferred to incubator to keep the chamber at 37 °C, 2) a shell solution
containing 8% w/v 4-arm MAL-MMP sensitive peptide-Mal and 10 mM triethanolamine (TEA)
dissolved in KRB buffer or 2% w/v polygalacturonic acid (PGA) in KRB buffer ( adjusted at
pH=7 by Sodium bicarbonate, 3) shielding organic phase of mineral oil with 1% v/v Span-80
surfactant, and 4) crosslinking organic phase of mineral oil with 3% Span-80 and a 1:15
emulsion of 35 mg/mL dithiothreitol (DTT) dissolved in DI water (emulsion was generated by
sonicating oil/water mixture for 30 min in an ultrasonic bath) for PEG based capsule and 10%
acetic acid in oil and 2% calcium carbonate (w/w in proportion to oil, emulsion was generated
by sonicating oil/water mixture for 30 min in an ultrasonic bath). Shell, shielding, and
crosslinking solutions were sterilized with 0.2 um centrifuge filters, and injected into respective
microfluidic inlets with Mitos remote pressure pumps at flow rates of 3-8 pL/min for core, 3-8
uL/min for shell, 30-50 pl/min for shielding oil, and 40-60 pl/min for cross linking oil. Generated
microcapsules were collected in another spinner flask after passing through an in-line mesh
filter and washed min 3 times with PBS and resuspended in co-culture media for 2-3 days for

further maturation. After 3-4 days and generation self organised organoids, Microcapsules
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were digested enzymatically (recombinant MMP1, collagenase or pectinase), and organoids

were kept in refreshed culture medium for another 4 days for further maturation.

Microcapsule characterization
The size of the microcapsules with different shell material, shell flow rates were captured using
an inverted light microscope (EVOS XL, Life technologies) and measured using imaged as

well as microscope built-in software.

Permeability studies using labelled dextran

Diffusive properties of PGA and 4armPEG-MAL-MMP-MAL derived capsules were visualized
by imaging transport of fluorescent dextran polymers across capsule shell barriers. Briefly,
microcapsules were incubated in a solution of 800 pg/mL TRITC-labeled dextran (65-85 kDa,
Sigma Aldrich) in PBS until saturated, then washed with fresh PBS in a microfluidic flow
chamber and monitored over time with a fluorescence microscope. Average pixel intensities

inside capsules (n=10) were quantified in ImagedJ.

Characterization of Hepatobiliary organoids

Immunostaining, fluorescent, and confocal imaging

Generated hepatobiliary organoids collected, washed, and fixed overnight in 4%
paraformaldehyde at 4 °C for immunofluorescence staining or confocal microscopy. The fixed
spheres were incorporated in an Histogel (2%). After processing, they were embedded in
paraffin blocks and sectioned into 6 ym sections with a microtome (Microm™, HM325). We
followed the standard protocol for immunofluorescence staining. Fixed aggregates were also
stained with direct antibody staining protocol and suspended in glycerol/fructose solution in
glass bottom 24-well plates (Cellvis, US) for imaging the confocal microscopy (Olympus

FV1200 Laser Scanning Confocal Microscope).
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Cell viability was evaluated at the end of the differentiation process by LIVE/DEAD staining
(Catalog # L-7013, Molecular Probes) to determine the presence of any core necrosis in
generated organoids according to the manufacturer’s instruction. Fluorescent images were

acquired by confocal microscopy using Olympus FV1200 laser scanning confocal microscope.

Flowcytomnetery

For flow cytometry analysis, we dissociated the organoids into single cells using Accutase®
cell detachment solution with 20 mg/mL collagenase type | (Sigma-Aldrich). Dispersed cells
were fixed in 4% paraformaldehyde at 4 °C for 20 min, permeabilized, blocked in serum, and
allowed to incubate overnight with diluted dye conjugated antibodies for direct staining method
or diluted primary antibodies at 4 °C and then washed and incubated with secondary
antibodies for 45 min at room temperature. Flow cytometry analysis was performed with a BD

LSRFortessa™ Flow cytometer (Becton Dickinson, US).

Metabolic activity determination
ICG and LDL uptake were performed to evaluate the maturation extent and metabolic activity
of the generated hepatic cells (Vosough et al., 2013). PAS staining was performed with

Periodic Acid-Schiff (PAS) Kit (395B, Sigma Aldrich) according to manufacturer instruction.

Albumin (ALB) and fibrinogen secretion and intracellular urea assay

To evaluate the albumin (ALB) secretion ability of hepatobiliary organoids, the supernatant
culture media was collected 48 h after the last media refreshment and stored at -80 °C before
the assay. The concentrations of ALB and fibrinogen in the supernatant were assessed by an
ELISA kit specific for each protein or metabolite according to the manufacturer’s instructions
including Human Albumin ELISA kit (ab108788, Abcam), Alpha Fetoprotein Human
SimpleStep ELISA kit (ab193765, Abcam), and Fibrinogen Human SimpleStep ELISA Kit

(ab171578, Abcam). Hepatobiliary organoids were digested with a specific buffer of a
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commercial Urea Assay Kit (ab83362, Abcam), total Urea content within the generated
hepatobiliary organoids during maturation process was measured, according to the

manufacturer’s instructions. All the samples were carried out in triplicate.

CYP activily assays

CYPE activity of organoids were conducted according to the manufacturer’s instructions.
Different P450 enzymes activity were tested including CYP3A4 (P450-Glo CYP3A4 (Luciferin-
IPA) — V9002 — Promega), CYP2B6 (P450-Glo CYP2B6 — V8322 — Promega), CYP1A1
(P450-Glo CYP1A1 — V8752 — Promega) by incubating them with different inducers.
Undifferentiated hPSC, primary hepatocytes and differentiated HLCs were incubated with
basal medium containing 20 uM Rifampicin solution (Sigma Aldrich), or DMSO (0.1%) for
72 hours for the CYP3A4 activity assay. For the CYP2B6 activity assay, undifferentiated
hPSC, primary hepatocytes and differentiated HLCs were incubated with basal medium
containing 1000 uM Phenobarbital solution (Sigma), or DMSO (0.1%) for 72 hours. For the
CYP1A1 activity assay, undifferentiated hPSC, primary hepatocytes and differentiated HLCs
were incubated with basal medium containing 50 yM Omeprazole solution (Sigma), or DMSO
(0.1%) for 72 hours. The activity of each enzyme was measured by reading the luminescence
using luminometer instrument (Luminoskan™ Microplate Luminometer — Thermo Scientific)

according to the manufacturer’s instructions. All the experiments were performed in triplicate.

Gene expression analysis

RNA was extracted using Qiagen mini-RNA extraction kit. Reverse transcription was
performed with random primers (Applied Biosystems RT kit) to generate cDNA. Gene
expression was quantified using gene-specific primers and KAPA SYBR® Fast qPCR kit
(KAPA Biosystems, KK4602). NCBI primer designing tool was used to design gene-specific
primer sequences. The primers used were validated for their specificity and those with

efficiency between 90-110% were used (Table S IV-3). Gene expression profile was analyzed
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using Microsoft excel and heatmaps were generated using Prism Grapth Pad Ver. 8 or
GenePattern version 2.0 174,

For control samples, Total RNA, Fetal Liver, Human purchased from Agilent Technologies
(19-37gwk pool Fetal Liver Tissue) and Adult human liver Total RNA also obtained (7yrs, 25

yrs., 42 yrs. old Adult Liver Tissues) from Ambion®.

Western Blot analysis and fofal DNA content measurement

Protein extraction and western blot analysis of VHOs was done using a method as previously
described 8. Briefly, the upper phase of vial in previous step, was transferred to a new tube
and the proteins were precipitated by centrifugation and washed. Protein pellets were dried in
RT and dissolved in urea buffer. Pierce BCA protein assay Kit was used for determining the
protein concentration. For western blot analysis, 20 pg total protein was separated by 10%
sodium dodecyl! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to
PVDF membrane via a semi-dry blotting system for two hours at 25 V. Blotted membranes
were blocked by 2.5% nonfat milk, and then washed by tris-buffered saline, containing 0.1%
Tween 20 (TBST) for 5 min. Subsequently, blots were incubated with primary antibodies
against ALB, AFP, CK19, and GAPDH for 90 min. After three times washing (10 min each),
blots were incubated for one hour with secondary antibodies. Blots were washed like previous
step, and the protein bands were visualized on x-ray films in a darkroom using ECL select
substrate. Images were scanned using a densitometer (Bio-Rad, USA).

For DNA content measurement, organoids were homogenized in Trlzol reagent and
centrifuged at 12000 X g for 15 min after addition of chloroform. The DNA was precipitated
by adding 100% ethanol to the lower phases and extracted as manufacture instruction. DNA

concentration/quality was evaluated by spectrophotometry.
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Statistical analysis

Data were presented as mean * standard deviation (SD). T-squared test was used to compare
two independent groups. Comparisons between groups and data were performed with one-
way ANOVA and the post-hoc Tukey test. P 0.05 were considered statistically significant. The

analyzes were performed using SPSS 16 or Prism 8 software’s.
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Results

Optimum cell densily and ratio for self-condensation of hepatic endoderm, endothelial cells,
and mesenchymal stem cells co-culture and liver bud/ organoid formation

Hepatic endoderm cells at different transitional hepatic differentiation day, endothelial cells
(EC), and hPSC derived mesenchymal stem cells (MSC) generated under dynamic
suspension culture in scalable manner were used to optimize cell ratio and cell density for
generation of vascularized liver bud/organoids through co-culture technique and MSC-driven
self-condensation 96. Results showed that mixing Day 10-11 HE (TBX3* /ADRA1B*), CD31*
EC, and MSC in 10:8:5 and 10:8:2 ratio at 40 x 105 cells/ml density in low attachment spheroid
wells resulted in efficient condensation of there cell types to a dense 3D bud/ organoid like
structure after 18-24 h with 110 £ 22 ym diameter size. Decreasing endothelial cells ratio for
80% to 50% of total hepatic endoderm cells numbers resulted in less self-condensation and a
loose 3D structure formation (140—-160 pum diameter size). Similar outcome observed for
decreasing mesenchymal stromal cells ratio from 50% to 20% that resulted in lower self-
condensation and creating pf clump like structure (150—-190 pm diameter size). Decreasing
endothelial cells and mesenchymal stem cells to 25% and 10 % total hepatic endoderm cells
numbers resulted no self-conception and single cells created small clumps after 24 h. Thus,
theses results demonstrating that both endothelial and mesenchymal stromal cells ratio is
highly important parameters for regulating cell-condensation and creating a 3D liver
bud/organoid structure (Fig. IV-2 A). The 10:8:2 ratio has been selected for other optimisation
trials because of efficient cell condensation with lower MSC ratio as starting cell ingredient.

In the next step, we explored again the optimal day of transitional hepatic endoderm cells (Day
9-12 of differentiation) and total cell mix density (20, 40, and 60 million cells/ml) that can result
in more efficient and reproducible self-condensation and liver organoid generation. Results
showed that using Day11 hepatic endoderm cells that well-expressed liver progenitors’
markers (e.g. TBX3, ADRA1B (alpha-1b Adrenergic Receptor), EPCAM, CD90, and Hnf4a)

resulted in robust generation of liver organoids as 3D structures. Moreover, cells self-
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condensation was happened using different cell densities from 20 to 40 million cells/ml while
liver organoids structure generated with 20 and 40 million cells/ml resulted in generation of
more homogenous 3D structure compared to 60 million cell/ml cell density that resulted in
generation of heterogenous 3D structures (Fig. 1V-2 B). The outcome of these trials and
findings were used to establish the co-culturing conditions of cells in core solution of
microfluidic system for continuous microcapsules production as well as co-culture trials under

dynamic suspension culture in spinner flask.

Delaying cell aggregation after co-culture in spinner flask and co-culture trial under dynamic
suspension culture

We identified that cells aggregation is an important technical issue in continuous microfluidic
generation of complex liver organoids sing co-culture technique. Practically, hepatic endoderm
cells showed high tendency to form aggregates during dynamic suspension culture after 4-6h
of inoculation as single cells that got boosted by co-culturing with endothelial and
mesenchymal stromal cells at high cell densities. This aggregation will result in creating cell
clumps in spinner flask before delivering them to the chip and blocking microfluidic
tubing’s/channels, or heterogenous encapsulation of cells in microcapsules and subsequently
heterogenous organoids formation.

To overcome the problem, we used 1-5% Mebiol® Gel PNIPAAM-PEG 3D (Cosmo bio, US)
thermo-responsive polymer because of its high biocompatibility and 3D hydrogel formation
properties and/or 2% dextran sulfate (40 kDa, Sigma Aldrich) as culture medium densifiers to
minimize risk of aggregation 182.204, We evaluated aggregation kinetics for delaying cell
aggregation during continuous production of cells loaded microcapsules using microfluidic
system. Results showed that 6-10% w/v Mebiol® Gel PNIPAAmM-PEG 3D thermo-responsive
polymer in culture media is in liquid form at 4 °C and forming a stable hydrogel at 37 °C that
fully compatible with different cells types and can be used for generation of cell aggregates,

differentiation under 3D culture condition, and creating 3D tissue constructs 205207 |ts has
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been also reported that dextran sulfate offering high biocompatibility with mammalian cells
and can reduce cell clumping and aggregation and clumping during CHO culture for
monoclonal antibody production.

Accordingly, used lower concentrations of Mebiol® Gel PNIPAAM-PEG 3D (1-4% w/v) as
liquid densifier were used to increase the density of culture media combined with 1% 40kDa
dextran sulfate to delay aggregation and enabling continuous production of cells loaded
microcapsules.

Dynamic suspension co-culture of cells at optimized cells ratio and seeding density conditions
in 50 ml spinner flask showed that small cell clumps appeared after 4h in co-culture media
without any densifier. The size of small clumps was increased after 8-12 h of culture and
condensed clumps in form of heterogenous aggregates were generated after 24h culture. On
the other hand, different concentrations of Mebiol® Gel PNIPAAmM-PEG 3D were tested with
and without dextran sulfate addition to minimize clump formation. Results showed that
combination of 2% Mebiol® Gel PNIPAAM-PEG 3D and 1 g/L dextran sulfate addition could
delay aggregate formation for up to 10 h and relatively homogeneous aggregate formation
observed after 24h (Fig. IV-2 C). "

After obtaining satisfactory results in generating homogenous aggregates using culture
medium densifies, we hypothesized that this protocol may be also useful for scalable
production of vascularized liver organoids by co-culturing tHE/EC/MSC cells at optimized cell
density and ratio under dynamic suspension culture in spinner flask at 50 ml working volume.
Results showed that heterogeneous aggregates (100-700 ym diameter) were generated by
co-culturing H9-derived HE, EC, and MSC cells and integrated differentiation/maturation after
3, 5, and 7 days that indicated inefficient generation of liver organoids in reproducible manner
(Fig. IV-2 D).

Therefore, the established combination/ratio has been used in preparation of core solution for
all microcapsules production trials using the microfluidic platform for subsequent production

of homogenous liver organoids.
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Figure 1V-2. Optimizing cell ratio and cell density co-culture condition for efficient self-condensation of
hPSCs derived tHE, EC, and MSC for generation of liver bud like structure. Hepatic endoderm cells,
KDR+/CD31+ endothelial cells and hPSCs-derived mesenchymal stromal cells were resuspended at
different ratio 10:8:5, 10:8:2, 10:5:5, 10:5:2, 10:2:2 in co-culture medium transferred to Corning® 384-
well Round Bottom Ultra-Low Attachment Spheroid Microplate and monitored by light microscopy after
24h (A). Explored the transitional hepatic endoderm cells differentiation day (Day 9-12) and total cell
mix density (20,40, and 60 million cells/ml) on self-condensation efficacy and liver organoid generation
(B). Delayed aggregate formation after using combination of 2% Mebiol® Gel PNIPAAM-PEG 3D and
1g/L dextran sulfate addition to co-culture media compared to control group (C). Dynamic suspension
co-culture of tHE, EC, and MSC for generation of liver bud like structure (D).
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Synthesis of biodegradable 4arm-PEG-MMP sensitive peplide as shell material

To date, most of the degradable hydrogel microcapsules for cells encapsulation or organoid
formation made from natural sources biomaterials such as alginate 198, alginate-chitosan 195
or gelatin-based materials 202 that suffer from lot-to-lot variation and variability in
microcapsules generation process. Degrading alginate-based capsules require addition of
chelating agents for divalent cations such as citrate and ethylenediaminetetraacetic acid
(EDTA) or hexametaphosphate that can also have adverse effect on cells/organoids viability
208, Non-degradable PEG derived hydrogels have been also used for microfluidic generation
of liquid core and shell droplets for human hepatocytes encapsulation that offering more
reproducibility and defined condition for robust generation of microcapsules 159. However,
these microcapsules are non-degradable and only suitable for applications that require a shell
as immune barrier layer between therapeutic cells and host immune system such as
encapsuled human islet transplantation. Here, we synthesized a 4arm-PEG-MMP1-sensitive
peptide (Fast degradable MMP1- CGPQGIWGQGRK) material that can be degraded by either
MMP1 secreted by endothelial cells or mesenchymal stromal cells 209210 or low
concentrations of collagenase for releasing organoids from microcapsules for further
maturation under dynamic suspension culture and potential allogeneic cell therapy
applications.

4-arm-PEG-MAL with 10 kDa and 40 kDa PEG molecular weight were used as starting
material and the fast degradable MMP1 sensitive peptide with one cysteine (thiol group) were
conjugated to 4 maleimide groups (Fig IV-3 A) of 4-arm PEG. In the next step, another
maleimide group was added to MPP-peptide end using Sulfo-MBS regent containing
maleimide group bacuase of its fast cross-linking kinetics with DTT (Fig V-3 B). Interestingly,
only 4-arm-10 K PEG-MAL- PEPTIDE -MAL was soluble in water (8% wi/v) and synthesized
4-arm-10 K PEG-MAL-MMP-MAL formed a stiff hydrogel after desalting and concentration

without adding a crosslinking agent (Fig IV-3 C).
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Conjugation of fast degradable MMP1 sensitive peptide to 4-arm-10/40 PEG-MAL for generation of
biodegradable hydrogel (A), Adding maleimide group to 4-arm-10/40 PEG-PEPTIDE using Sulfo-MBS
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spectrometry characterization of 4-arm-10K PEG-PEPTIDE (E), Mass-spectrometry characterization of
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4-arm-10K PEG-PEPTIDE-MAL (F) and its NMR (G).
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Thus, the synthesized 4-arm-10K PEG-MAL-MMP-MAL prepared at 8% concentration as shell
solution and tested for creating hydrogel with DTT cross-linker.

Results showed that dissolved 4-arm-10K PEG-MAL-PEPTIDE-MAL rapidly formed a stiff gel
by adding crosslinking solution with minimum 20 mg/ml DTT concentration. Moreover,
synthesized 4-arm-10K PEG-MAL- PEPTIDE and 4-arm-10K PEG-MAL-PEPTIDE-MAL were
characterized by MALDI-TOF mass spectrometry and NMR that confirmed conjugations
completion for MMP1 degradable peptide (Fig IV-3 E) as well as secondary MAL group (Fig
IV-3 E). Thus, 4-arm-10K PEG-MAL- MMP sensitive PEPTIDE-MAL selected as shell material
for fabrication of microcapsules that can be crosslinked with crosslinkers with thiol groups such
as DDT to form a mechanically stable hydrogel shell in microfluidic system. The main
advantage of the PEG-PEPTIDE hydrogel is its easily degradability by peptidase enzymes or
MMP1 secreted by cells after self-condensation inside microcapsules to harvest organoids
and subsequent integrated maturation under dynamic suspension culture in scalable manner

(Fig IV-3 F&G).

Fabrication of polycarbonate and 3D printed 3D flow focusing chips

Polycarbonate chip was fabricated in different channel configuration designs including round
or U bottom shapes channels, 45° or 90° channel designs (Fig. IV-4 A) , and channels depth
configuration to achieve homogeneous droplet production, minimize channels blocking,
achieve uniform flow for all streams, and maximize productively with smaller microcapsules
size (150-200 uym diameter). Small microcapsules are preferable since capable generating
liver organoids with smaller size for facilitated transplantation and minimizing creation necrotic
cores during growing in hepatic maturation phase (Fig. IV-4 A). After testing different designs
and evaluating generated microcapsules size and size distribution profile (data not shown), U-
bottom type channels with 90° channel junctions and 200 um depth for core, 250 um for shell
channels and 400 um depth for shielding and crosslinking oil channels was selected as optimal

design for homogenous streams flow and generation of microcapsules from 4-arm-PEG-
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Peptide (Fig IV-4 B&C). 3D printed microfluidic chip has also made by same design and both
the microfluidic chips (Fig. IV-4 D&E) were capable for generation of uniform PGA (Fig. IV-4
F) and 4-arm-PEG-Peptide (Fig. IV-4 G) microcapsules with about 150 um diameter.
Optimising cell loaded microcapsules production process for generation of organoids
through self-organisation

As mentioned before, the optimal microcapsules size for liver organoids generation can be
considered around 100-150 um to generated organoids with about 100 um diameter size that
will minimize formation of necrotic cores in the organoids during further expansion and
maturation under in vitro culture condition and facilitate their handling and transplantation. It
has been demonstrated that dense cell aggregates/organoids with diameter size larger than
300-400 pym diameter are prone to reducing viability and creation of necrotic core because of
potential limited diffusion of metabolites or morphogens 211212, On the other hand, maximizing
microcapsules production speed will facilitate the continuous and high throughput production
of organoids and minimizing risk of aggregation or cells clumps formation during co-culture
mixing. Other key important parameter of microcapsules as 3D culture environment is their
mechanical stability allowing them to be stable under dynamic cell culture and respective
shear stress during mixing. Diffusive properties of microcapsules are also high important for
providing efficient metabolites, morphogens, and by-products exchange through the shell to
support cells viability, proliferation, and function. In fact, a balanced mechanical stability and
diffusive properties should be established for successful cells encapsulation and organoids
formation. Among different variables in droplet generation process, core and shell flow rate
and their respective composition are the most important parameters that can be modified to
tune these properties. Here, we first tried to maximize core solution flowrate to increase the
productivity of cells encapsulation and organoid generation. To optimize the flow rates and the
concentration of the 4-arm-10k PEG-Peptide-MAL and PGA, we measured the core diameter
(CD), the shell thickness (ST), and the overall diameter (OD) under different conditions by light

microscopy.
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Figure 1V-4. 3D flow focusing chip design and fabrication. Different channel junction configuration 45°
and 90° junction design (A). Channels depth configuration at 90° (B). Core and shell flow and droplet
formation (C). 3D printed 3D flow focusing chip using VeroClear material (D) Polycarbonate based 3d
flow focusing chip (E). PGA based microcapsules (F) 4-arm 10k PEG-PEPTIDE based microcapsules
(G). Effect of shell flow rate on overall dimension (OD) of PGA and 4-arm 10K PEG-PEPTIDE
microcapsules diameter (OD) (G), Effect of PGA concertation on shell thickness of microcapsules (H)
Effect of 4-arm 10K PEG-PEPTIDE concertation on shell thickness of microcapsules (I) Release of
75kDa rhodamine-dextran (red) from capsules of 2% PGA, 8% 4-arm 10K PEG, and 8% 4-arm 10K
PEG-PEPTIDE. Fluorescein-labeled PEG (green) is used to visualize shell B) Fluorescence intensity of
capsules over time. Dotted lines represent £ SD from measured numbers of capsules (n=10).
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After applying different core and shell flow rates from 4 to 10 pl/min with 20 pl/min flow rate for
shielding and crosslinking oil, we identified that 8 pl/min core flow rate is the maximum flowrate
that can be applied for the continuous microcapsule generation. In the next step, we explored
effect of the shell flow rate and composition to achieve a mechanically stable microcapsule
with proper diffusive properties.

Trials with fixed core flow rate (8 pl/min, 160 mbar pressure) and different shell flow rates
showed that the outer diameter (OD) of generated microcapsules decreased from 231.3 = 8.4
pm diameter to 153.4 + 3.3 ym diameter by increasing shell flow rate form 4 pl/min to 6 pl/min
for 1.5% PGA based microcapsules, respectively. There was no PGA microcapsules formation
at 6.5 pl/min and 7 pl/min flow rates due to no droplet formation in the chip. Similar
microcapsules size profile obtained with 8% 4-arm-10k PEG-Peptide-MAL and increasing
shell flow rate from 4 to 7 pl/min resulted in microcapsules size decrease from 282.2 £ 9.1 ym
diameter to 135.3 + 2.2 ym diameter (Figure IV-4 H). Thus, 7 pl/min and 8 pl/min shell flow
rates were selected to explore the effect of PGA (0.5 % to 2 % wi/v) and 4-arm-10k PEG-
Peptide-MAL (4 % to 10 % wi/v) different concentrations on shell thickness (ST) and its
diffusive properties, respectively.

Results showed that the ST were increased from 13.3 pym to 30.6 ym by increasing
concentration of PGA from 1% to 2.5% while no stable microcapsule generated at 0.5% PGA.
4-arm-10k PEG-Peptide-MAL made microcapsules ST were also decreased by increasing the
polymer concentration from 4 to 10 % from 11.7 ym to 33.9 uym (Figure IV-4 G&l). It has been
reported that microcapsules with low ST (~10-15 um) are mechanically unstable capsules 159.
We have seen same instability and shrinkage in capsules after transferring to spinner flask
under dynamic suspension culture and identified that capsules with about 20 ym ST
correspond to 2% PGA and 8% 4-arm-10k PEG-Peptide-MAL are mechanically stable after
3 days mixing in spinner flask and selected for studying diffusive properties.

Release profiles of 75 kDa rhodamine-dextran from capsules of 2% PGA, 8% 4-arm-10k PEG,

and 8% 4-arm-10k PEG-Peptide hydrogel compositions are shown in Fig. IV-4 K&L. Results
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showed that the ‘half life’ (t1/2) of encapsulated dextran increased ~3.5-fold for 4% w/v PGA
capsules compared to 8% 4-arm-10K PEG-PEPTIDE. It also demonstrated that 8% 4-arm-
10K PEG-PEPTIDE is more diffusive compared to 8% 4-arm-10K PEG of peptide conjugation
(Fig. IV-4 K&L). Thus, the 4-arm-10K PEG-PEPTIDE hydrogel as shell provided more diffusive
properties compared to other hydrogels while maintaining mechanically stability properties.
These properties can facilitate metabolites and maturation induction growth factors/small
molecules exchange through the shell and support cells self-condensation and liver buds/

organoids generation.

Scalable and continuous production of liquid core and shell microcapsules using microfiuidic
platform

Cells loaded microcapsules production trials were conducted under aseptic culture condition
using optimized protocols for cell ingredients production in scalable manner, preparation of
core solution including tHE/EC/MSC cells mixing ratio, and shell material preparation
composition that resulted in generation of microcapsules with proper size and diffusive
properties (i.e. 7 pl/min core flow, 8 pl/min shell flow containing 8% 4-arm 10K PEG-PEPTIDE)
(Fig. IV-5 A, B,C, and D). The minimum achievable biodegradable PGA microcapsules size
was about mean 153.4 um OD that was bigger than 4-arm-10K PEG-PEPTIDE microcapsules
with 135.2 + 2.2 ym. Thus, the 4-arm-10K PEG-PEPTIDE based microcapsules were selected
for vascularized organoids production trials because of their smaller size, good diffusive
properties, and defined chemical composition that offer more reproducibility to minimize
variability between different batches of production.

To start cells loaded microcapsules production using scalable microfluidic planform, we first
tested again different cells inoculation densities in core solution from 1x108 to 40x108 cells/ml
with 1:0.8:0.2 ratio comprising hepatic endoderm, endothelial cells, and mesenchymal stem
cells during microcapsules generation process. Results showed that cells successfully loaded

in microcapsules as single cells with no clump or aggregate formation during dynamic
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suspension mixing in spinner flask, transferring to the chip, and microcapsule generation (Fig.
IV-5 E). Confocal imaging of microcapsules with 40x108 cells/ml cells inoculation density “as
preferred density” also demonstrated that different cell types were efficiently mixed, and ALB*
cells and CD31* as maijor parts of cell population of the mixture were present in the mixture
and homogenously distributed (Fig. IV-5 F). The generated microcapsules were collected in
50ml jacketed temperature-controlled spinner flask and transferred to another 100ml spinner
flask or PBS-MINI Air-Wheel bioreactor (Air-Wheel Bioreactor, PBS Biotech, Inc, US) with 50
ml working volume of co-culture media after separation/washing from core solution and
mineral oil to proceed with hepatic differentiation maturation (Fig. IV-5 G, H, ).

Monitoring microcapsules by light microscopy revealed that cells formed a liver bud like
structure with 80-90 pm diameter size through self-condensation after 24-48 h of
microcapsules generation. The generated buds/organoids were grown slightly inside the
microcapsule and reached to 110-120 ym diameter size. After 3 days of co-culture,
microcapsules shell started degradation because of potential MMP1 secretion by hepatic
endoderm cells 213 | endothelial cells 214 and mesenchymal stromal cells that degraded the
fast degradable MMP-1 peptide linker in hydrogel structure. The shell hydrogel was largely
degraded at Day 3-4 of co-culture (Fig. IV-5 J), but the generated organoids could not be
easily separated from partially degraded hydrogel. Human recombinant MMP1 (MMP-1
human, SRP6269, Sigma-Aldrich) was added to culture media at optimized 20 nM
concentration for complete solubilization of the shell hydrogel that allowed simple harvesting

of generated organoids by 70 ym reversible strainer mesh (27260, STEMCELL technologies).
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Figure IV-5 Scalable and continuous production of liquid core and shell microcapsules using microfluidic
platform. Microfluidic set-up for continuous production of microcapsules including liver organoids under
aseptic culture condition (A). 50 ml cell mixing spinner in 400ml pressure chamber for introducing core
solution to the droplet generation chip (B). Droplet generation chip generating 4-arm 10K PEG-
PEPTIDE microcapsule with uniform size at optimal flow rates (C). Jacketed/temperature-controlled
spinner flask for collecting generated microcapsules (D). Microcapsules generated with different co-
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culture densities in core solution including 1 x 108 cells/ml, 20 x 108 cells/ml, and 40 x 106 cells/ml.
Immunostaining of albumin (tHE) and CD31+ (Endothelial cells) inside microcapsules (F).
Microcapsules generation process comprising generated microcapsules at 40 x 10° cells/ml density
(G), dynamic suspension culture of microcapsules in spinner flask and AirWheel bioreactors for self-
condensation of 3 cell types tHE, EC, MSC (H), Dynamic suspension culture of vascularized liver
buds/organoids released form microcapsules for further integrated differentiation/maturation (l). Self-
condensation of 3 cell types tHE, EC, MSC in microcapsules after 48h and release after 4 days including
viability of cells in generated vascularized organoid (J). Phase-contrast images of self-organized
organoids after 7 days culture under dynamic suspension condition including immunostaining of
organoids after 6- and 7-days culture for ALB* and CD31* cells (K).

Harvested organoids were then cultured again in FBS-free co-culture media supplemented
with 2% PL and growth factors under dynamic suspension culture for another 3 days and
characterized for structure and hepatic functionality form days 1 to 7 after co-culture. Confocal
imaging of day 2 and day 3 generated buds revealed that albumin positive cells population
surrounded by endothelial cells.

Live/Dead imaging of day 3 buds also showed that microcapsules supported high viability of
liver buds cell population and further hepatic maturation since the albumin positive cell
population area were increase from day 2 to day3 of co-culture (Fig. IV-5 J). Continuing liver
buds/organoids culture for 7 days under dynamic suspension culture resulted in generation of
self-organized structure inside the buds comprising 3D dense structures inside aggregates
with 250 + 40 ym diameter (Fig. V-5 K).

Confocal imaging of Day 6 and Day 7 liver organoids using direct Alexa-flour conjugated
antibodies staining protocol showed that hepatocyte cells populated in dark areas of generated
organoids and surrounded by CD31* endothelial cells. Interestingly, dark areas were
interconnected and formed a 3D like structure during maturation under 3D dynamic

suspension culture (Fig. 1V-5 K).

Generation of highly functional and vascularized hepatobiliary organoids after 7 days culfure
under dynamic suspension culfure

To further characterize the generated 3D structure in generated organoids, a non-linear pulsed

laser scanning of whole organoid was conducted in 4 pm steps by multiphoton microscopy
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(Fig. IV-6 A). Results showed that the self-organised 3D structure created in red color (Fig. V-
5 K) include ALB* transitional hepatic endoderm’s or hepatocytes (Dark red, APC) in
surrounding of CK19* cells (light Red, Alexa flour 594) that formed small interconnected
tubular duct-like structures (Fig. IV-6 A).

Moreover, analyzing different layers at different organoid diameter levels (88 ym, 112 ym,
and 65 pym depth) revealed that all formed tubular structures are interconnected and created
a 3D structure ALB+ and CK19+ cells. Endothelial cells (Green CD31*, Alexa flour 488) were
also dispersed through the organoids and created vascular structures visible ad green dots
and spots (Fig. IV-6 A). From localization point of view, CK19* cholangiocytes cells were
formed small ducts-like structures as well as a population around the ducts with a ring/tube
like structure with lower cell numbers out of biliary duct.

Hepatic endoderm cells (ALB*) were also localized around and in between of ducts while
endothelial cells dispersed all over the organoid and formed small vascular-like structure (Fig.
IV-6 B). Characterization of biliary ducts with higher magnification (30X magnification) clearly
showed the localization of CK-7* cholangiocytes around the ducts as well the ring like structure
(Fig. IV-6 C). Moreover, cells inside the bile ducts well-expressed E-cadherin as well as
cytokeratin-19 (CK-19) and albumin around the ducts that are reliable markers for
cholangiocytes and hepatocytes (Fig. IV-6 D) 215,216,

To track self-condensation/organisation events/progress after co-culturing under during
dynamic suspension culture, samples were taken every 24h after co-culturing in
microcapsules as well as subsequent release and analyzed by multi-photon microscopy at the
same day. Captured images showed increasingly hepatocytes like cells population expansion,
growing of created 3D structure, and self-organisation as interconnected 3D structure during

this period.
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Figure 1V-6 Generation of highly functional and vascularized hepatobiliary organoids. (A) Multiphoton
microscopy of a 7-day hepatobiliary organoid at different depth (55-153 ym) to show the self-organized
structure, (B) Generated biliary structures (CK19-pink) that surrounded by hepatocyte like cells
expressing albumin (ALB-red) and endothelial cells (CD31-green). C) Magnified view of biliary tubes
stained with direct CK-7 antibody (Red, 30X magnification). D) Multiphoton images of biliary tubes with
30X magnification showing co-existence of hepatocyte like cells, cholangiocytes, and endothelial cells
as well expression of e-cadherin in biliary structures (30X magnification). (E) monitoring hepatobiliary
organoid growth and self-organization during day 2 to 6 culture under dynamic suspension culture after
co-culturing in microcapsules.
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Creation of biliary ducts started from Day 2 and emerged to form a completely self- organized
ducts during 5 days under dynamic suspension culture. A fully self-organized and vascularized
liver organoid generated after 6-7 days of dynamic suspension culture with similar structure of

fetal liver tissue (Fig. IV-6 E).

Fully vascularized structure of generated hepatobiliary organoids and their CYP expression
A critical feature and functional property of a complex functional liver organoid is their
vascularization that will improve the maturation of hepatocytes and their fast integration with
host vascular network for further proliferation and maturation.

To better illustrate vascularized nature of the generated organoids and angiogenesis progress
after co-culturing cells. Vascular networks were directly stained by CD31 conjugated antibody
and the whole organoid scanned by multiphoton and confocal microscopy. Results revealed
the creation of self-organized endothelial cells populations that were well-dispersed all-over
the organoids in between of hepatocyte/cholangiocyte like cells 3D structure (Fig. IV-7 A&B).
The created network were also visible as small holes in 6 pm cross section of organoid as
characterized By IHC (Fig. IV-7 C).

Moreover, the 3D image of 5 days organoid showed the interconnected nature of created
vascular networks that extended from inside to surface of organoids (Fig. IV-7 D and E). Same
structure observed for 7 days organoid where the hepatobiliary organoids diameter size
increased while preserving the self-organized structure. To verify the localisation of endothelial
cells in created vascular structure, an image captured from cross section of a vascular tube
using 60X objective where showing CD31* endothelial cells formed a vascular tube and

surrounded by ALB* hepatocytes likes cells (Fig. V-7 F).

179



A ALB CD31 DAPI B CD31 DAPI C CD31 DAPI

D ALB CD-31 DAPI E ALB CD-31 DAPI

3D- 7 days

F CD-31 DAPI G

VEGF A

H9 spheroid
VLO D2
VLO D3

H | J
CD31 CYP3A4 DAPI CD31 CYP2D6 CD31 CYP1A1

Figure IV-7 Vascularized structure of generated hepatobiliary organoids and their CYP expression.

(A) Vascularized hepatobiliary organoids including CD31+ cells stained by direct antibody that
dispersed in whole organoid and created vascular structure, (B) CD31+ cells network in hepatobiliary
organoid, (C) Immunohistochemistry of hepatobiliary organoid cross section including CD31+ cells and
small holes related to generated vasculature, (D) 3D image of 5 days and (E) 7 days hepatobiliary
organoid including CD31+ cells that created 3D vascular structure through angiogenesis. (F) Cross
section of single vasculature including CD31+ cells surrounded by ALB+ cells captured by multiphoton
microscopy with 60 X magnification. (G) gRT-PCR analysis of angiogenesis related genes in 3, 5, and
7 days hepatobiliary organoids. (H, |, and J) expression of CYP enzymes markers including CYP3A4,
CYP2D6, and CYP1A1 in multiphoton microscopy images of 7 days multiphoton microscopy.
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Gene expression analysis also confirmed the expression of key angiogenesis related genes
(e.g. SPP1, PDGFA, FGFRI1, and VEGFA) in generated organoids and their increasing
expression during 7 days of maturation after co-culturing in microcapsules as an indication
for InProgress angiogenesis (Fig. IV-6 G). Thus, we named these organoids as vascularized
hepatobiliary organoids (VHO) that showed high similarity with the liver structure.

Finally, to demonstrate the functionality of hepatocyte like cells generated in vascularized
hepatobiliary organoids, direct staining with CYP enzymes antibodies (CYP3A4, CYP2D6, and
CYP1A1) were conducted for 7 days vascularized hepatobiliary organoids that showed their
well expression as 3D structure same to albumin positive expressing cells structure. To further
characterize the hepatobiliary organoids metabolite activity and liver proteins secretion profile

were evaluated.

Metabolic activily of vascularized hepatobiliary organoids

To explore metabolic activity of generated vascularized hepatobiliary organoids, absorption,
and release of ICG, glycogen storage, and lipid processing was evaluated. As shown in Fig.
IV-8, the ability of 7 days VHO under dynamic suspension culture was assessed for different
metabolites storage. Results showed that 7 days VHOs are presenting high functionality with
respect to indocyanine green (ICG - Cardiogreen) absorption and release after 6-8 hours (Fig.
IV-8 A), glycogen storage determined by PAS staining (Fig. IV-8 B), and acetylated low-density
lipoprotein (Dil-ac-LDL) uptake (Fig. 1V-8 C). Interestingly, the fully vascularized and
interconnected tubular biliary structure of organoids were also clearly visible in LDL uptake
images. H9 cell line was used as negative control and did not show any of the functions

studied.
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Figure IV-8 Metabolic activity properties of VHOs and their key genes and protein expression

The VHOs showed key hepatocyte functional activities, such as (A) Indocyanine green (ICG -
Cardiogreen) uptake and release after 6-8 hours; (B) glycogen storage indicated by PAS staining; and
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(C) Acetylated low density lipoprotein (Dil-ac-LDL) uptake in red. Secretion pattern of three hepatic
proteins by VHOs. Conditioned media from organoids culture were collected after 48 hours from the
completion of the differentiation protocol for different groups with and without cells. (D) Intercellular
Urea, (E) Albumin and (F) Fibrinogen were detected. The results are representative of at least three
independent experiments. Data presented as mean £ SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001;
Detoxification property analysis of VHOs. Cytochrome P450 (CYP450) induction analysis, three
important CYP enzymes were assessed through incubation of the differentiated VHOs with specific
inducers: Rifampicin for the CYP3A4 (G), Phenobarbital for the CYP2B6 (H), Omeprazole for the
CYP1A1(l) in a period of 72 hours. DMSO was used as control to test the basal activity of the different
CYP450. Data presented as mean £ SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001. (J) Representative
gel electrophoresis of RT-PCR products from VHOD7 and HPH for mRNAs associated with the AFP
and HNF4A as hepatic endoderm genes, hepatocyte-maturation markers (7A7, ATAT, and TDO),
cytochrome P450 family (e.g., CYP3A4, CYPZ2D6, and CYP1AT7), obtained from independently
triplicated experiments. H9 cells were used as a control, and a liver extract from a healthy donor was
used as a positive control. (K)

Urea metabolism and profeins secretion

The intracellular urea concentration in VHOD1 and VHODS3 was significantly lower than HPH
while VHOD5 and VHOD?7 had comparable urea concentration (about 95% of HPH, 0.057 and
0.059 nmol for VHOD5 and VHODY7 vs. 0.061 nmol for HPH, respectively) that indicating their

higher maturation (Fig V-8 D).

Relatively similar secretion profile was observed for albumin secretion but only VHOD7 had
comparable secretion with HPH (about 95% of HPH, 194 ng/ml vs. 205 ng/ml for 5 x10 5 cells,
respectively) (Fig IV-8 E). Fibrinogen secretion had different trend where VHOD1 to VHOD7
had comparable secretion with HPH (from 0.049 to 0.059 vs. 0.61 for HPH) and only H9

secretion was significantly lower than other groups (p = 0.001).

CYP enzymes acfivily

The in vitro detoxification capacity of 1, 3, 5, and 7 days VHO was measured by characterizing
the activities of three important Cytochrome P450 (CYP450) family enzymes (CYP3A4,
CYP2B6, and CYP1A1) and DMSO was used as a control/basal activity in cell culture. Results
indicated the increasing trend of activities after co-culturing/during maturation of organoids as
well as significant increases in the activities of all the tested isoforms of CYP450 relative to

the DMSO control during organoid maturation process (Fig. IV-8 G, H, and ). VHO’s displayed
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increased CPY450 activity when compared to DMSO group in response to induction with
Rifampicin (CYP3A4: from 65.36% to 112.9% for VHOD1 and VHOD?7 vs. 38.73% to 47.77%
for DMSO, respectively), Phenobarbital (CYP2B6: from 42.86 to 91.03 for VHOD1 and VHOD7
vs. 23.63 to 63.76 for DMSO, respectively ), and Omeprazole (CYP1A1: from 48.66 to 158.53
for VHOD1 and VHOD7 vs. 16.23 to 91.4 for DMSO, respectively). Moreover, the VHOD7
displayed comparable CYP450 activity relative to HPH for CYP3A4 and CYP1A1 isoforms
(CYP3A4: 112.9 vs. 116.33, p< 0.01; CYP1A1: 158.53 vs. 167.63, p < 0.01) while the activity
for CYP2B6 of were significantly lower that HPH (p < 0.05).

We believe that CYP activities could be improved with further maturation under dynamic
suspension culture since activities for all isoforms were improved after co-culturing and during

dynamic suspension culture.

Gene expression analysis of hepatobiliary organoids

To confirm the gene expression associated with hepatic differentiation, we conducted
quantitative RT-PCR (Fig 1V-8 J) for VHOD7 and HPH to evaluate the maturation extent of
generated VHO. Results showed that VHOD?Y still expressing hepatic endoderm related genes
(AFP and HNF4A) while also expressing mature hepatocyte markers including 7A7, A7AT,
and 7DO as well as CYP enzymes related genes will less extent.

A gene expression profile study by g-PCR was also conducted for liver progenitor’s population
at day 10 before starting the co-culturing process with endothelial progenitor cells and
mesenchymal stem cells as starting material as well as VHO’s generated at days 3 to 7 of
hepatic differentiation/maturation process to realize if the correct developmental path followed
during entire differentiation process ((Fig IV-8 K). H9 cells also used as control for the g-PCR
study.

Results showed that day 10 liver progenitors expressing key endoderm, early hepatic, and

transitional hepatic endoderm markers related genes including 7BX3, RBP4, SOX17, SOX9,
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CEBPA, PROXT, TAT, HNF1B, HNF6, HNF4A, AFP that indicating their suitability to be used
as starting cell ingredient for vascularized liver organoids production. The expression of these
genes was decreased after co-culturing and the initiation of hepatic differentiation process
under dynamic suspension culture.

After 3 days of co-culturing and during hepatic differentiation process, expression of mature
hepatocyte genes (e.g. 77R, ALBUMIN, CYP3A7, CYP3A4, PEPCK, G6PC, TDO, PDGF, and
SPPT) was increased and this trend continued until day 7 of the maturation process when the
gene expression profile of VHOD7 become similar to fetal liver gene expression profile. High
expression of mature hepatic genes such as CYP enzymes and cholangiocytes related gene
(i.e. CK19) was also detected after 5 days of hepatic differentiation process.

The VHOD7 gene expression profile was more similar to human fetal liver gene expression
profile but with higher expression for some key haptic maturation genes including CYP3A7,
CYP3A4, PEPCK, G6PC, TDO, and PDGF as well as CK79gene as a marker of cholangiocyte
that can be related to generation of hepatobiliary structures inside the vascularized
hepatobiliary organoids. The CK19 expression was largely increased after 5 days of co-culture

during the hepatic differentiation process.

Western blot analysis of hepatobiliary or ganoids

The gene expression pattern of VHOs was further analyzed by Western blot. The results of
Western blotting (Fig. 1V-9 A) confirmed the progression of gene expression detected by
reverse transcription-PCR (RT-PCR) and g-PCR gene expression profiling. The VHDOS3,
VHDOS5, and VHDO7 well expressed proteins related hepatic endoderm, hepatocytes and
cholangiocytes. Moreover, the expression of hepatic endoderm protein (AFP) decreased
during the maturation process and was comparable to human fetal liver expression for VHDO7
rather that HPH. On the other hand, expression of hepatocyte (ALB) and cholangiocyte related

protein (CK19) increased during the maturation process after co-culturing in microcapsules.
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These results indicating that the generated organoid still has fetal level maturity and may
undergo more maturation after extended culture under dynamic suspension culture.

Finally, measurement of total DNA content of VHOs as an indirect method for estimation of
cell numbers showed the proliferation of VHO after coculturing and during the maturation
process and total DNA content of VHOD7 increased by 2.4 fold compared to the self-

condensed organoid after co-culturing (Fig. IV-9 B).
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Figure IV-9 Western blot analysis and VHOs total DNA content. (A) Western blotting of AFP, albumin,
and CK19 proteins showing upregulation of hepatic endoderm, hepatocyte, and cholangiocyte genes
expression during the differentiation process under dynamic suspension culture. (B) Total DNA
concentration of VHOs at different culturing days after co-culture in microcapsules showed that the total
yield of cells increased during maturation process for about 2.4 FI by day 7 of culture.
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Discussion

Organoid technology has showed enormous potential to bridges the gap between
conventional cell therapy using individual tissue specific cells (such as hepatocyte like cells
that mainly demonstrated poor clinical efficacy in previous studies) and large tissue
constructs/grafts or whole organ bioengineering transplantation (such as bioengineered livers
217) that are showed promising results but currently suffering from significant fabrication and/or
fabrication process scalability issues for large scale production and subsequently widespread
clinical application. Thus, complex organoids can be considered as a new class of cell-based
therapeutic products since they can offer significant higher functionality compared to individual
cells, more facilitated scalable production due to their smaller scale compared to tissue
constructs or whole organ, and capability for generation from expandable hPSCs or adult
derived liver progenitors for potential clinical application 82218 |n this study, we developed a
continuous process for fully scalable and xeno-free generation of complex and highly
functional vascularized hepatobiliary organoids from hPSCs with similar structure to native
tissue. This has been achieved by optimizing and scaling up the production of all required cell
ingredients for vascularized liver organoids generation including transitional hepatic endoderm
cells, endothelial progenitor cells, and mesenchymal stromal cells from individual hPSC lines
and then developing a continuous process for 3D co-culturing of these cells in uniform size
biodegradable hydrogel microcapsules using microfluidic technology. Novel 4-arm-PEG-fast
degradable MPP sensitive peptide made microcapsules containing required cells ingredients
with optimized mixing ratio and total cells density were generated in fully scalable droplet
microfluidic platform for self-condensation/self-organisation of cells under 3D and xeno-free
culture condition and their subsequent release to mimic /n Vivoliver bud development process
to generate vascularized liver organoids generation. The dynamic and integrated 3D culture
of generated organoids after co-culturing (Maximum 7 days) resulted in generation of self-
organized vascularised hepatobiliary organoids that contained large population of ALB+

hepatocyte like cells pollution in surrounding of interconnected vascular structures created by
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endothelial cells angiogenesis as well as biliary duct structure that created by cholangiocyte
cells. Monitoring the organoids self-organization events with confocal microscopy together
with gene expression and metabolic activity profiles revealed a very interesting combined
maturation and self-organisation process that resulted in generation of highly functional
hepatobiliary organoids. The established platform has addressed four important key
challenges of previous protocols for generation of complex, vascularized, and functional liver
buds/organoids from hPSCs 21.100 including poor scalability of starting cell ingredients
production, poor scalability of co-culturing technique and vascularized liver bud/organoids
generation (Up to 108 cells per batch of production which is enough for one pediatric patient),
necessity of using xeno-derived ECM for self-organisation of organoids (e.g. Matrigel) or
coating of micro-well surfaces, and lacking biliary duct structure and self-organized
cholangiocyte cells in generated organoids which is essential for normal liver function,
metabolism, and organoids proper structure and functionality. To date, few studies established
protocols for generating functional liver organoids with hepatobiliary structure from hPSCs
called “Hepatobiliary organoids” but all of them were able to only generate few organoids in
culture dish under 2D static culture condition that could no be adopted for scalable production
to meet requirement for future clinical application 193.154 Moreover, there is no report
published for generation of liver organoids with both vascularized and biliary structure from
hPSCs or adult derived progenitor cells as cell source that indicating the importance of
obtained results.

Therefore, a critical current bottleneck and technical issue in translating the established
organoids generation technologies for clinical application and “organoid medicine” is limited
scalability of protocols for production of sufficient therapeutic doses of liver cells as complex
and functional hepatic organoids for effective therapy. Practically, treating one adult patient
with acute liver failure require more than 2x 10° functional hepatocytes cells or as
organoids/microtissues while few hundred billion of cells as organoids are required as off-the-

shelf therapeutic product for allogeneic liver cell therapy enabling their widespread clinical
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application 132, To generate this massive numbers of cells/organoids, billion numbers of
transitional human hepatic endoderm/functional hepatocytes are also essentially required as
starting cell material for scalable production of liver organoids since the human liver contains
more than 100 billion hepatocytes 177 comprising 70-80% of total cell population and clinical
reports indicating that at least 10-20 % of liver cell population is required for an effective liver
regenerative therapy 219. To overcome this issue, developing scalable technologies for large
scale production of clinical grade liver progenitors/hepatic endoderm’s and more importantly
high quality/functional human hepatocyte cells/hepatic organoids from a proper and readily
available cell source (hPSCs) or adult derived progenitors (LGR5-positive bipotential human
liver stem cell) has been explored by different research groups using different platforms such
as microwell array plates 21 and stirred suspension bioreactors 18.76.220,

Among different potential cell sources, hPSCs are considered one of the most convenient
stem cell types for hepatocyte or liver organoid generation and production for potential
personalized and allogeneic cell therapy application. They provide a readily available and
unlimited cell source that easily adaptable for expansion and integrated differentiation in
scalable suspension culture systems for production of stem cells progenitors (e.g. endothelial
progenitors and mesenchymal progenitors required for vascularized liver bud formation) and
their therapeutic derivatives with potential autologous and allogeneic cell therapy applications
96,172,221 There are different reports that succeeded in generation of liver progenitors
expressing key liver progenitors markers and resulted in generation of functional hepatocyte
like cells or liver buds 21.124,200,222 phyt few reports generated these cells in scalable manner
as perquisite for large scale production of liver organoids/buds, bioengineered liver constructs,
and whole liver bioengineering 18.

In this study, we first optimized our previously established integrated dynamic and scalable
suspension protocol for generation hepatic endoderm cells to achieve a liver progenitor
population expressing key markers reported by other studies for liver bud generation (e.g.

TBX3, ADRA1B (alpha-1b Adrenergic Receptor), EPCAM, CD90, and Hnf4a) from hPSCs as
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3D aggregates 21.124)_ Optimizing Activin and Wnt3A concentration and treatment strategy for
endoderm differentiation and then HGF concentration at 20 ng/ml for hepatic differentiation
resulted in generation of a cell population in aggregates with 88% SOX17/FOXA2 double
positive cells and then rich population of liver progenitor's as 3D aggregates that well
expressed key liver progenitors markers during day 9-11 of the integrated hepatic
differentiation process and cells derived from all days was suitable for self-condensation and
liver organoid generation in multi-well plates and microcapsules format. Tan e/ a/. reported the
maximum liver progenitors population (94.1% * 7.35% TBX3*HNF4A* human liver bud
progenitors) at Day 6 of hPSCs differentiation process by temporally dynamic manipulation of
extracellular signals 124 and Takebe group reported that Day 8 of hiPSC-derived transitional
hepatic endoderm cells as the only progenitor population suitable for liver bud generation, both
done under static adherent culture condition. We evaluated the Takebe group protocol for
integrated hepatic differentiation of hPSCs as 3D aggregates that was not successful and
resulted in dissociation of aggregates and significant cell death and after 2-3 days of induction.
The result indicating that the culture mode (2D vs. 3D) and differentiation protocol largely affect
the differentiation process outcome and should be optimized for each intended application and
we used the optimized hepatic progenitors production protocol as 3D aggregates for all co-
culture optimization trials .

In parallel, we established robust protocols for scalable production of mesenchymal stem cells
(a promoter of self-condensation mechanism and improving hepatic differentiation) and
endothelial progenitor cells (as promoter of angiogenesis and improving hepatic
differentiation) from individual hPSC lines under dynamic suspension culture condition as
perquisite for large scale co-culturing and generation of vascularized liver organoids in
scalable manner. Stable generation and scalable production of ES-derived mesenchymal
stem cells and their EVs has gained increasingly attention during recent years for cell therapy
applications of a variety of diseases, including degenerative and chronic ones such as

allogenic skin grafts, cartilage repair and cerebral ischemia. These cells can offer same
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advantage of tissue derived MSCs but with lower immunological issues and limitations 223,224,
To date, several protocols and reports published that aimed to develop scalable expansion of
hMSCs from different sources 225 but there is no report for expansion of hPSC-derived MSCs
in scalable manner. The established protocol in this study can be used for massive production
of functional hPSC-derived hMSCs using microcarrier technology with very good fold increase
in multiple passages (about 11 Fl for 12 passages) for scalable complex organ buds/organoids
production by mesenchymal stem cells driven self-condensation mechanism 9 and other
potential applications.

Scalable production of endothelial cells is another essential perquisite of large-scale
vascularized liver organoid production as cell ingredient responsible for creating vascular
structure within organoids or microtissues through angiogenesis. The created vascular
structure can facilitate nutrient delivery and metabolite removal within organoids and their fast
integration to the host vascular structure to support proliferation, further maturation, and
function 226,227 |t has been also demonstrated that endothelial cells improved maturation of
hepatocyte like cells after co-culture with hepatic endoderm cells and resulted in generation
of highly functional liver organoids 100, Few reports established protocols for scalable
production of endothelial cells for potential tissue fabrication and clinical application as 3D
aggregate under dynamic suspension culture 85 or hydrogel based 3D culture system 184,
However, these protocols require purification step for isolation of CD31+ cells 185 or depends
on using thermoresponsive gels 184 for endothelial cells generation that will largely increase
the complexity of process and its costs. In this study, we established a robust and fully scalable
integrated differentiation protocol for production of endothelial KDR* progenitors (about 75%
at day 6 ) and mature CD31* cells (about 95% at day 8) from hESC and hPSC lines using
microcarrier technology without need a purification step or hydrogels based culture system to
generated CD31* positive cells with more than 90% purity. Thus, the established platform can

be used for large scale production of endothelial cells for scalable liver organoids generation
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and or other potential applications aimed to create vascular microtissue or tissue constructs
or direct transplantation.

After successful development of robust and scalable protocols for production of required cell
ingredients for liver organoids generation including tHE, hMSC, and ECs from hPSCs under
defined and xeno-free culture condition. We explored different platforms for fully controlled co-
culture of these cells in scalable and customizable manner under 3D environment for
subsequent self-condensation and creating vascularized liver organoids. To date, different
platforms have been employed for co-culturing different cell types under 3D culture conditions
including multi-well plates with one drop of soft ECM gel such as Matrigel™ for facilitating
cells self- condensation to organoids 131, micro-well arrays 100, omni-well plates as high-
throughput version of multi-well plates coated with biopolymers (e.g. HEMA) 21, liquid core
and solid shell hydrogel microcapsules generated by either elector-spraying encapsulator 164,
air-driven droplet generator 228, microfluidic flow-focusing droplet generation systems 159, and
a very simple strategy including dynamic co-culture in spinner flask which offering superior
scalability but poor control for mixing cells with defined ratio 229,

Therefore, we first tired the simplest and scalable strategy by co-culturing tHE, hEC, and
hMSCs, and EC cells in glass spinner system or AirWheel bioreactor (PBS biotech, US) with
50 working volume under dynamic suspension culture condition to generate homogenous
vascularized organoids in scalable manner. However, results showed that heterogeneous
spheroids formed with diverse morphology that indicating the poor mixing efficacy of cells with
defined ratio (10:8:2, respectively) in this culture system. Practically, inoculated cells were
formed spheroid after 4h of inoculation mainly consisting hepatic progenitors’ population due
to high tendency of tHE for re-aggregation while EC and MSCs has showed low tendency for
aggregation under dynamic suspension culture.

Among other platform technologies, the micro-well plates can offer very good reproducibility
for providing a completely uniform 3D environment for co-culturing of required cell components

for self-condensation and vascularized liver organoid formation under static culture condition.

192



However, generating massive numbers of organoids using this platform would be a labor-
intensive and multi-step process that is not amenable for scalable manufacturing of organoids
with clinically relevant cell numbers for clinical application. For instance, a omni-well-array
plate consist of over 20,000 micro spots per well were capable of producing liver buds with
108 cells which is only enough for treating one pediatric patient with acute liver failure while
treating an adult patient would require to use at least 10 plates in parallel for producing 10°
cells 21.230,

As an alternative 3D microenvironment platform, biodegradable hydrogel microcapsules
generated by flow-focusing/droplet microfluidic chips can be used as 3D environment for co-
culturing different cell types, generation of organoids/micro-tissues, and their subsequent
release from capsules instead of using micro-wells in array plates 231. The hydrogel
microcapsules technology has gained increasingly attention during last ten years as fully
controllable 3D environment for spheroids formation 159, cells/islet encapsulation 232, co-
culturing different cells for microtissues formation 233, organoid generation (e.g. intestinal
organoids), and cryopreservation for direct injection to body after thawing 164. The completely
tunable properties of hydrogel micro-capsules using different combinations of biomaterials and
fabrication technologies, continuous production capability, and more importantly enabling
dynamic suspension culture of generated micro-tissues/organoids culture inside of
microcapsules has largely boosted their potential applications as preferable 3D
microenvironment 162,231,

The conventional microfluidic technology mainly consists of syringe pumps (Max. 50 ml
volume for each stream) for delivering different streams to individual microfluidic chip for
droplet generation which is not scalable for mass production of microcapsules in continuous
manner 199, The electrospray generation of liquid core and shell microcapsules can offer
superior scalability for high throughput generation of cells loaded microcapsules but suffering
from important technical issues such as batch to batch variation of microcapsules size and

their physical and mechanical properties (e.g. shell thickness and shape) due to air flow and
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voltage based driven mechanism of microcapsules generation that will result in heterogenous
microtissue/organoid formation as well as routine spray nozzle clogging by hydrogel
solidification that require multiple pauses during the production process for nozzle cleaning
234,235

Therefore, a scalable microfluidic technology for generating core and shell microcapsules (e.g.
using flow-focusing microfluidic chips) can be considered as proper choice for continuous
production of organoids through self-condensation mechanism due its capability to achieve
highly uniform morphology and size-controlled microcapsules with tunable mechanical
properties and permeability in a fully controlled manner. However, most of the established
droplet microfluidic platforms mainly used natural biopolymers as shell material (e.g.
alginate/chitosan-based materials) for microcapsules production that are offering tunable
barrier/immune-barrier properties and biodegradability but also suffer from batch to batch
variation in composition that subsequently results in low reproducibility of capsules production
process and poor size distribution homogeneity due to the natural source of these materials
236, As more defined alternatives, GelMa and 4-arm PEG network hydrogels or their
combination have been used a shell material that providing chemically defined materials with
completely tunable diffusion and mechanical properties for cells encapsulation 159,202,237,238
Although these biomaterials presenting defined and good immune-barrier, and metabolites
permeability properties, but they are not degradable to release generate organoid/buds after
self-condensation and formation. A fully degradable shell material using will allow the
organoids release after self-condensation for further maturation under dynamic suspension
culture as essential perquisite for autologous or allogeneic cell/organoid therapy application
(Siltanen, Diakatou et al. 2017, Wang, Liu et al. 2019). The degradation method/strategy
should be effective enough to completely dissolve the material, while at the same time, without
any detrimental effect on cells/organoids viability. For instance, the alginate made
microcapsules can be degraded/removed by ethylenediaminetetraacetic acid (EDTA) that also

can dissociate cell spheroids/aggregated and decrease the cells viability 199,164,
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In this study and to meet the cell-friendly degradation process criteria, we designed a fully
biodegradable 4-arm PEG-MAL based hydrogel to be used as shell material by conjugating a
fast degradable-MMP sensitive peptide to each arm of 4-arm-PEG-MAL and then added
another maleimide group to the MPP sensitive peptide chain that enabled its crosslinking with
sulfide groups (e.g. DTT). We also used polygalacturonic acid (PGA) as shell material for
fabrication of microcapsules that can be crosslinked by calcium lon and degraded by adding
pectinase enzyme after organoids self-condensation as cheaper alternative and mild
degradation potential with pectinase enzyme since pectinase doesn’t have any effect of cells.
Results showed that both uniform size microcapsules can be generated by flow focusing
droplet microfluidic chip to offer a good 3D environment for co-culturing cell ingredients and
subsequent organoid release by degradation. However, the PEG-Peptide based
microcapsules were preferred for other trials because of its defined properties that resulted in
more uniform and smaller microcapsules minimum size (i.e. 135.3 £ 2.2 ym diameter) and
higher permeability for metabolites exchange. They can be also used as smart microcapsules
that could be automatically degraded after organoid formation by secreted MMP enzymes by
mainly endothelial cells 239.240,

Another issue with conventional droplet microfluidic technology for microcapsules generation
is that most of the currently established protocols for generation of core and shell
microcapsules and encapsulating cells employed PDMS , glass, or their combination made
flow-focusing chip that are suffering from important technical issues for continuous droplet
generation 199.241.242 Preparing these 3D flow-focusing chips require intensive work for
fabrication and their contact parts with streams/cells suspension that are prone to change their
hydrophobicity/surface properties during the microcapsule’s generation process. Modification
of channels surface properties and gradually removal of coating can result in capsules/cells
adhesion to microfluidic chip channels wall that will result is microcapsules generation process
instability or stop. Accordingly, PDMS and glass based microfluidic chips have not translated

well to a commercial scale and mass-production manufacturing due to their multi-step and
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labor-intensive fabrication processes such as etching (glass and silicon) or embossing and
injection molding (thermoplastics). Furthermore, all of these fabrication approaches are limited
by the range of features that can be created, with a move from 2.5D (structures with varying
width but identical depth) to 3D structures significantly increasing processing cost and
reducing success rates (Chen, Mehl et al. 2016, Liu, Wang et al. 2020).

In this study, we fabricated microfluidic chips using either 3D printing technology by polyester
material (VeroClear®) or polycarbonate-based chip material (Medical grade polycarbonate
sheet) that offering significant advantage for continuous generation of microcapsules. Both
materials are inert and do not need channels surface treatment during fabrication for
microcapsules generation process. | addition they can be fabricated in one or few simple steps
and could be used for aseptic microcapsules generation by sterilizing the fabricated chips by
either gamma irradiation (polyester based chip) or steam sterilization (polycarbonate made
chip). Employing these materials and 3D printed chips for microfluidic application has gained
increasing during last 5 years 243-246_ After fabrication trials and testing chips performance
during continuous microcapsules generation, we preferred to use polycarbonate based chips
with stainless steel inlets because of its thermal and chemical stability, very low cell
attachment properties , clear transparency for better monitoring the generation process, and
availability of medical grade sheets for fabrication and use under GMP environment.

In order to establish a fully scalable microfluidic platform for microcapsules generation, we
employed pressure-driven microfluidic pumps and fully scalable remote pressure chambers
commercially available from 30 ml to 400 ml (Mitos P-Pump Remote Chamber, Dolomite
Microfluidic, UK) and even few liters scale volume for delivering streams to the microfluidic
chip or multiple microfluidic chips in parallel that offering superior scalability, precision, and
flow stability for delivering pulse-free flow for the microcapsules production process by
integrating the pressure and flowrate sensors of each stream. This platform can be also easily
adapted for GMP manufacturing of microcapsules under aseptic condition for clinical grade

organoids production as well as drug loaded hydrogel microcapsules 247,

196



In the next step and to generate cells loaded microcapsules in continuous manner, we first
optimized the cells ratio densities, total cell density, and optimum hepatic progenitors day (10
or 11 day hepatic progenitor cells that well expressed hepatic progenitors markers) in 384-
well spheroid plates with low-attachment surface and employed the optimal mixing conditions
(1:0.8:0.2 for tHE, EC, and MSCs, Day 11 hepatic progenitors, 20 million cells per ml) for
microfluidic microcapsules generation trials. Then, tried to prepare homogeneous mixture of
cells in 50 ml spinner flask with 25 ml working volume for delivering cells suspension to the
chip as core solution with defined ratio that optimized for self-condensation and vascularized
liver organoid formation. However, we realized an important bottleneck here after single cell
inoculation of the three cell ingredients in spinner flask since heterogeneous small aggregates
and clumps formed in core solution in few hours (3-4 h) that resulted in microfluidic channels
clogging. The problem was resolved by supplementing core solution with combination of 2%
W/V Mebiol® Gel PNIPAAM-PEG 3D and 1g/L dextran sulfate addition resulted in delayed
aggregate formation for up to 10 h and relatively homogeneous aggregate formation after 24h.
Using polymeric densifiers have been suggested by many publications for reducing the risk of
cell clumps or aggregates formation in mammalian cells and human pluripotent stem cells 172
under dynamic suspension culture with proved efficacy and minimal cytotoxicity. Here, we
used an optimized concentration of dextran sulphate and Mebiol® Gel PNIPAAM-PEG
combination that were individually reported before for safe use in suspension and 3D cell
culture without cytotoxicity 182,204,

Therefore, the microfluidic process can be continuously run for up to 8-10 h for generation of
microcapsules after each single cell inoculation to 50 spinner flask located inside remote
pressurized vessel and multiple chips can be run in parallel to maximize the cells loaded
microcapsules productivity (Fig S-1V.1). Moreover, maximum three co-culturing trials can be
done at day 11 of hepatic progenitors’ differentiation to increase the productivity and continue
the process for 24 h. Parallel and high-throughput droplet microfluidic production of hydrogel

in one chip have been done previously that can be also used to increase the productivity of
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cells loaded microcapsules production process that can result in production about 2.5 billion
cells as vascularized organoid using 25 ml medium for co-culturing in the 50 ml spinner flask
242 This cell yield could be hopefully used for an adult patient for bridging to transplantation
or even treatment because of VHO high proliferation capacity.

Another novelty of this project is integrated dynamic suspension culture of cells entrapped in
microcapsules for self-condensation of cells to form vascularized liver organoid, release of
organoids from microcapsules after 3 days by degrading the PEG-MMP sensitive hydrogel as
shell, and then continuing of the hepatic maturation process under dynamic suspension
culture. Dynamic suspension culture of microcapsules can increase the nutrients and
metabolite exchange through the shell for supporting self-condensation/ organization of
vascularized organoid during first days after co culture. Interestingly, the microcapsules shell
started to become lose after 2 days of culture and partially degraded after 3-4 culture because
of secreted MMP effect on MMP sensitive peptide sequence in 4-arm-PEG-peptide hydrogel
by cells proliferation inside the capsule. However, the degradation was not was not complete
and media was supplemented with recombinant MMP to completely dissolve the microcapsule
and releasing organoids. Previous studies demonstrated that endothelial/endothelial
progenitor’s cells and mesenchymal stem cells incorporating in MMP-mediated soft matrix
degrading for promoting cells migration, angiogenesis, and tissue formation 248-250_ They also
showed the capability and high activity for degrading synthetic MMP-sensitive PEG hydrogels
during migration and angiogenesis 250-254, Some reports also detected MMP produced by liver
cells including hepatic stellate cells and hepatocytes 255, So, we believe MMPs produced by
these cell 239,256 mainly incorporated in partially degradation of microcapsule hydrogel that
facilitated the organoid release from microcapsules.

Continuing the dynamic suspension culture of generated organoids after release from
microcapsules resulted in generation of fully self-organized and vascularized hepatobiliary
organoids including interconnected bile ducts with gene expression, metabolic activity, CYP

activity profiles, key proteins expression for both hepatocytes and cholangiocytes similar to
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fetal liver and very close to mature hepatocytes. Moreover, the structure of generated
organoids employing fully scalable microfluidic platform was very similar to native tissue
because of creating of interconnected vascular and biliary ducts structure within organoids
during 3D dynamic suspension culture. The generated structure completely shows the extent
of self-organization, complexity, and similarity of the vascularized hepatobiliary organoids
(VHO) produced in this study to liver tissue in comparison to other studied used same co-
culture strategy to generated vascularized liver buds/organoids but under static culture
conditions 21.100, Moreover, the similar studies have not detected any bile duct formation using
the co-culture technique (Fig IV. 10).

The significant effect of 3D and dynamic suspension culture on haptic cell lines 257 or primary
hepatocytes 258 maintenance, metabolite activity and function improvement has been reported

in different studies that cultured cells as spheroids or in 3D matrix using perfusion bioreactors

259-261

Induced
liver organoid

CD31 Albumin DAPI Merge
Pettinato et al. (2019)

A\LB DAPI

Takebe et al. (2013 and 2018) Jin et al. (2018) This study

Fig IV. 10. Comparing the structure on vascularized hepatobiliary organoid generated in this study to
other similar studies.

These 3D culture systems are designed in a way that could provide more in vivo like
environment to improve functionality and provide /in vivolike gradients of morphogens such as
Whnt, hedgehog, hormones or growth factors as well as oxygen for creating zonation and

distinct metabolic activities for providing a better model for drug testing from primary
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hepatocytes or hepatic cell lines 261, It has been also reported that co-culturing of primary
hepatocytes or stem cells derived hepatic progenitors with fibroblast, mesenchymal stem cells,
and endothelial cells for better maintenance of primary hepatocytes 262,263 and improved
differentiation of hepatic progenitors for generation of functional vascularized liver buds 21,
liver organoids or liver microtissues 100,264,

MSCs and ECs are two main cell types that play an essential role in organogenesis, through
mainly cell-cell signaling and secreting organ-specific growth factors, ECMs, and MMPs for
tissue morphogenesis and angiogenesis during organ development and repair 265, The
secreted factors are key elements that promote orchestrate induction, specification, and
guidance of organ generation processes included liver development as well as maintenance
of homeostasis and metabolism. ECs playing pivotal role in liver bud generation prior to the
circulation of body fluids within the developing 266.

In this study, we employed the combination of 3D culture under dynamic suspension culture
condition and co-culturing with MSCs and ECs derived form individual hPSC lines in
microcapsules under 3D and natural ECM-free culture condition using fully scalable
microfluidic platform to generate highly functional organoids in scalable manner. The
established platform resulted in generation of functional vascularized hepatobiliary organoids
through self-organisation with similar structure to liver tissue and addressed two main
drawback of previously established protocols for vascularized liver bus/organoids formation
including poor scalability and lack of bile duct formation 21 95,133,134 The generated VHO can
offer great potential for both autologous and allogenic organoid therapy as well drug discovery
for personalized medicine using different hiPSC cell lines due to their very good drug response
and CYP450 activity.

However, development of a robust, GMP (good manufacturing practice) compatible culture
system and fully controlled bioprocess for large scale production of vascularized hepatobiliary
organoids and establishing an efficient organoids transplantation strategy are also necessary

step that should be taken before the clinical translation of established protocol. We showed in
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our previous study that dissolved oxygen can regulated hPSCs fate and adopting the

established protocol to a fully controlled bioprocess may change the process outcome

including organoids metabolic activity and functionality 220.
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Supplementary information

Supplementary Table IV-1 List of main materials used in this study.

CAT# DESCRIPTION

hPSCs
A18945 Human Episomal iPSC Line
WA09 Human ES H9
A1517001 Essential 8™ Medium
A1413302 Geltrex™ LDEV-Free, hESC-Qualified, Reduced Growth Factor Basement Membrane Matrix
15040066 Versene Solution
A2644501 RevitaCell™ Supplement (100X)
85857 mTeSR™1
A1110501 StemPro™ Accutase™ Cell Dissociation Reagent
7930 CryoStor® CS10
354277 Corning® Matrigel® hESC-Qualified Matrix, *LDEV-free, 5 mL
Hepatocytes
CC-3198 HCMTM BulletKitTM
D4902-100MG Dexamethasone
295-OM-010 Recombinant Human Oncostatin M (OSM) Protein
C-64532 HGF, human, recombinant (HEK)
11875085 RPMI 1640 Medium
17504044 B-27™ Supplement (50X), serum free
338-AC-050 Recombinant Human/Mouse/Rat Activin A Protein
4423 CHIR 99021
A3311-50G Bovine Serum Albumin
SCM151 PLTMax® Human Platelet Lysate
10828010 KnockOut™ Serum Replacement
A1217701 TrypLE™ Select Enzyme (10X), no phenol red
21600010 DPBS, powder, no calcium, no magnesium
T9424-25ML TRI Reagent®
12633-25MG Cardiogreen
J65597-&H J65597 Dil-Lipoprotein, low density, acetylated, human plasma
E88-129 Human Albumin ELISA Kit, E88-129
V9001 P450-Glo™ CYP3A4 Assay and Screening System
V8771 P450-Gio CYP1A2 Assay kit 10ml
V8891 P450-Gio CYP2D6 Assay kit 10ml
Mesenchymal stem cells
SCC036 Human Mesenchymal Stem Cells (derived from hES cells)
A1033201 CTS™ StemPro™ MSC SFM
12662011 Fetal Bovine Serum, mesenchymal stem cell-qualified, One Shot™
12634010 Advanced DMEM/F-12
3781 Corning® Low Concentration Synthemax™ |l Microcarriers, 10g Vial
Endothelial
CC-5035 EGMTM-Plus Endothelial Cell Growth Media-Plus BulletKitTM
F3917-10MG Forskolin
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314-BP-010

Recombinant Human BMP-4 Protein

293-VE-010 Recombinant Human VEGF 165 Protein
10639011 StemPro™-34 SFM (1X)
A8960-5G L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate
11965084 DMEM, high glucose
4979 Corning® Denatured Collagen Dissolvable Microcarriers, 1g Vial
4987 Corning® Synthemax™ Il Dissolvable Microcarriers, 1g Vial
ab204726 In Vitro Angiogenesis Assay Kit (ab204726)
3784

Corning Synthemax High concentration

CHIP MATERIAL

T1162-100MG

Tetramethylrhodamine isothiocyanate—Dextran

PG2-FCTH-1k

Fluorescein PEG Thiol, FITC-PEG-SH

PG2-RBTH-5k

Rhodamine PEG Thiol, RB-PEG-SH

AXS-1114542

OptiPrep

K4002-10X1L

Krebs-Ringer Bicarbonate Buffer

90279-100ML

Triethanolamine

85548 Span 80
D0632 DL-Dithiothreitol
81310-1KG Peg 35000 KD

A7018-1/4RM-MAL-10k

4arm PEG maleimaide

A7029-1/4RM-MAL-20k

4arm PEG maleimaide

A7067-1/4RM-MAL-40k

4arm PEG maleimaide

MBG-PMW20-5001-COS

Mebiol® Gel PNIPAAM-PEG 3D Thermoreversible Hydrogel

M1180-500ML

Mineral oil

C4830-100G Calcium carbonate
P2611-50ML Pectinase

46-034-Cl Corning® 100 mL 0.5M EDTA, pH 8.0
81325-50G Polygalacturonic acid
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Supplementary Table IV.2 List of antibodies used in this study.

Excitation
653712 Brilliant Violet 421™ anti-Oct4 (Oct3) Antibody
562594 Alexa Fluor® 647 Mouse Anti-Human Sox17
Human HNF-3 beta /FoxA2 Alexa Fluor® 488-conjugated Antibody

653712 Brilliant Violet 421™ anti-Oct4 (Oct3) Antibody
alpha-Fetoprotein Monoclonal Antibody (AFP3), Alexa Fluor 488, eBioscience™
IC1455R-100UG Human Serum Albumin Alexa Fluor® 647-conjugated Antibody
sc-374229 AF790 HNF-4 Antibody (H-1) Alexa Fluor® 790
653712 Brilliant Violet 421™ anti-Oct4 (Oct3) Antibody
ab99302 Anti-Tbx3 antibody
Goat anti-Rabbit IgG (H+L) Superclonal™ Secondary Antibody, Alexa Fluor 488
324228 Alexa Fluor® 594 anti-human CD326 (EpCAM) Antibody
MAB1368 Human/Mouse alpha -Fetoprotein/AFP Antibody

alpha-1b Adrenergic Receptor Monoclonal Antibody (471802)
561 555689 PE Mouse Anti-Human CD99 Clone TU12 (RUO)
562903 Alexa Fluor® 647 Rat anti-Human Lgr5 (N-Terminal)

53-3249-82 CD324 (E-Cadherin) Monoclonal Antibody (DECMA-1), Alexa Fluor 488, eBioscience™
099 ab212002 Anti-Cytochrome P450 2D6 antibody [EPR17868] (Alexa Fluor® 555)

PA1-340 CYP1A1 Polyclonal Antibody
A27034 Goat anti-Rabbit IgG (H+L) Superclonal™ Secondary Antibody, Alexa Fluor 488
546 sc-53850 AF546 CYP3A4 Antibody (HL3) Alexa Fluor®546
HPA003595 Anti-ARG1 antibody produced in rabbit
628504 Alexa Fluor® 594 anti-Cytokeratin 19 Antibody
ab209599 Recombinant Anti-Cytokeratin 7 antibody [EPR17078]
A28175 Goat anti-Mouse 1gG (H+L) Superclonal™ Secondary Antibody, Alexa Fluor 488
555 ab202511 Anti-CD90 / Thy1 antibody [EPR3133] (Alexa Fluor® 555) (ab202511)
alpha-1b Adrenergic Receptor Monoclonal Antibody (471802)
5c-9989 VE-Cadherin
sc-130616 -SMA
sc-101060 HNF-38
sc-136257 Integrin 2 Antibody (2)
sc-376764 PECAM-1 Antibody (H-3)

217



ab2413 Anti-Fibronectin antibody

ab14106 SM22A

555661 Purified Mouse Anti-Human CD144 Clone 55-7H1 (RUO)
550314 Purified Mouse Anti-Human CD146

555849 Purified Mouse Anti-Human vWF

555444 Purified Mouse Anti-Human CD31

553892 FITC Mouse Anti-Rat 1IgG1

550083 PE Rat Anti-Mouse IgG1 Clone A85-1 (RUO)

558068 Alexa Fluor® 488 Mouse Anti-Human CD31 Clone M89D3 (RUO)
560495 Alexa Fluor® 647 Mouse Anti-Human CD309 (VEGFR-2) Clone 89106 (RUO)
343525 Alexa Fluor® 700 anti-human CD34 Antibody

Supplementary Table IV.3 List of primers used in this study.

Gene Primer DESCRIPTION
TBX3 Forward TTA CCA AGT CGG GAA GGC GAAT
Reverse CAT CCTCTT TGG CAT TTC GGG G
AFP Forward CTT TGG GCT GCT CGC TAT GA
Reverse GCA TGT TGATTT AAC AAG CTG CT
PROX1 Forward GGG CTC TCC TTG TCG CTC ATA AA
Reverse GGT AAT GCA TCT GTT GAA CTT TAC GTC
HNF1B | Forward TGG TAA AAT GAT CTC AGT CTC AGG AGG
Reverse GAT GAC AGG GACACTCTGTGC T
HNF6 Forward CCC ACC GAC AAG ATG CTC AC
Reverse GCC CTG AAT TAC TTC CAT TGC TG
CEBPA | Forward AGA AGT CGG TGG ACA AGA ACA GCA
Reverse ATT GTC ACT GGT CAG CTC CAG CA
HNF4A | Forward GAG CGA TCC AGG GAA GAT CA
Reverse CAT ACT GGC GGT CGT TGA TG
ALB Forward ACC CCA CAC GCC TTT GGC ACA A
Reverse CAC ACC CCT GGA ATA AGC CGA GCT
CYP3A4 | Forward AAG TGT GGG GCT TTT ATG ATG GT
Reverse GGT GAA GGT TGG AGA CAG CAATG
CYP3A7 | Forward ATC TCA TCC CAAACT TGG CCG T
Reverse AAC GTC CAA TAG CCC TTACGG A
SOX9 Forward CGT CAA CGG CTC CGC AAG AAC AA
Reverse GCC GCT TCT CGC TCT CGT TCA GAA GT
SOX17 | Forward CGC ACG GAATTT GAA CAG TA
Reverse GGA TCA GGG ACC TGT CAC AC
CK19 Forward GAT CCT GAG TGA CAT GCG AAG C
Reverse GTAACC TCG GACCTGCTCATCT
ALBUMIN | Forward CTT CCT GGG CAT GTT TTT GT
Reverse TGG CAT AGC ATT CAT GAG GA
TAT Forward ATG CTG ATC TCT GTT ATG GG
Reverse CAC ATC GTT CTC AAATTC TGG
PEPCK | Forward GGCTGAAGAAGTATGACAACTG
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Reverse

AAATCCTCCTCTGACATCCA

GAPDH | Forward CTC ATT TCC TGG TAT GAC AAC GA
Reverse CTT CCT CTT GTG CTC TTG CT
TDO Forward GGT TTA GAG CCA CAT GGATT
Reverse ACA GTT GAT CGC AGG TAG TG
TTR Forward GAGGAGGAATTTGTAGAAGGGA
Reverse CGTGGTGGAATAGGAGTAGG
PDX1 Forward GCG TTGTTT GTG GCT GTT GCG CA

Reverse

AGC TTC CCC GCT GTG TGT GTT AGG
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Future perspective

Organoid technology advances during past 10 years has opened new era in the field of
regenerative medicine that introducing a new class of products offering organ-like functionality
in small/tiny scale. These unique components/products have showed great potential for
treating diseases considered as unmet medical need including chronic liver diseases through
emergence of “organoid medicine” filed along with introducing a new powerful and
personalized/patient derived models for studying mechanism of disease that facilitate the
development of innovative drugs with improved safety and efficacy.

Despite these great advances, translating established protocols and fabrication techniques for
liver organoid generation to robust manufacturing processing technologies capable of
producing high quality clinical grade products still need developing advanced biological,
bioengineering, and medical approaches and tremendous global effort to address current
critical challenges. Three main liver organoid technology categories that facing challenges
comprising proper cell source selection, scalable cGMP manufacturing process development
while maintaining key important functional properties, and finally developing a viable
transplantation strategy.

Currently, adult liver tissue derived progenitors (e.g LGR5* cells), directly reprogrammed
somatic cells such as iHep cells, and self-renewing pluripotent stem cells has considered as
most proper choices for liver organoids generation. However, widespread clinical application
of product require massive production of organoids using a readily available cell source as
GMP-grade HLA haplotype/HLA matched bank that include most of the HLA diversity to have
the best HLA compatibility with different patients as allogeneic cell-based product (e.g.

goodcell company platform for hPSCs banking, US) .
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Potential platform for commercial use of VHOs using hPSCs as cell source

The best cell types that can meet these criteria are hiPSCs and hESCs since hPSC-derived
organoids with components of all three germ layers have been generated that can be
employed to create a new human model system for studying disease mechanisms, drug
development and therapeutic application. It has been showed that hPSC-derived organoids
have remarkable cell type complexity, architecture, and function similar to their /n
vivo counterparts. However, establishing universal differentiation protocols for different cell
ingredients including hepatic differentiation process under chemically defined culture condition
that can be adopted for all the baked cell lines is the most critical challenge with hPSCs use
as cell source. Low reproducibility of the most established protocols is another issue that
should be addressed before commercial use of these cells as source.

A robust and fully scalable manufacturing process for production of clinical grade organoids is
also an essential prerequisite for realizing the potential of “Organoid Medicine”. However, the
biological complexity of cells and with more extent organoids has hampered the translation of
laboratory-scale experiments into industrial processes for reliable, cost-effective
manufacturing of cell-based/ organoid based therapies. In this project, we showed that
multicellular functional hepatic organoids comprising red blood cells generated form hPSCs
as 3D aggregates by just regulating dissolved oxygen (DO) concentration in stirred tank

bioreactor during dynamic suspension culture. However, the final fetal like hepatic organoid
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product was not homogenously functional and hepatic organoids with different diameter sizes
and morphology showed different metabolic activities and functional properties. We identified
dissolved oxygen as critical bioprocess parameter that regulated hPSCs fate including final
product nature. Accordingly, we emphasized that key bioprocess parameters including
dissolved oxygen should be carefully optimized during hepatic differentiation protocol scale-
up to generate functional organoids. In fact, nearly all protocols established for generation of
hepatic organoids have not explored the protocol efficacy and outcome under fully controlled
culture condition to demonstrate the scalability. Thus, translation trials of lab scale protocols
to a fully scalable process under fully controlled condition may result in final product with
different that can not meet predefined quality attributes for clinical application.

In the next project, we succeeded to establish a continuous and scalable process for
production of complex and self-organized vascularized hepatobiliary organoids with high
functionality under dynamic suspension culture condition. However, employing fully controlled
culture conditions for required cell ingredients production and then during organoids self-
organization and maturation may change the process outcome that need to be explored and
optimized accordingly. In addition, we realized that production and preparing a uniform mixture
of cells form different cell types for coculturing in defined ratio and total density that optimized
for self-condensation is a tricky and multivariable process that need to consider very precise
controls over the process to have satisfactory outcome in reproducible manner. Thus, we
believe that developing a differentiation strategy for generating complex and highly functional
organoids by spatiotemporal control of process and taking advantage from unique hPSCs
capability in organ bud/organ development would be an optimal strategy for future clinical
application. Combining organoid technology and bioengineering will provide a great
advantage in precise control of input (morphogens, nutrients, oxygen, pH, 3D
microenvironment) and outputs as organoids quality attributes to better recapitulate the liver

function better.
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Finally developing an effective transplantation strategy for direct clinical application of liver
organoids is a highly important translational aspect that should be carefully considered. One
of the main considerations is the proliferative capacity of liver organoids because of their fetal
nature and potential for in vivo expansion and maturation to create a liver tissue like structure.
This proliferative ability will also overcome the difficulty with current hepatocellular
transplantation models such as poor supply of human primary hepatocytes. Vascularized
hepatobiliary organoids generated in this study could be considered for ectopic transplantation
because of their self-supporting, proliferation, and further maturation ability (mesenchymal
support and vascular integration) to offer a “bridge” to liver transplantation. Another
transplantation approach is mesentery transplanting of vascularized hepatobiliary liver
organoids into the mesentery as a “second” liver to support a failing liver. However,
transplanting large number or organoids into mesentery and fix them using a layer of
mesentery may require an open surgery that is considered as an invasive procedure for the
patient. To achieve a non-invasive approach for transplantation, we designed a foldable and
biodegradable device made from medical grade oxidized cellulose and 4-arm-10 K PEG-MMP
sensitive peptide for delivering the generated vascularized hepatobiliary organoids using a
surgical tube to mesentery and then attach the devices to mesentery using surgical glue and
laparoscopic instrument (Following figure). Devices can also attach to either a non-fibrotic liver
section that can support integration and proliferation of organoids. We hypothesized that
organoids could degrade the device mesh and attach to mesentery for vascular integration
because of their vascularized nature for facilitated proliferation, future maturation, and creation
of liver bud like structure. This part of study defined as new project and will be continued in
near future.

Lastly, the safety of organoids transplantation should be fully demonstrated in relevant animal
models since malignant transformation of the stem cell-derived organoids after
transplantation is a major concern that require extensive investigations to address this

concern.
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The high-throughput microfluidic platform for scalable production of complex liver organoids under
aseptic culture condition. Whole set up of the microfluidic platform (A) 400 ml pressurized remote
chamber containing cell mixing spinner (B) Other remote pressure vessels, Parallel microfluid chips
connected to a fluid divider as well as microcapsules collector (C) multiple parallel microfluidic chips
with inlet divider and microcapsules collector (D). Jacketed spinner flask for collecting produced

microcapsules (E).
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Surgical mesh as
transplantation aid with
surgical glue or thrombin

| Elastic linker arm with channels I

I After cell Organoid loading and Elastic arms containing
oagﬂj?ng"d expansion reservoir with vascularised islets
absorbable mesh

Organoids loading port and bud
formation spot,4-armpeg-MMP

Silicone casted
mesh arms

Tissue
contact
interface
casted with
VEGF
loaded 4-
armpeg-
MMP

Oxidised cellulose 3D printed molds for device fabrication Molded mesh Fabricated mesh
Surgical mesh using PDMS and
PEG-MMP

A foldable and biodegradable device for transplantation of vascularized hepatobiliary organoids.
Schematic design of the device (A) B fabrication steps using 3D printed mold, transplantation of

device loaded with hepatobiliary organoids in Mesentery of Rat.
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