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Résumé

Le diabete mellitus, également désigné comme la maladie du siécle, est une pathologie mortelle qui
affecte le systéme endocrinien. Les mécanismes liés a la rupture de la boucle de rétroaction, qui régule le
métabolisme et induit le diabete, ne sont pas entierement connus. La compréhension des mécanismes
d'action de l'insuline est donc essentielle pour le développement de stratégies thérapeutiques efficaces
afin du lutter contre cette maladie. Par conséquent, il estimpératif de trouver un modele robuste et fiable,
capable de surmonter les limites de la culture cellulaire traditionnelle en 2D et de I'expérimentation
animale, pour la recherche sur le diabete. L'objectif de cette thése est de développer un nouveau modele
de co-culture foie-pancréas en utilisant des systémes microphysiologiques avancés (MPs) afin d’aborder
plus efficacement le mécanisme impliqué dans la régulation endocrinienne hépatique et pancréatique. Ce
travail met en évidence la capacité des systéemes multi-organes sur puce qui combinent la
compartimentation avancée des cellules en 3D, la microfluidique et la technologie des cellules souches
pluripotentes induites (iPSC), pour atteindre une complexité biologique élevée et des fonctions rarement
reproduites par une seule de ces technologies d’ingénierie tissulaire.



Abstract

Diabetes mellitus (DM) or the so called disease of the century is a life threatening dysfunction that affects
the endocrine system. The mechanisms underlying the break in the feedback loop that regulates the
metabolism and the consequent diabetes induction are not fully known. Understanding the mechanisms
of insulin action is therefore crucial for the further development of effective therapeutic strategies to
combat DM. Accordingly, it is imperative to find a robust and reliable model for diabetes research able to
overcome the limitations of traditional 2D in vitro cell culture and animal experimentation. The aim of this
thesis is to develop a new liver-pancreas co-culture model using advanced microphysiological systems
(MPs) to tackle more effectively the mechanism involving the hepatic and pancreatic endocrine
regulation. This work highlights the power of multi organ-on-chip systems that combines the advanced
3D-cell compartmentalization, microfluidics and induced pluripotent stem cells (iPSC) technology to
achieve a high biological complexity and functions that are rarely reproduced by only one of these tissue
engineering technologies.
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General introduction

Diabetes mellitus (DM) is the most important dysfunction of the endocrine system of the pancreas that
triggers a break in the feedback closed loop that regulates the metabolism. In the human body, that
feedback loop is based on endocrine signaling between pancreas, liver, and glucose-consuming tissues.
The physiopathology underlying pancreatic B- cell failure in type 1 diabetes mellitus and type 2 diabetes
mellitus are still poorly defined.

Two dimensional cell culture and animal models have been used for decades in preclinical studies of
human diseases and drug screening. However, the disparities between the human physiology and those
models drastically reduce their cost-effectiveness. Therefore, advanced in vitro models of human organs
emerged from the urgent need to propose alternatives. Organ-on-chip technology, represents a powerful
bioengineering tool to investigate physiological in vitro response in drug screening development and in
disease advanced models. Understanding the mechanisms of insulin action is therefore crucial for the
further development of effective therapeutic strategies to combat diabetes.

The aim of my PhD thesis is to develop a novel approach of co-culture which, by fulfilling the limitations
of previous multi-organ-on-chip systems, could tackle more effectively the metabolic regulation
mechanism involving the hepatic and pancreatic endocrine regulation. To approach this research work,
we took inspiration from the technological advances in stem cell-based organoids and new configurations
of Microphysiological systems (MPs). Accordingly, the co-culture model was established using MPs, which
are miniaturised culture devices that combine 3D-cell compartmentalization with fluid physics. The aim is
to bridge the gap between in vitro and in vivo animal models.

With our multi-organ-on-chip, we aimed to create a microscale physiologically relevant biological testing
system suitable for academic research and drug development. Its accomplishment required several steps
which are the subject of the following chapters. In brief, these consisted in:

e First, we adapted the microstructure of our well-established microfluidic device to host spheroids
and 3D-cell structure without compromising the continuous perfusion flow and the shear stress.
The biochip design allowed the aggregates trapping efficiently with the flexibility to host a wide
range of amount of tissue (necessary to keep the proportionality of tissue while emulating the in
vivo conditions).

e Qur strategy is to tackle the establishment of a co-culture model without contact and study the
crosstalk between the pancreas and the liver. In this context, we used as a cell source the primary
rat hepatocytes and islets of Langerhans. The in vitro model of the multi-organ MPs was used as
a proof of concept to validate the new microstructure design of 3D culture in a microfluidic
environment (chapter 3) for the pancreas-on-chip compartment. As liver-on-chip compartment
was already established and fully assessed through a previous PhD thesis, the following step, was
the adjustment of the co-culture parameters, including the culture media and the global
experimental setup.

e After the establishment of the optimal co-culture conditions, we proceeded with the
characterization of the resulting model in terms of endocrine regulation, effectiveness and
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functional assessment (chapter 4). Moreover, metabolomic analysis were performed in order to
understand the signalling pathways activated in the pancreatic and hepatic compartment during
the co-culture.

Regarding the human model, we choose human induced pluripotent stem cells derived to beta
cells (hiPS B-cells) spheroids for the human pancreas-on-chip model. For that purpose, we used
Cellartis hiPS B-cells and the honeycomb microwell plates technology developed at the University
of Tokyo (chapter 5).

In recent years, my team of research has been working in collaboration with the Sakai-Nishikawa
Laboratory from the University of Tokyo on the differentiation of hiPS cells to hepatocytes in a
microfluidic environment. So, the strategy for the co-culture model without contact aimed to
achieve a beneficial effect in maturation and functionality of both tissues following the embryonic
developmental process (chapter 6).

In summary, the core of this thesis is to highlight the power of multi-organoids systems that combines the

advanced 3D culture, microfluidic biochips, human iPS cell and multi-organ MP systems to achieve a high

biological complexity and functions that are rarely reproduced by only one of these tissue engineering

technologies.
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Chapter I: General context

This chapter provide an overview of the state of art of MicroPhysiological Systems
technology applied to liver and pancreas in vitro modeling and the different applications for those
organs. Some sections of this chapter are literally extracted from our chapter: “Membrane
bioreactors for bio-artificial pancreas” of a book that assembles reports on membrane
applications in the field of biomedical engineering, ranging from artificial organs, to tissue
engineering:

Jellali R, Essaouiba A, Leclerc E, Legallais C, Chapter 4: Membrane bioreactors for bio-
artificial pancreas in Current Trends and Future Developments on (Bio-) Membranes, 1st Edition,
Membrane Applications in Artificial Organs and Tissue Engineering, 11th October 2019,
Editors: Angelo Basile Maria Annesini Vincenzo Piemonte Catherine Charcosset.
https://doi.org/10.1016/B978-0-12-814225-7.00004-8

The book chapter is provided as an annex of the thesis. The thesis bibliography has been
extended by the integrations of specific sections on liver physiology, liver pancreas interactions,
in vitro screening tools, multi-organ-on-chip models and therapeutic issues to overcame.
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Chapter I: General context

1.1. Mechanisms of glycemic regulation
1.1.1. Liver: anatomy & physiology

The liver is a vital organ with a complex microarchitecture and a wide variety of vital
functions: metabolic, blood filtration, synthesis activities, immune response and drug
metabolism. Anatomically, the liver is organized into functional units called lobules that are
constituted by different types of cells, with different functions depending on their size and
location along the portal triad (Figure 1.1). Parenchymal hepatocytes represent the 70-85% of
the liver volume?. Their main functions are: gluconeogenesis, amino acid decomposition, urea
synthesis, nutrients storage, removal of toxins, drugs and xenobiotic metabolism, secretion of
bile and not less important, the synthesis of proteins that are essential for life such like albumin,
transferrin, fibrinogen and clotting factors %3.
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Figure 1.1: Overview of histological components of the liver (reproduced with permission from the book of “Principles of Anatomy
and Physiology?)

During the xenobiotic metabolism process, the cytochrome P450 (CYP) is the main
enzyme responsible of the phase | of metabolism that includes oxidation, reduction and
hydroxylation processes*°. Meanwhile, transferases in phase |l carry out the conjugation of the
molecules processed in phase | with charged compounds such as glycine, sulfate, glucoronate, or
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glutathione. The final purpose of the detoxification process is to obtain and transfer harmless
compounds to the stream blood3*4.

1.1.2. Pancreas: anatomy & physiology

The pancreas is an organ with a glandular structure located in the curve of duodenum just
behind the stomach (Figure 1.2). It is divided into three regions®: (i) the head, connected to the
duodenum, is the widest and most medial region of the organ; (ii) the body is located behind the
stomach; and (iii) the tapered tail region is located in the left side of the abdomen near the
spleen. The vascularization of the pancreas is ensured by the anterior pancreaticoduodenal
artery (head of the pancreas) and multiple branches of the splenic artery (body and tail of the
pancreas). Pancreatic vein joins the splenic vein to form the hepatic portal vein together with the
inferior and superior mesenteric veins.

The pancreas is a heterocrine gland involved in both exocrine and endocrine regulation.
The exocrine cells of the pancreas represent more than 90% of the pancreatic tissue and are
grouped in structures called acini (Figure 1.2), whose function is the synthesis and secretion of
enzymes implicated in the digestion process (pancreatic lipase and amylase, phospholipase,
nucleases)’. Digestive enzymes are drained by the pancreatic ductal tree into the intestine where
they aid in nutrient metabolism. The functional units of the endocrine system represent
approximately 2% of the pancreas (2 million cells in human adults) and are made up of pancreatic
islets or islets of Langerhans. They are clusters of cells whose size varies from 20 to 500 pum, with
five different cell types: a-, B-, 8-, €-, and y- (PP) cells”®. The most abundant cells include the
glucagon-producing a-cells and insulin-producing B-cells. The small proportion of 6-, €-, and y-
cells secrete somatostatin, ghrelin and pancreatic polypeptides, respectively. Despite comprising
only 2% of the total mass of the pancreas, the islets receive around 15% of the pancreatic blood
supply, allowing their secreted hormones ready access to the circulation®. At the islet level, the
oxygen partial pressure (PO2) is about 40 mmHg. The hormones released to the bloodstream is
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also controlled by the nervous system thanks to the sensory neurons that enervate the islets of

Langerhans®i,
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Figure 1.2: Overview of location, blood supply, histology of the pancreas and composition of islets of Langerhans (reproduced

with permission from Jellali et al. 202012)

During the embryonic development, the cells from the gut endoderm portion
differentiate to a variety of cells that constitute the endocrine and exocrine phenotypes of the
pancreas thanks to a precise orchestration of the gene expression and cell signaling®3; the acini
and the islets of Langerhans differentiate from the same progenitor. Studies have shown the
implication of fibroblast growth factor (FGF) and forming growth factor B (TGF- B) in the signaling
pathway in the first stages during the organ development. Vascular epithelial growth factor
(VEGF) is involved in endocrine cell differentiation41>,
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1.1.3. Glucose homeostasis maintenance

The control of glucose levels in the blood is carried out by the interaction of two
antagonistic hormones secreted by pancreatic o and B cells. Glucagon (alpha cells) increases
glucose levels in the fasting period activating the glycogenolysis and gluconeogenesis in the liver
in coordination with cortisol (hormone secreted by the adrenal gland). While insulin activates the
uptake and storage of glucose in the muscle, fatty tissue and most importantly the liver through
glycogenesis thereby decreasing blood sugar levels in postprandial® (Figure 1.3).

Q/

Low glucose level

Homeostasis
Normal glucose level
/Glucose Glycogenesis 1‘

High glucose 'e"el\ 7 Insulin Gluconeogenesis

Glucose Glycogenolysis T

Glucagon :

Gluconeogenesis

—
/%'_’ /~  Glucose
p / uptake
Adiposetissue Muscle

Figure 1.3: Negative feedback regulation of the glucagon secretion (green arrows) and insulin secretion (red arrows). Reproduced
with permission from Jellali et al. 2020

The mechanism of regulation of blood glucose begins with the stimulation of insulin
secretion that intensifies when blood glucose levels increase. The beta cells of the pancreas
respond in a biphasic manner to this stimulus. First there is a rapid and brief rise (in the form of
a peak) of insulin release, followed by a slower but constant release of the hormone (in the form
of a plateau) over time?®,

The feedback loop that involves carbohydrates as an input signal and the synchronization
of the insulin and glucagon release as an output allows the control of blood glucose and

insulinemia to occur accurately and precisely?’.

The secretion of the two antagonist hormones is carried out in a pulsatile manner so that
a simultaneous peak of insulin and glucagon would never occur. The synchronization of
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hormones is of great importance for the regulation of blood glucose by the liver. This synergy
between hormones is crucial considering that the liver is the main organ target to achieve glucose
homeostasis in a reasonable time, since the organ uses about 70% of the hormones released
from the pancreas during the first passage®®. In the liver insulin activates glycogenesis, glycolysis
and lipids synthesis, but unlike the mechanism in skeletal muscle and fatty tissues it does not
stimulate glucose transport. The glycogen synthesis from glucose that occurs in the hepatocytes
depends on the extracellular glucose concentration and on the presence of insulin, which triggers
the glycogenesis pathway over a wide range of glucose concentrations. On the other hand, the
glucagon activates the glucose release from the liver to the blood stream through the
glycogenolysis pathway either from stored glycogen or by the gluconeogenesis mechanism from
other precursors like lactate, glycerol and alanine®®.

1.2. Diabetes mellitus: physiology, pathology & treatment
1.2.1 Prevalence and healthcare impact

Diabetes mellitus (DM) is the most important dysfunction of the endocrine system of the
pancreas that triggers a break in feedback closed loop that regulates the metabolism. DM have
become the disease of the century due to the high morbidity and mortality with a prevalence of
463 million of diagnosed adults worldwide according to the International Diabetes Federation?%2?
(IDF and WHO official web sites, 2020). It can reach up to 20% of group population in 65 old
people according to the IDF reports?® (Figure 1.4). In fact, by 2045, it is estimated that people
living with DM will reach 700 million. This is a group of metabolic disorders related with the
endocrine pancreas.
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Figure 1.4: Diabetes prevalence worldwide in 2019 ranged by age and sex (reproduced with permission from Saeedi et al. 2020)
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1.2.2. Physiopathology and treatment

Type | diabetes mellitus (TIDM) affects about 5%—10% of diabetes patients, mostly the
young population. It is a chronic pathology occurring due to the autoimmune destruction of
pancreatic beta cells. As a result, there is a disorder in blood glucose levels caused by
hyperglycemia and the inability to store glucose due to the absence of insulin. It is a pathology
with a complex clinical picture. The breakdown of the control mechanism of blood glucose
severely affects other organs and systems on long term basis, causing blindness, kidney failure,
cardiac arrest, stroke, limb amputation due to thrombosis, and even death?%%4. The genetic
predisposition to this form of diabetes is associated with mutations on chromosome 6 while the
environmental predisposition causes that trigger the T-cells attack are even less known?>28, The
early detection of antibodies in the blood can help to determine the state and differentiate the
individuals with TIDM from other types of DM.

The function to be replaced in the case of insulin dependent diabetes is thus primarily the
secretion of insulin by the pancreatic islet B cells, which has four characteristics: (a) it is
continuous, even in the postabsorptive state, with rapid and transient peaks during meals; (b) it
undergoes automatic regulation by blood glucose levels; (c) insulin is delivered into the portal
blood system; (d) the endocrine pancreas is (of course) an internal organ placed within the body.

The most widespread treatment of TIDM is the daily and scheduled administration of
insulin based on previous monitoring with a glucometer?”22, In the best cases, insulin injections,
glucose levels monitoring, and a restrictive diet could successfully keep the patient safe from the
risks of the extreme hyperglycemia. However, the variety of the clinical profile of the patients
and the age reveals the limitations of insulin injections as a treatment. On the one hand, the
production of insulin usually decreases progressively as the disease progresses, so the patient
continues to produce their own insulin in small quantities. This makes it difficult to estimate the
amount of exogenous insulin to be administered at each moment. On the other hand, due to the
nature of the pathology, it usually manifests at an early age. This makes it difficult to control
certain variables such as intake and physical exercise especially in neonates and children. In
addition, to correctly apply the treatment, continuous education of the patient is required to
maintain glucose in the appropriate ranges®.

Another treatment based on the same principle as insulin injections, but with some
improvements is the insulin pump or also called “continuous subcutaneous therapy”3°. This
approach is based on the subcutaneous delivery of insulin through a catheter connected to a
peristaltic pump3L. This allows the control of the glycemia 24 h maintaining the basal level of
glucose in the blood. The control carried out by the insulin pump mimics quite well the pattern
of glucose concentration given by a healthy pancreas. However, possible infections and fibrosis
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at the site of catheter insertion are limiting factors of the use of the insulin pump as therapy.
Despite the great advances that have been made in recent years for the development of this
device®?, the response time is another limiting factor in terms of abrupt changes in glucose
concentration33,

Depending on the patient clinical profile of the T1IDM, transplantation of the pancreas is
sometimes chosen as a strategy to control glycemia. Since 1966, the success rates of
transplantation of the pancreas have been increasing thanks to technical improvements in
extraction, preservation and implantation. Up to now, more than 1500 pancreas transplants have
been carried out according to the Collaborative Islet Transplant Registry (CITR)34. However, it
remains an invasive intervention that is usually carried out when kidney transplantation is also
required. And most importantly, it involves the submission of the patient to immunosuppressants
for the rest of his life.

The transplantation of islets of Langerhans is another approach that is applied to the
treatment of diabetes®>3® Since the 1960s, the purification of pancreatic islets and their
transplantation into different animal models have been the objects of many groups of research.
Pancreatic islet transplantation is a promising therapy for patients with T1IDM difficult to
control®. It is a technique that provides an efficient and robust control of the homeostasis of
glucose against the administration of insulin. However, islet transplantation remains
controversial because it requires continuous immunosuppression that is harmful to both the
graft and the patient?©,

Recent studies suggest that instead of focusing in beta cell mass replacement as a therapy
for some types of DM, the development of new approaches to protect and restore beta-cells
might be more efficient for the treatment and prevention of DM*?,

Type |l diabetes mellitus (T2DM) is a heterogeneous set of pathologies that represents
the 90 % of patients in the world. It is a disease with a complex clinical picture where the
hyperglycemia results from a deficient insulin secretion combined with an insulin resistance. Beta
cells dysfunction is not related to an autoimmune attack in this case, but is more related to the
glucolipotoxicity*?™4, Experts have named T2DM the disease of the century because of is
increasing its prevalence exponentially in the last decades. T2DM induces the so called metabolic
syndrome than includes several cardiovascular pathologies, hypertension and obesity.
Environmental and genetic factors are involved in the development of T2DM%>4¢, However, the
heterogeneity in the phenotype of the disease complicates its diagnosis and treatment. To this
day, no definitive cure of neither T2DM or T1DM is available due the complexity of the disease
and the lake of information about early detection, prevention and cure. The actual methods of
study are based on extrapolating data of the mechanisms of organogenesis, function and
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pathogenesis from animal to human preclinical studies. But again, this lacks accuracy due to the
differences in the evolution of the species.

One of the key features of T2DM is the subsequent insulin-resistance state characterized
by a drop-down of glucose uptake by the skeletal muscle, fatty tissue and liver. The insulin-
resistance triggers the feedback loop break producing relative insulin insufficiency (Figure 1.5).
From the pointview of predictive analytics, there is a direct correlation between obesity and
T2DM. Studies have shown that both genetic and environmental factors are involved in the
disparity of insulin secretion and action. Also, the deregulation of the chain reactions in the liver
lead to glycogen depletion and glucose release to the bloodstream stimulating the chronic
hyperglycemic state. From the endocrine pancreas side, the state of hyperglycemia and
hyperinsulinemia triggers the increase if insulin production and beta cell proliferation as a
compensatory effect of insulin resistance state®’=%°,

Insulin resistance:
Receptor +

post-receptor defect\
Glucose —~ —

Peripheral tissues:
\ fatty tissue and

1 skeletal muscle
]
)

Liver: Increased glucose
production 1

Pancreas: impaired
insulin secretion

Figure 1.5: Metabolic abnormalities in type 2 diabetes mellitus that contribute to hyperglycemia (adapted from Jameson et al.
2015)

The current paradigm of care in T2DM patients includes a lifestyle intervention at one or
several levels that can be combined or not with medication. The purpose of giving the patient a
comprehensive diabetes education is to improve the outcomes of diabetes management since
they are responsible for almost every diabetes related behavior and decision. Studies have shown
that diabetes self-management education can be cost-effective and might induce the success of
the treatment plan®%°l, Sensitization about the importance of a continuous self-monitoring of
blood glucose, the combination of exercise with an adequate nutrition by individualized dietary
advice makes a substantial difference in T2DM progress and control. Moreover, the
pharmacotherapy for the management of type 2 diabetes has been subject of extensive reviews
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and guidelines from specialist groups and they can be classified according to the targeted tissue,
speed of action, insulin analogues, insulin secretagogues or insulin sensitizers among others>%>3,
The future directions of T2DM therapy focus in new combinations of agents and existing drugs
like insulin with GLP-1RA, an incretin-based drug (See next section) is a very promising approach
that can allow patients to dispense with daily injections>*°>.

1.2.3. Insulin signalling mechanism and T2DM

As we previously mentioned, glucose metabolism is regulated by two antagonist
hormones produced respectably by B and a cells of the pancreatic islets: insulin and glucagon.
After a food intake, insulin is released to the bloodstream in response to high blood glucose levels
and regulates glucose metabolism through its actions on skeletal muscle, liver, and adipose
tissue. The binding of insulin to its receptor activates multiple proteins including
Phosphatidylinositol 3-Kinase (PI3K) at the cell membrane. PI3K activity controls pathways
regulating glucose transporter 4 (Glut4) translocation to the membrane, lipolysis, and glycogen
synthesis. The activation of PI3K results in the uptake of glucose into the liver, skeletal and
adipose tissues and storage of excess glucose as glycogen (liver and muscle). Insulin resistance in
skeletal muscle is associated with impaired signaling through the insulin receptor/PI3K signaling
axis with subsequent defects in Glut4 (the insulin-dependent glucose transporter) translocation
and glycogen synthesis. In adipose tissue, insulin resistance is associated with a lowering fat
storage and increased fatty acid mobilization. Insulin affects two major processes within
hepatocytes, gluconeogenesis and triglyceride synthesis. Upon insulin receptor signaling, the
transcription factor FoxO1 becomes phosphorylated and is excluded from the nucleus. FoxO1
controls the transcription of factors involved in gluconeogenesis, and inactivation of this protein
normally results in a down-regulation of gluconeogenic activities. Insulin also activates the
transcription factor SREBP-1c, which controls triglyceride synthesis. Under normal conditions,
insulin signaling results in decreased hepatocyte glucose production and increased triglyceride
synthesis (Figure 1.6). Individuals with insulin resistance present with hyperglycemia and
hypertriglyceridemia even in the presence of high plasma insulin levels (hyperinsulinemia). This
strongly suggests that within the liver, insulin resistance is partial. Insulin fails to suppress
gluconeogenesis while the triglyceride synthesis pathway remains sensitive to insulin. This results
in hyperglycemia and hypertriglyceridemia?3°°,

The insulin released inhibits hepatic glucose output while enhancing glucose uptake into
muscle and adipose cells. Glucose is secreted through the glucose transporter GLUT2 in the liver,
whereas the insulin-sensitive GLUT4 mediates glucose uptake in hepatocytes and adipocytes. The
most important insulin signaling cascade required for this maintenance of blood glucose levels
activates a key protein kinase Akt. This Akt protein kinase is required for insulin regulation of the
pathways that control systemic glucose homeostasis, including glucose transport (GLUTSs) in
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adipocytes and muscle, inhibition of hepatic gluconeogenesis and cell-autonomous activation of
hepatic lipogenesis®’. Glucose transporter isoform 2 (GLUT2) is the most abundant member of
the GLUT family and is highly expressed in the liver, pancreatic beta cells, and on the basolateral
surface of kidney and small intestine epithelia. The GLUT2 (SLC2A2) can efficiently transport
sugars due to its high Vmax and Kn, for glucose, and is well suited to managing large bi-directional
fluxes of glucose in and out of cells. It plays a crucial role in glucose-sensing cells (beta cells and
hepatocytes), which is sampling a wide range of blood glucose concentrations. In pancreatic beta
cells, GLUT2 is required for the control of glucose-stimulated insulin secretion (GSIS)>8. Moreover,
it also transports other types of sugar such as galactose, mannose and fructose. The expression
levels of glucose transporters is not exclusively regulated by glucose and insulin levels but also
by cytokines including interleukin-6, which is highly expressed in diabetes and can amplify insulin
resistance via effects on GLUT4>%,

Insulin exerts all of its known physiological effects by binding to the insulin receptor (INSR)
on the plasma membrane of target cells. There are two INSR isoforms, A and B, but the most
specific one for insulin is the B type; it is mainly expressed in differentiated liver, muscle, and
white adipose tissue. Consequently, INSR is responsible of most metabolic effects of insulin. In
all cell types, INSR binding activates the cascade of the metabolic signaling by first recruiting
phosphotyrosine-binding scaffold proteins, which in turn activate downstream effectors®. The
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recruitment of diverse phosphotyrosine-binding proteins to INSR allows an early ramification of
insulin signaling in order to activate various functional modules®¢1,
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Figure 1.6: Hepatic insulin signaling (reproduced with permission from Petersen et al. 2018)

The liver plays a key role in the glucose homeostasis mechanism. Previous studies have
shown that the beta cells regeneration and proliferation is regulated by a signaling pathway
controlled by the liver and mediated by the nervous system and endocrine factors 23, Araujo et
al. reported the relevance of hepatocyte grow factor (HGF) as a mediator in the compensatory
response during the insulin-resistance state 546, However, the cellular mechanism that triggers
the signaling pathway to produce this hepatic humoral response remains unknown.

Liver insulin resistance is the most relevant characteristic of T2DM pathophysiology.
Hepatic insulin resistance has been characterized by a reduction of insulin-stimulated signal
transduction pathways for hepatic glucose production, including INSRs and downstream
mediators>®6°, Chronic hyperglycemia and excessive glucose intake by the liver associated with
the accumulation of hepatotoxic lipids as well. This “glucotoxicity” also includes the activation of
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lipogenic enzymes and induction of endoplasmic reticulum stress, eventually leading to steatosis
and apoptosis®®

Glucagon (GCG), which is released from pancreatic alpha cells in response to low blood
glucose levels, acts on hepatocytes to promote glycogen breakdown (glycogenolysis) and to
promote glucose synthesis via gluconeogenesis. While, glucagon-like peptide 1 and glucagon-like
peptide 2 (GLP-1 and GLP-2) are secreted by intestinal endocrine L- cells. They also considered a
key regulator of glucose homeostasis and intestinal epithelial function. The 3 peptides carry out
their action via interaction with specific receptors that exhibits distinct patterns of tissue specific
expression>>. The net effect of glucagon signaling is an increase in blood glucose levels (Figure
1.7). The secretion and inhibition of glucagon is regulated by neuropeptides, hormones,
metabolites and the autonomic nervous system. For reasons that are not entirely clear, patients
with type 2 diabetes often present with hyperglucagonaemia which results in continued glucose
output by hepatic cells. This suggests that targeting glucagon signaling in hepatocytes may be a
viable treatment option for type 2 diabetes®’. Therefore, glucagon-like-peptide were developed

as candidate therapy. Among them GLP-1 analogues improve hyperglycemia in T2DM patients®®
72
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Figure 1.7: Interaction mechanism of drugs like GLP-1 with pancreatic beta cells (reproduced with permission from TAKARA Bio
catalogue)
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1.3. In vitro models for diabetes research

In order to establish therapies and new treatments of DM, it is necessary to understand
the human endocrine system, its function and the consequences of its failure. Studies have
shown that both genetic and environmental factors are involved in the disparity of insulin

secretion and action.

The vast majority of the available information on B-cell mass and function in DM comes
from experiments on rodent models (mostly mouse)’3. However, many studies have shown how
rodent Islets of Langerhans differ from human ones at all levels, especially regarding B-cell mass
regulation®’. Primates and pigs are the closest large animal to the human physiology, in
particular when it comes to the development and the study of the disease progression of DM747>

The main challenge for researchers focused on studying diabetes and other metabolic
disorders is the disease progression modelling in an accurate and reproducible way. Currently,
the gold standard in diabetes research and drug screening is the use of models based on some
insulin-producing beta cell lines or primary pancreatic islets of Langerhans. However, despite the
huge progress done in the field of in vitro models, and besides the conventional drawbacks
related to the cost, the low reproducibility due to different genetic backgrounds and the lake of
donors, the variability introduced by cell type and assays lead to bias in the interpretation.
Therefore, it is essential to propose advanced in vitro model as alternative to animal trials.
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Figure 1.8: The publication history of organs-on-chips (OOCs) over the past decade according to Web of Science and
Pubmed (reproduced with permission from Puryear Ill et al. 2020)
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In addition, cohort studies have found a direct relationship between liver related diseases
and diabetes mellitus. Notably, there is a high susceptibility of diabetes development in the post-
operatory of liver transplantation. While Diabetes Mellitus is considered a high risk factor of
hepatocarcinoma and chronic liver diseases’®8!. The crossed mechanisms of induction between
these pathologies remains unclear®?. Therefore, several studies aimed to explore the interaction
between the liver and the pancreas in a healthy and pathological model as well®32* Based on our
previous consideration of important liver pancreas interaction, we will focus on advanced in vitro
models related to organ-on-chip technology and co-culture modalities. Briefly organ-on-chip
consists of miniaturized bioreactors that can mimic and reproduce several physiological features
of specific cell types or tissues at a microscale level. The power of organs-on-chips (OOCs) to
reproduce a physiologically relevant microenvironment for drug testing and disease modelling is
behind the tremendous growth and fast evolution of this technology over the last decades®
(Figure 1.8). Before describing the advanced in vitro tools, we propose herafter first a focus on
data analysis, that should then be performed with the different models.

1.3.1. Current analytical tools for model assessment and analysis

The development of high throughput technology in the last decades has powered the
discovery-based approach by providing access to larger quantitative datasets. Omics
technologies provide a global picture of the molecules involved in the reaction chains and
dynamic networks that make up the central dogma of molecular biology. Significant progress has
been made in disease research thanks to the disciplines that study the different biological layers:
genomics, epigenomics, transcriptomics, proteomics, metabolomics and microbiomics®. The
integration of multi-omics layers provides a unique opportunity to understand and assess the
interactions of a set of molecules behind the biological phenomena®’ (Figure 1.9).

A variety of analytical platforms are available to characterize the behaviour and the
activity of cells as they should react to physical or chemical challenges. These platforms provide
a high sample throughput and the generation of big data sets. Omics are part of these analytical
platforms. Among those techniques, there are genomics that provide the individual genetic
blueprint and how is dynamically regulated in different states of health, disease, toxicity and
aging. Transcriptomic methods are designed to provide a complete analysis of the mRNA level of
gene expression transcribed in a specific moment. Proteomics, the study of the proteome,
includes all the proteins that make up a cell compartment, a cell, a tissue or an entire living
organism. The metabolomics, or the study of the metabolome, consists of analysing the
compounds produced during chemical reactions taking place in cells or body. It allows the
assessment of the cell status and detect small variations during in vitro culture. In our context,
the metabolomics can provide useful details to establish pancreatic disorder signatures and to
search early biomarkers8288-91,
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The objective of all these omics techniques is to understand how tissue behaves at various
levels. This particularly requires an understanding of the relationships between the factors that
alter omic responses and the effects of these responses on the organism. The biomarkers are
then identified by applying meta-statistical analysis on the corresponding datasets. Appropriate
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Figure 1.9: Conceptual model of multi-omics and human disease (reproduced with permission from Sun et al. 2016)

statistic methods, including adequate sample size, proper adjustments, and correction for
multiple testing are required®®. Data-driven approaches (data reduction via clustering,
classification using for instance neural network, visualization using principal component analysis
and then network analysis) make use of now-prevalent high throughput datasets that facilitate
the elucidation of underlying structure. Knowledge-based approach relies on the increase use of
systems biology to integrate heterogeneous data into existing knowledge-databases (Metabolite
Set Enrichment Analysis MSEA, pathway network-KEGG, customized system biology model,
etc...). Knowledge-based approach aims to facilitate the understanding of disease and biological
process mechanisms (mechanistic analysis) at the systemic level®’.

Additionally, to the omics profiling, in order to understand the flow information and the
crosstalk between multiple molecular layers involved in a biological phenomenon, the integrative
analysis of multi-omics data will address the gap in our current knowledge of molecular
mediation mechanisms®°394, The bottleneck for life science studies has shifted from generating
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the data to interpreting results so as to derive insights into biological mechanisms. Thus, the
development of refined in vitro strategies and of pertinent in vivo models to reproduce human
physiology, human disease and thus to the identification of robust biomarkers requires careful
attention®>,

1.3.2. Potential cell source for liver and pancreas modelling

Modelling endocrine pancreatic cells physiology and dysfunction in vitro is essential to
understand the pathomechanisms underlying DM?®. The cell sources used for those culture
models can be classified in 3 groups: human or animal cell lines (EndoC-BH1-3°7°%, MIN6%, INS-
1190 RIN5-F191 aTC1.9%°), primary islets of Langerhans (from human, rodents or pig) and human
stem cells (embryonic pluripotent stem cells (EPSC)'9%1%3 or induced pluripotent stem cells
(iPSC)04105) Meanwhile, liver modelling has been extensively used for drug testing and hepatic
disease research and the cell source is currently chosen according to the application of the liver
in vitro model'®, The available hepatic cell sources for in vitro culture are also classified in 3
groups: primary hepatocytes or non-parenchymal cells, stem cells (hESCs or hiPSCs) and
immortalized cell lines (hepatoma cell lines'%’, HepG2 cell lines!%1%° and HepaRG cell lines!?).

Cells source Advantages Drawbacks
Stem cells = Availability = Limited functions
= Feasibility of healthy and = Lake of full maturity
hESCs and hiPSCs pathological profiles » Ethical preoccupation
= Reproducibility (hESCs)
= Unlimited growth = Epigenetic memory (iPCSs)
= Patient-specific derivation = Risk of mutagenesis due to
vectors used for
reprogramming
= High cost
Immortalized cell = Unlimited sources (easily = Low functionality
lines proliferate) = Differs from primary cells
= Low cost = Limited genetic
= Easy to maintain modification
= Suitable for long-term
=  Well characterized
Primary cells & ex = High functionality = Rapid de-differentiation in
vivo tissues = Reflect in vivo physiology vitro

Well characterized

= No proliferation in vitro
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= Limited availability
(donors)

= |nter-donor variability

According to the features reported in the literature, primary cells still being the most
suitable to investigate complex drug effects or disease and the lack of long-term viability and
function can be solved with the use of bioreactors, microfluidic chips and co-culture with other
cell types (see table). However, the shortage of donors and the imminent de-differentiation of
the ex vivo cells lead to consider iPSC as an alternative since they allow the establishment of cell
models with the desired disease-associated genetic background®® (Figure 1.10). Meanwhile,
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Figure 1.10: Tissue sources for organ-on-chip modeling (reproduced with permission from Wnorowski et al.2019)

hepatic and pancreatic cell lines have been extensively used within in vitro models due to the
easy access and maintenance. But in the case of liver, they do not express most of the Phases |
and Il metabolic enzymes, and those that are expressed are not physiologically relevant®. In
parallel, the available cell lines for endocrine pancreas modeling do not have the same insulin
secretion profile and glucose responsiveness comparable to the primary cells?>.

1.3.3. Benefit of co-cultures

In order to improve and preserve hepatocytes and endocrine pancreatic cells function
and performance for long-term, several culture configurations have been developed?. It is well
known that non-parenchymal liver cells play a crucial role in modulating liver homeostasis,
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organogenesis and injuries repairing through growth factors, inflammatory mediators and
reactive intermediates'*>112, LSECs, Kupffer cells and stellar cells not only support and contribute
to compounds metabolism but also enhance hepatocytes performance and function in vitro
studies!'3115 On this basis, several groups of research tempted the co-culture of hepatocytes
not only with non-parenchymal cells but also other tissues.

On the one hand, with the aim of enhancing hepatocytes in vitro culture, Kaufmman et
al. used pancreatic islets of Langerhans for the continuous hepatotrophic stimulation (insulin,
glucagon, somatostatin and hepatocytes growth factor and epidermal growth factor) witch was
proved to be necessary for transplantable bio-artificial liver (BAL) systems!!. Similar study was
carried out by Kuo et al. were they investigated the effect on viability and function of pancreatic
islets over hepatocytes from different species of mice and their possible application for the
BAL!Y. Considering that the main source of hepatotrophic factors necessary of the BAL is the
endocrine pancreas through the portal venous blood, Lee et al. aimed to make a new type of
spheroids and evaluate the effect of pancreatic islets on hepatocytes. The aggregates were
formed without dissociating the rat islets of Langerhans. Hepatocytes and islets were cultured as
a suspension in spinner flasks, and spheroids were formed by hepatocytes aggregation around
the pancreatic islets without considering the ratio of cell types. The purpose of this study was to
reflect in vitro the clinical conditions of hepatotrophic stimulation in a future hepatocytes
transplantation or in a BAL system?,

Pancreatic islets have proven to be an excellent in vivo hepatic functional supporting
system®, On basis of the previous reports, Gao et al. aimed to confirm the feasibility of
xenotransplantation of microencapsulated of islets of Langerhans and hepatocytes as a BAL
system. The alginate microcapsules with different ratios of hepatocytes to pancreatic islets were
injected in the abdominal cavity. The hybridization between pancreatic cells and hepatocytes has
shown a high performance compared to encapsulated hepatocytes xenotransplantation'2°,

On the other hand, considering that the most common engraftment site of pancreatic
islets transplantation (TIDM therapy) is the portal vein of the pancreas, there was an imminent
need to explore the effect of hepatocytes over pancreatic islets and study their interaction in
order to prevent bioartificial pancreas intrahepatic transplantation failure*?!. Accordingly, Kim et
al. studied in vitro the behaviour of spheroids made by a mixture of hepatocellular carcinoma cell
line (Hep-G2) and the rat insulin-secreting cell line (RIN-5F). They reported synergistic effects
between the hepatocyte cell line and insulin-secreting cells. Especially, a beneficial effect of
hepatocytes as a support of insulin-secreting cells for the generation of artificial islets®l. They
extended their in vitro study performing the co-culture under hypoxic conditions of incubation in
order to mimic the ischemic conditions of pancreatic islets after transplantation?2.

27 |Page



To enhance beta-cells survival, insulin secretion, proliferation and gluco-cytotoxicity
resistance, Green et al. co-cultured clonal B-cells with GLP-1 and glucagon-secreting cell line.
They suggest the consideration of therapeutic approaches using antagonists’ hormones (insulin
and glucagon) to address effectively diabetes treatment. Glucagon and GLP-1 are minted to
directly enhance B-cell function and indirectly promote insulin sensitivity and reducing blood
glucose levels®.

Other research groups chose to address diabetes modeling by the creation of an insulin
resistance model, one of the main characteristics of T2DM, choosing other organs or tissues
different than the pancreas and the liver 123, Park et al. developed a 3D co-culture model with
the aim of increasing the selectivity of anti-diabetic and anti-obesity drugs —metabolic syndrome-
for humans. For that purpose, they cultured and differentiated alginate-encapsulated Human
Adipose-derived mesenchymal stem cells (ADMSC) and human RAW264.7 macrophages in a 3D
environment. They claimed a successful performance of the in vitro model to mimic insulin
resistance and realistic response to anti-diabetic and anti-obesity drugs like: Acarbose,
metformin, exendin-4, KR-1, KR-2, and KR-3 124,

1.3.4 Organoids/spheroids

The 3D cell culture models, also called multicellular spheroids or organoids (mixture of
different cell types) are commonly formed by self-assembly of single cells. The aim of this culture
modality is to bridge the gap between animal models and conventional 2D cultures in
monolayer'?>. Spheroids vary in size and in shape depending on their heterogeneity, cell type
composition, developmental stage or maturity and the organ or tissue aimed to reproduce. The
current standardized methods of spheroids formation with a defined diameter and spheroidal
shape are: suspension culture technologies?®'?’, hanging drop'?®, and non-adhesive
surfaces'?>12%, Several studies have reported the development of microfluidic biochips with
clever design for the automation of spheroid formation, manipulation, high-throughput

screening and long-term culture®3°,
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A key feature to enhance cell viability in large aggregates with a high cell density is the
oxygen supply for long-term cultures. Accordingly, Shinohara et al. proposed a PDMS based plate
that combines a non-adhesive honeycomb microwell structure that enhances spheroids
formation in a short-time with the high permeability to oxygen provided by the PDMS support

& 2 L
oneycomb
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Figure 1.11: Schematic illustration of the oxygen permeable PDMS-based Honeycomb microwells plate (adapted with

permission from Shinohara et al. 2017)

material’3%132 (Figure 1.11). They reported an efficient formation of MING6 aggregates (insulinoma
cell line) using the honeycomb microwell culture system with different sizes'3!. Thanks to
controlled size and density, spheroids are ideally suitable for integration on microfluidic chip
platforms®33134 Another unique approach for organoids generation from single cells was
reported by Fu et al. where they used a U-shape obstacles in a microfluidic device perfused
vertically they succeeded to make functional organoids3. Cell trapping and aggregation was
achieved by applying gravity against perfusion flow and the sizes of MCS was tuned according to
the magnitudes of the U microstructure. The U-shape PEG hydrogel microstructures protected
cells from shear force damage without depriving them from diffusion of nutrients and wastes.
The spheroids generated from a mixture of Balb/c 3T3 fibroblasts and HepG2 (hepatocarcinoma
cell line) had a homogeneous size and high viability. Additionally, the sequence of cell loading to
the biochip and the speed of cell inoculation conditioned the cell distribution in the resulting
aggregates'®,
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In order to improve the understanding of cell-to-cell or organ-to-organ interaction
between hepatocytes and islets of Langerhans in vivo, a spheroidal 3D co-culture model of rat
hepatocytes and dissociated islets of Langerhans was developed by Jun et al. The hybrid
spheroids were encapsulated with an alginate-based hollow fibre using a microfluidic device in
order to prevent immune rejection of xenotransplantation. The resulting aggregates were
assessed in vitro and they harvested them before encapsulation by a PDMS-based device. Then
they transplanted the graft into intraperitoneal cavity of diabetic mice. Both in vitro and ex vivo
analysis have shown a long-term stability and functionality of beta-cells functions (Figure 1.12).
Moreover, the in vivo tests suggest that co-culture with hepatocytes could solve partially the
shortage of donors for pancreatic islets transplantation®13>,
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Figure 1.12: Schematic representation of the hybrid spheroids fabrication, encapsulation and transplantation in the
intraperitoneal cavity of diabetic mice (reproduced with permission from Jun et al. 2013)
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1.3.5. 3D bioprinting

Some simple culture designs lack the capacity to emulate the complex 3D multicellular
architecture effectively for some specific function or disease mechanism that involve the cell-to-
cell interaction and a particular ECM composition. For that purpose, emerging bioengineering
techniques like 3D bioprinting have displayed a high performance controlling the creation of
geometries and structures approaching the complexity of native organs/tissues'3®. 3D bioprinting
is defined as is an additive manufacturing technique capable of producing scaffolds with defined
architecture for multiple bioengineering applications. It is an advanced fabrication process where
cell-charged bioinks are used to create native 3D tissue-like cell organization®®’. It offers a precise
control over the special placement of biomaterials, cells and biologically active molecules to
guide the morphogenesis of the tissue3¥140 Matai et al. reviewed the different bioprinting
modalities and their applications in the field of cancer research, bioartificial organs, high-
throughput screening and organ-on-a-chip models'#!. The emergence of synergistic approaches
that combines bioprinted tissues has the potential to revolutionize in vitro testing platforms and
reach a more relevant microenvironment overcoming once for all the mass transfer
limitations®3’.

One of the main issues for liver in vitro modeling is the lack of longevity and tissue-level
complexity (hepatic functions). With the aim of solving those problems, Grix et al. reported the
development of a bioprinted liver organoids HepaRG-based using a stereolithographic printing
approach. They demonstrated the perfusability of the organoids’ intrinsic channel system for a
future organ-on-chip application!!. Proof of concept experiments were presented by different
groups for a bioprinted liver-on-chip system combining different parenchymal and non-
parenchymal liver cells, for the assessment of drug-induced liver toxicity'%1% or to reproduce
the in vivo microenvironment by integrating the biliary system!*2. While for the 3D bioprinting
implementation with pancreas-on-chip models, is still in development!*°, In this case, the
requirements are challenging since the density of native pancreatic islets is very high witch
implies the conception of a highly vascularized system within the scaffold. Few studies have
achieved bioprinting islets of Langerhans within a biomaterial and characterize the printed tissue
in vitro and in vivo43144,

Ultimately, the combination 3D bioprinting, microfluidics, organoids and stem cell
technology is the future of in vitro modeling of human surrogates to effectively create more in-
vivo like 3D microenvironments!**, Compared to conventional organ-on-chip models, bioprinted
micro-tissues inside microphysiological systems will provide much more shear stress through the
perfusion flows due to their spatial architecture. The fusion will allow the creation of customized
scaffolds structure and optimized coating for better cell adherence in order to preserve the
structural integrity over the long-term137,146,
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1.4. Microfluidic systems and cell culture
1.4.1. Microphysiological model of human liver tissue

Organ-on-chip technology is a powerful bioengineering tool to investigate physiological
in vitro response in drug screening development and in disease advanced models. It allows
mimicking the native microarchitecture, it enables the construction of well-controlled
microenvironment bridging the gap between in vitro and in vivo animal model. in order to
overcome the limitations of the conventional liver model and get a reliable high-throughput
results in a cost-effective way, many liver-on-a-chip and micro platform-based bioreactors have
been developed in recent decades#’.

In this frame, our laboratory has been developing over the past two decades a liver-on-
chip system with a simple design proving the power of microfluidic-based models for the
discovery of new insight in liver metabolism?4-10 biomarkers identification>">% and predictive
toxicology coupling in silico models'>. Therefore, those models were able to predict well the
human hepatoxicity by identifying biomarkers and metabolic signatures in response to drugs
(such as paracetamol, which provides potential new ways to evaluate risk factors by clinicians);
Those data were correlated with GSH depletion kinetics using mathematical system biology
models to propose in vivo extrapolation (and thus replying to industrial demand to understand
GSH biomarker kinetics'®>. They also explored possible alternatives to PDMS as standard for
biochip support material such like the perfluoropolyether dimethacrylate in order to improve
oxygen permeability*®. Meanwhile, they built several prototypes with real-time monitoring of
the metabolic activity using a liver on chip coupled with mass spectrometry to reply to industrial
practical implementation of biomarker identification but also to follow complex biomarker
kinetics for clinical diagnosis®’. In parallel, for automation and multi-organ integration they
proposed an Integrated Dynamical Cell Culture in Microsystems (IDCCM) box1°3:158-160,

[llustrating the increasing interest of liver disease application, few groups studied the
none alcoholic liver disorders using a human liver on chip approach. In parallel, other studies
focused on toxicological effects of pesticides using liver human primary tissue demonstrated also
steatosis formation in organ-on-chip technology!t'162, However, those studies did not consider
(i) the human variability; (ii) the liver complexity of the disease involving hepatocytes, endothelial
and cholangyocytes cells, (iii) the liver-multi organ system complexity of diseases such like the
metabolic syndrome; (iv) the integration of in vivo cohorts for further validation®3.
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1.4.2. Microphysiological model of endocrine pancreas

Pancreas-on-chip application can be classified in 4 groups with different state of progress
in each one of the possible application (Figure 1.13). So far, the most largely explored application

group is the trapping and interrogating the ex vivo islets of Langerhans before transplantation
164-167

1.4.2.1. Specific cell tissue differentiation

Hirano et al. reported the use of a PDMS-based biochip with an open channel and a
microstructure design with 382 microwells for human iPSC differentiation to pancreatic islets-
like. They successfully differentiated hiPSCs to pancreatic islets-like from single cells with a
homogeneous size of spheroids. The viability of the aggregates was over 95% and they expressed
typical endocrine hormones such like insulin, glucagon and somatostatin. Similar approach was
reported by Tao et al. with a successful differentiation of hiPSC to islets organoids. The novelty
of their device is the integrated analytical tool allowing a real-time imaging of the spheroids
during the differentiation process®®. Those studies highlight the power of organ-on-chip device
to optimize the culture and differentiation of hiPSC to functional pancreatic islets.

1.4.2.2. Islets evaluation and drug screening

Microfluidic biochips have been extensively explored for functionality assessment of the
pancreatic islets before transplantation in order to reduce the bioartificial pancreas failure. They
mostly focus in the short-term culture of islets of Langerhans and the optimization or automation
of the sampling process'®®172, With the same goal, different approaches of microphysiological
platforms have been reported for evaluating the islets responsiveness to glucose
stimulation’>174, Lin et al. have used a cell line based pancreas-on chip model to study the effect
of adiponectin as an antiapoptotic therapy strategy'’>.

It should be noted that progress has to be made in order to produce a cost-effective
analytical platform for ex vivo islets assessment prior to transplantation in patients with TIDM*°,
The ultimate goal of the organ-on-chip technology in this scope is to became a pre-treatment

platform for islets to enhance the intracellular flow and reduce the necrotic core’®,

1.4.2.3. Study and diagnosis of pancreatic cancer (PCa)

Pancreatic adenocarcinoma is a lethal disease that affects more than 484486 worldwide
and is causing more than 456280 deaths by the end of 2020 according to the International Agency
for Research on Cancer!’’178, The poor treatment outcome of the PCa is due to the rapid and
often symptoms-free progression compromising the survival rate of patients. Over a 90% of PCa
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are diagnosed in the metastatic stage!’. Several studies including the meta-analysis carried out
by Stevens et al. have concluded that diabetes mellitus is a definitive risk factor for pancreatic
cancer'®, However, recent studies provided evidence of the bidirectional causality between PCa
and DM182,

The early diagnosis and detection of carcinogenesis biomarkers is the key to improve the
survival rate of patients with PCa. In this context, biosensors and microfluidic device platforms
have been developed for the capture and analysis of circulating biomarkers including: proteins,
glycoproteins, nucleic acids, exosomes and cancer cells in the blood sample or biopsies8-187,
Thege et al. reported the use of a microfluidic chip that captures circulating tumor cells from
blood or cell suspension with cancer-specific antibodies
EpCAM)183.188,189

inmunocapture (MUC1 and

1.4.2.4. Study of islets physiology

Microphysiological systems dedicated to ex vivo culture of pancreaticislets in a controlled
microenvironment with integrated analytical tools offer a new and robust engineering
approach®®. In order to maintain the islets functionality for long-term cultures, it is necessary to
understand the intracellular mechanisms of pathogenesis'’®1%!, Lee et al. reported a new
microphysiological analysis platform (MAP) that allows the generation of 3D beta-cell spheroids
and create a glucolipotoxicity-induced diabetes model*®?,
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Figure 1.13: Geometric solutions reported by different groups of research that enables 3D cell culture within a microfluidic
environment. (reproduced with permission from A. Tao et al. 2010; B. Hirano et al. 2017; C. Lee et al. 2018; D. Zbinden et al. 2018;
E.Nguyen et al. 2017)
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1.4.3. Multi-organ-on-chip: towards human on chip

There is an urgent need for the development of reliable “human surrogates” that
recapitulate the complex biological physiology of the human species for preclinical drug testing
and diseases modeling!31%*, Microfluidics-based platforms have successfully shown their ability
to reproduce a tissue/organ functions and they have overstepped the limitations conventional
2D classic culture capturing the tissue architecture®>,

Several multi-organ microphysiological systems have been proposed to interconnect
multiple organs with a closed loop perfusion system in order to mimic the organ-to-organ
interactions through an artificial microvasculature. These devices are particularly versatile since
they allow the culture and characterization in a wide range from organoids or multicellular tissues
down to individual cells’®®. The integration of various organs/tissues in the in vitro model is
providing some much relevant outcomes for endocrine signaling and toxicity studies'®’-2%, |n
that context Nahivandi et al. reviewed the current application of microfluidic biochips in cell
signaling research. Cell signaling is a complex biological process that involves transfer of
information to generate an adequate response in order to coordinate the physiological functions
of the body?®!. intracellular signaling mechanisms can be classified in 5 types of communication:
endocrine, paracrine, autocrine, juxtacrine, synaptic and gap junctions signaling. Fundamental
processes in living organisms relay on stimulus-response mechanisms and cell sensing including
cell regeneration, growth, differentiation and apoptosis, immune response, organogenesis,
tissue repair and homeostasis control?92293, |n particular, the endocrine signaling involves the
communication between organs through hormones secreted into the circulatory system to act in
a long distant target site. In that sense the authors highlighted the potential of MPs as a tool to
advance intracellular signaling research overcoming the drawbacks of conventional methods?%2.
The most important limitation for investigation of cell signaling mechanisms is the lack of
precision over spatial and temporal cells ‘control response and interactions. Such a control of
variables can be achieved with microfluidic technology thanks to a highly controlled
microenvironment and precise capture of response to induced stimulations (mechanical,
chemical or physical stimulation). Furthermore, the ease of integration of analytical tools and the
handling of small volumes allow the capture of rapid changes in the kinetics and the detection of
signaling molecules difficult to achieve in conventional models. Moreover, the organ-on-chip
models can recreate accurately a 3D microarchitecture recapitulating effectively the in vivo
functions, particularly, for the real-time analysis of endocrine signaling in its appropriate
context?%4,

Nguyen et al. proposed endocrine system on chip that involves intestine cells and
pancreatic cells for a diabetes treatment model. For that purpose, they used, an open loop
perfusion system with two microfluidic biochips connected serially with a vascular network
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scheme of organ equivalents for 2-OC co-culture. (reproduced with permission from Bauer et al. 2017)
(Figure 1.13.E). They have shown the potential of co-culture model to screen drugs effectively
integrating analytical tools for real time analysis'®. In the same line, Bauer et al. used a different
approach to address the in vitro modeling of T2DM. Therefore, they combined organoids culture
with a microfluidic platform suitable for 3D cell culture. They co-cultured ex vivo human islets of
Langerhans with human liver aggregates generated from HepaRG cell line in a device with two
microchambers connected serially and perfused in a closed-loop by an integrated micropump?®.

A more interesting approach was recently proposed by Lee et al. to recapitulate the
glucose metabolism regulation and homeostasis. They co-cultured a pancreatic cell line (INS-1)
with a myoblasts cell line in a microphysiological system without contact in order to track the
glucose uptake and insulin secretion. They validated the model mathematically with in silico
simulation with an upgrade by including the liver as an important player in the metabolism
regulation?.

A new discovery involving the metabolic syndrome, insulin resistance and consequently
T2DM induction was reported by Tanataweethum et al. using an organ-on-chip model. they
developed a microfluidic platform to study the crosstalk between the adipose tissue (white and
brown) and the liver since they are highly implicated in glucose metabolism and regulation in the
body?%. The co-culture without contact of hepatocytes and adipocytes was carried out with two
interconnected microfluidic devices under continuous perfusion. They reported potential new
therapeutic targets for T2DM. specifically, to address the hepatic insulin sensitivity2°®.

1.5. Objectives and Approach of the Thesis

Following those multi-organ models approaches, the aim of this thesis is the study of inter-organs
crosstalk such as pancreatic islets and hepatic cells similarly to the strategy reported by Bauer et
al.,B3(Figure 1.14). The multi-organ interactions can be assembled by connecting both organ
biochips, liver and pancreas, to each other through a microfluidic system allowing recirculation of
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the media and endocrine communication. Each organ will thus be exposed to metabolites and
hormones secreted by cells of the other biochip. In this configuration, we can investigate whether
the organ-organ co-culture enables further differentiation and obtaining higher level of maturation
of hepatic and pancreatic tissue. We will focus on the pancreas-liver communication via the
glycaemia homeostasis.

We specifically developed a new pancreas organ-on-chip (chapter Ill). We characterized the
pancreatic rat islets. We also confirmed the islet functionality by checking glucose stimulated
insulin production (GSIS) and GLP1 stimulations. Then we use the advanced liver-on-chip
technology developed in our laboratory to build a liver pancreas co-culture model. The technology
was applied with rat cells as a first demonstrator. We investigated both effect of liver on pancreas
and effect of pancreas on liver in chapter IV.

Researchers involved in DM studies and other metabolic disorders are facing big challenges when
modeling disease progression in an accurate and reproducible manner. At present, the gold
standard in diabetes modeling and drug screening involves the use of islets of Langerhans. Aside
from the complexity of the isolation process and the high cost, primary islets come from donors
with different genetic backgrounds, confounding results by adding variability to cellular models and
assays. As an alternative to islets, a rapidly renewable source of human induced pluripotent stem
(hiPS) cell-derived beta cells from a single donor could be used as a powerful screening tool for drug
discovery and as a physiologically relevant model of insulin production and release. For that
purpose, we collaborated with the University of Tokyo as they hold one of the pioneers’ approaches
for iPSC differentiation to hepatocytes. We investigated iPSC beta cells organ on chip in 2D and 3D
configuration, checked mRNA levels and differentiation process in biochips, and confirmed the beta
cells responsiveness to GSIS, GLP-1 in chapter V.

Although we generated liver-pancreas human iPSCs co-culture model, we will not present all those
work in this manuscript because of the lack of time in the analysis and due to patent issue
considerations on the liver iPSC protocol involving other teams. However, we will provide few
preliminary results in chapter VI.

Finally, we discussed and concluded our work.
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Chapter II: Materials and methods

In this chapter we will present all the materials and methods used in the thesis. They are
the extension with a more precise description of the ones presented in our papers:
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Chapter II: Materials & Methods
2.1. Biochip design and fabrication

Both of the different designs of the microfluidic biochip microstructures have been
conditioned by: 1) the culture mode (2D monolayer or 3D islets and spheroids); 2) the size of the
spheroids and 3) the cell type source (organ).

The PDMS biochips were manufactured using a replica molding process. First,
photolithography was performed to create the mold masters of the bottom and top layer of the
biochips using SU-8 photosensitive resin. Then, PDMS prepolymer (mixture of 10:1 base
polymer/curing agent; Sylgard 184, Dow Corning) was poured onto the SU-8 master and cured
for 2 h at 75°C. The surfaces of the PDMS layers obtained were activated with reactive air plasma
(1 min; Harrick Scientific) and brought together immediately to form an irreversible seal.

Concerning the liver-on-chip model for both human or animal cell sources, we used a
micro-structured bottom layer composed of microchannels and microchambers network in a cell
culture chamber measuring 1.2 cm in length, 1 cm in width and 100 um in height (Fig.2.1A). The
second PDMS layer, with a reservoir (depth of 100 um, Fig.2.1A), was sealed on top of the first
layer. As described above, a microchannels network was also present in the inlet and outlet to

Figure 2.1: SEM images of the fabricated microstructures. Positive master mold used for PDMS replica
molding process
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ensure homogenous culture medium distribution. The design and dimensions of the biochip were
described in our previous work3,

In the pancreas-on-chip model, the micro-structured bottom layer, used to trap islets,
was composed of 600 microwells measuring 400 um in diameter (depth of 300 um), and spaced
by 50 um (Figure 2). The second PDMS layer, with a reservoir with a depth of 100 um (Figure 2),
was placed on top of the first layer and included an inlet and outlet for culture medium perfusion.
A microchannels network placed at the inlet and outlet of each layer made it possible to
distribute the culture medium homogenously in the biochip (Figure 2). The detailed of each
biochip will be given in the next sections.

The microfluidic co-culture consists of two different biochips (one for the liver, one for
the pancreas) that were connected serially. Each biochip was manufactured with two
polydimethylsiloxane (PDMS) layers.

Upper layer A
1000um
i
- 1200pm
Lower layer
. 500um
i it
1 - I
W
' N
...... ; }.—/‘/

100pum :

/ 100pum \

Microstructures in the bottom
chamber

Figure 2.2: Microstructure design of the liver-on-chip device. A: upper and lower geometry; B: PDMS assembled device; C:
detailed of the microchannels & microchambers networks; D: transversal view; E: fluid flow simulation illustrating the velocity
field in the device (reproduced with permission from Baudoin et al.)
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2.2. Cell sources and culture assessment

Pancreatic islets and hepatocytes were isolated from male Wistar rats aged 8-9 and 6
weeks old, respectively (CLEA Japan, Inc, Tokyo, Japan). The rats were housed at the University
of Tokyo with a 12-h light/dark cycle at 22°C with food and water ad libitum. All animal
experimentation procedures were carried out according to the guidelines of the University of
Tokyo and the Japanese Ministry of Education.

2.2.1. Isolation of islets

Islets of Langerhans were isolated from male Wistar rats (8—9 weeks old, 200—-300 g) (CLEA
Japan, Inc, Tokyo, Japan) following a slight modification to the protocol described by Yonekawa
et al. (2006)* and Kiba et al. (2013)°. All animal experimentation procedures were carried out in
accordance with the guidelines of the University of Tokyo and the Japanese Ministry of Education.

The rats were anesthetized with isoflurane inhalation solution (Pfizer). The abdomen was
disinfected with 70% Ethanol and acidic hypochlorous acid solution. Then the laparotomy was
performed midline incision. The distal end of the common bile duct (CBD) at the duodenum using
a microvascular clamp. The catheter is inserted on the CBD after a small incision in its proximal
portion to the portal triad and knocked to it as Shown in figure. 2.3. After clamping of all irrigation
blood vessels, the animal was blooded by transitioning the infrarenal aorta. the enzymatic
solution (Liberase™ TL by Roche) was injected through the bile duct, previously identified and
clamped. After the pancreatectomy, there was selective chemical digestion of the organ at 37°C
for 30 min with Liberase TL/ ET-K solution (ET-Kyoto solution, Otsuka Pharmaceutical). The
digestion was followed by washing and purification steps using a discontinuous OptiPrep®
(Sigma-Aldrich) density gradient. The islets of Langerhans were then identified and selected by
removing the two layers (borders of 1.08/1.10, 1.10/1.125) of the density gradient solution after
centrifuge at low temperature (figure. 2.4). The islets were individually hand-picked with a
Pasteur pipette under a stereomicroscope (Leica S9 D), and transferred to a cold preservation
solution made of UW solution (University of Wisconsin, Kneteman et al., 1990)® complemented
with Miraclid (Mochika pharmacy, Japan) and heparin (Mochika pharmacy, Japan). After
assessing and counting the islets, the tissue was stored at 4 °C until starting the culture in order
to maintain full functional properties as shown in Kimura et al. (2013)”.
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Figure 2.3: Detailed drawing of the catheter insertion site

2.2.2. Isolation of hepatocytes

Primary hepatocytes were isolated using the two-step collagenase protocol based on the
protocol of Seglen®. Briefly, after animal anesthesia by isoflurane inhalation solution (Pfizer), the
liver was perfused with buffer solution in order to washout the blood. Then, the buffer was
switched with the collagenase IV solution (Wako Pure Chemical Industries) to start the tissue’s
chemical digestion. Subsequently, the liver was extracted, deposited in Dulbecco’s Modified
Eagle Medium (DMEM, Gibco™ — Life Technologies) and the tissue was gently disrupted. The
digested tissues were filtered through 100 um filters (cell strainer 100 um nylon; Falcon®) and
the liver cell suspensions were centrifuged three times. The resulting pellets were mixed and
suspended in Percoll (Sigma-Aldrich) and HBSS (Sigma-Aldrich) separating solution. Percoll
isogradient centrifugation was performed to isolate both dead cells and a significant portion of
the nonparenchymal cells in a floating top layer that was discarded. Finally, the cells obtained
were suspended in seeding medium (William’s E medium (Gibco™) supplemented with 10% fetal
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Figure 2.4: Step-by-step extraction by suction of the pancreatic islets trapped between 2 layers of the gradient density solution

56 | Page



bovine serum (FBS, Gibco™), 100 units/mL of penicillin and 100 mg/mL of streptomycin (Gibco™).
Cell viability was assessed by Trypan blue dye exclusion and hepatocytes cultures with a viability
of more than 85% were used. The purity obtained was over 98%.

2.2.3. Cellartis human iPSC derived p-cells maturation

Then as a second source of pancreatic cells, we investigate the potential of induced
pluripotent stem cells. The cells used in this work (Cellartis hiPS derived B-cells) were provided
from Takara Bio (Japan). Cellartis hiPS beta cells have been differentiated from ChiPSC12 lines.
The hiPS derived B-cells were differentiated into insulin-producing cells using hiPS beta cell media
kit (cat. N° Y10108, Takara Bio, Japan), according to the manufacturer’s instructions in 2D Petri
monolayers. The specific modifications of the protocol are detailed in the next section describing
the 3D cultures and the organ on chip processes.

2.3 Organ-on-chip cultures

2.3.1 Experimental setup for the rat pancreas model

The biochips and perfusion circuits (silicone/Teflon tubing and bubble trap) were
sterilized by autoclaving and dried in an oven. The biochips were then assembled with the
perfusion system and filled with culture medium in order to remove air bubbles and moisturize
the circuits. The bubble trap was used as a reservoir interconnected to the biochips by the
silicone/Teflon tubing of 0.65 mm in diameter. The preconditioning process was carried out for
one hour at 37° Cin the incubator. The entire setup is presented in Fig.2.5 and Fig 2.6.

The pancreatic islets in the preservation solution were washed with cold culture medium
and gently diluted in the appropriate amounts in order to ensure fair and even distribution of the
tissue in the biochips and Petri culture. The estimated number of islets per biochip or well is =40.
In order to minimize damage to the islets, wide orifice pipette tips with low binding were used
throughout the handling process. Once the islets were loaded in the biochips from the inlet port
or seeded in the 24-well plate, the counting step took place under the microscope in order to
keep a record of the islets per biochip and/or well. The cultures were continuously maintained at
37 °Cina 5% CO2 supplied incubator.
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Figure 2.5: Biochip design: (A) top and bottom layers used in the biochip manufacturing (the blue arrowa indicate the flow
direction) and (B) structures of microwells in culture chamber (bottom layer)

Two groups of study (biochip and Petri) and 4 conditions were established: Petri control;
Petri with GLP-1 drug (drug rational is provide in the assay section); biochip control and biochip
with GLP-1. The basal culture medium used in our study were the classic RPMI 1640 Medium
(Gibco, 2.5 mM of glucose) supplemented with 10% FBS (Gibco), 100 units/mL of penicillin,
100 mg/mL streptomycin (Gibco) and GlutaMAX™ (Gibco™) at 10 mM. The medium was renewed
every 2 days. In static conditions, the islets were seeded in 1 mL of medium/well and the culture
medium was exchanged every day.
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Figure 2.6: Setup used for dynamic culture in biochip

2.3.2 Experimental setup for the rat liver-pancreas model

2.3.2.1 Co-culture concept

The concept of the co-culture is shown in Fig 2.7. The experimental setup used for culture
in the biochip was composed of a perfusion loop, including the culture medium tank (bubble
trap), the peristaltic pump, and one or two biochips. They were interconnected using 0.65 mm
interior diameter silicone/Teflon tubing (Fig.2.8). The bubble trap contained 2 mL of culture
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Figure 2.7: Schematic overview of the co-culture model
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medium and the flow rate was set at 20 puL/min. Before each experiment, the circuit (biochip,
tubing and bubble trap) was sterilized by autoclaving and dried in an oven.

Hepatocytes or islets| Hepatocytes biochip Islets biochip
Tubing
T 7 T
- Tubing
Bubble trap Bubble trap
—_ —
Peristaltic pump Peristaltic pump
Hepatocytes or islets monoculture Hepatocytes and islets coculture

Figure 2.8: Perfusion set up used for dynamic culture in biochip

2.3.2.2. Pancreatic islet culture in the biochip (pancreas-on-chip)

The pancreatic control is similar to the previous section description. Briefly, the biochips
were previously filled with culture media in order to remove the air bubbles and moisturize the
circuits. The preconditioning process was carried out for one hour at 37° C in the incubator. The
pancreatic islets in the preservation solution were washed with cold culture media and gently
diluted in the appropriate amount. In order to minimize islets damage, wide orifice pipette tips
with low binding were used throughout the handling process. After loading in the biochips, the
islets were counted under microscope in order to keep a record of the islets number per biochip
(=40 islets/biochip). The circuit was then connected to the peristaltic pump and the perfusion
started. The entire setup was continuously incubated at 37 °C in a 5% CO; supplied incubator.
The basal culture medium used for the pancreatic islets culture was a classic RPMI 1640 medium
(Gibco™) supplemented with 10% FBS (Gibco™), 100 units/mL of penicillin, 100 mg/mL of
streptomycin (Gibco™) and GlutaMAX™ (Gibco™) at 10 mM.

2.3.2.3 Hepatocytes biochip culture (liver-on-chip)

After sterilization, the biochips were coated with rat tail type 1 collagen (Corning®, 300
ug/mL in phosphate-buffered saline: PBS Gibco™) and incubated at 37°C in an atmosphere
supplied with 5% CO.. After 1h, the collagen solution was washed using the seeding medium and
the freshly isolated hepatocytes (5x10° cells/biochip) loaded into the microfluidic device via
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biochip inlet ports using a micropipette tip. To keep the seeding medium inside the culture
chamber, the biochip inlet ports were closed using two syringes (containing 500 pL of seeding
medium), and the biochips were placed in an incubator at 37°C and 5% CO,. After 24 h of static
conditions to promote cell adhesion, the seeding medium was replaced by the culture medium,
and the biochip integrated into the perfusion experimental setup to launch the dynamic culture.

The primary hepatocytes culture medium was composed of William’s E medium (Gibco™)
supplemented with 100 units/mL of penicillin / 100 mg/mL of streptomycin (Gibco™),
GlutaMAX™ (Gibco™) at 10 mM, 1% non-essential amino acids (Invitrogen), 3% Bovine Serum
Albumin (BSA, Sigma), 1% Insulin-Transferrin-Selenium ITS-100X (PanBiotech), 0.1 uM
Dexamethasone (Wako Pure Chemical Industries), 10 ng/ml mouse Epidermal Growth Factor
(Takara Bio), 0.5 mM ascorbic acid 2-phosphate (from magnesium salt n-hydrate; Wako Pure
Chemical Industries) and 20 mM HEPES (Gibco™). For the hepatocytes monoculture without
insulin (monoculture ITS -), we used the same medium composition excluding ITS.

2.3.2.4 Hepatocytes/islets co-culture (pancreas/liver-on-chip)

The liver and pancreas biochips were prepared separately. First, the hepatocytes were
inoculated into the liver biochip (as in section above). After 24h of adhesion, the hepatocytes
were cultivated inside the liver biochips for 24h in perfusion (this resulted in 48h of culture in the
liver biochip including 24h for adhesion in static conditions and 24h of perfusion). The pancreatic
islet biochips were prepared after those 48h. The islets were inoculated into the biochips as
described in previous section. After 1h at rest and islets sedimentation, the liver perfusions were
stopped and one pancreas biochip and one liver biochip were serially connected to each other to
create a pancreas-liver co-culture model (Fig. 2.8). The culture medium for the co-culture
condition was a 1:1 mixture of pancreatic islets (RPMI 1640) and hepatocytes (William’s E) media,
excluding ITS from the last one. The overall experimental design in summarized in Figure 2.9.
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Figure 2.9: (A) design of biochips used for hepatocytes and islets cultures; (B) experimental procedures

Finally, four groups of biochips were investigated and compared: (i) hepatocytes biochip
monoculture with insulin (hepatocytes monoculture ITS +); (ii) hepatocytes biochip monoculture
without insulin (hepatocytes monoculture ITS -); (iii) pancreatic islets biochip monoculture (islet
monoculture) and (iv) hepatocytes/islets biochips co-culture without insulin (hepatocytes/islets
co-culture).

2.3.3 Experimental setup for the human pancreas model
We extend our development by investigation the possibility to develop human model.
2.3.3.1 2D Petri pancreatic p-cell culture protocol

Culture dishes (24-well plate) were coated with Cellartis beta cell coating (cat. N° Y10103)
and incubated at 37°C. After 1h, coating solution was removed and 500 pL of maintenance
culture medium (Cellartis beta cell basal medium Y10104, supplemented with beta cell
supplement Y10102) containing cells were added in each well. The cells were inoculated at a
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density of 2x10° cells/cm? and the plate incubated at 37°C in an atmosphere supplied with 5%
CO;. The maintenance culture medium was used for 12 days and changed every day. Then, the
assay medium (Cellartis cell medium 2 Y10105, supplemented with cell supplement Y10102) was
used from day 12 to day 15 (Fig. 2.10).

2.3.3.2. 3D spheroid culture using honeycomb technology

To create the spheroids, we used the honeycomb technology previously developed by
Shinohara et al.>°,. Briefly, the honeycomb polygons are made of PDMS and with the geometric
characteristics of 126 pum width and 129 um depth (Fig. 2.11). The PDMS honeycomb sheet is
seed on a bottomless 24 well plate. Each well of the 24-well plate contained 8000 honeycombs.
The plates were sterilized with ethanol for one hour, coated with pluronic-PBS solution overnight
(Pluronic® F-127 Sigma) and rinsed three time with phosphate-buffered saline (PBS, Gibco) and
one time with maintenance culture medium. After thawing, the B-cells were dropped in the
honeycomb in 500 pL of maintenance medium and incubated at 37°C in an atmosphere supplied
with 5% CO,. Two densities were tested 2x10° cells per dish (low density, LD) and 6x10° cells per
dish per well (high density, HD). The culture medium change sequence was exactly the same as
the 2D Petri monolayer cultures. Nevertheless, after 24h, the medium was adjusted to 1mL. Then,
we removed 600pL at each culture medium change that were replaced by 600uL fresh medium
(leading thus to always keep 400 uL in the honeycombs to avoid spheroids sucking).
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Figure 2.10: Schematic representation of the differentiation procedure of Cellartis ®hiPSC beta-cells. The cells are generated with
a four-step protocol of differentiating stem cells to mature beta-cells First, the undifferentiated hiPSC is assembled in spheres for
suspension culture. The spheres are then subsequently differentiated to Definitive Endoderm (DE), Pancreatic Endoderm (PE),
Endocrine Progenitor (EP) and, finally, ending up in a beta-cell maturation step generating functional beta-cells. The differentiation
process takes approximately 5 weeks. The spheroid are dissociated and cryopreserved as single cell suspension, thus facilitating
handling procedures and transportation. Our experimental setup starts after thawing this cells with plating in the coated TCPS
multiwells and the honeycombs microwells PDMS-based plate

2.3.3.3 Dynamic culture in biochip

We have tested two strategies of biochip cultures. The first one is a “2D monolayer”,
where cells adhere to the surface culture inside the biochip. The second strategy consisted of the
dynamic culture of the 3D B-cells spheroids.

Before cell experiments, the biochips and the perfusion circuits (silicone tubing and
bubble trap) were sterilized by autoclaving and dried in oven. Then, the biochips were assembled
with the perfusion system and filled with culture media in order to remove the air bubbles and
moisturize the circuits. The bubble trap was used as a reservoir interconnected to the biochips
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by the silicone/Teflon tubing with 0.65 mm in diameter. The assembled experimental setup
(biochip, tubing, reservoir and peristaltic pump) is the represented in Fig. 2.6.

The protocol for 2D culture in biochip was similar to the protocol used in 2D Petri culture
(section 2.2.3). For that purpose, the biochips were coated using the extracellular matrix solution
provided in the B-cells kit (Cellartis beta cell coating, cat. N° Y10103) and incubated at 37°C. Then
several parameters were tested to established the best attachment protocol as shown in table
2.1. It included the modulation of the inoculation cell density, the incubator oxygen
concentration, the composition of the culture medium, the time of adhesion before perfusion.

Table 2.1: Matrix of tested conditions to plate the B-cell in biochips after thawing. Data results from 3 cryotubes of cellartis
ChiPSC12 kit, n is the number of biochips per conditions, k is the cryotube number. K1 and K2 cryotubes were used to generate
biochips and Petri 2D cultures, K3 was used only for biochip experiments due to larger inoculation density

2D Biochip tests Modification compared to Petri

Condition-1, n=5, k1 None

Condition-2, n=3, k2 ECM-4h coating

Condition-3, n=3, k2 ECM-24h coating

Condition-4, n=3, k2 ECM-4h+high cell density

Condition-5, n=4, k3 ECM-24h+high cell density

Condition-6, n=4, k3 ECM-24h+high cell density+rock inhibitor

Condition-7, n=2, k3 ECM-24h+high cell density+rock inhibitor+low oxygen incubator
Condition-8, n=4, k3 Conditions 5 and 6 with aggregates + 10uL/min

In 3D biochip culture, the B cells spheroids were formed using the honeycomb technology
as described in the above section. After 4 days of culture in the honeycombs, the formed
spheroids were collected and seeded in biochips. In order to minimize the spheroid damage, wide
orifice pipette tips with low binding were used during all the handling process. After spheroids
seeding, the biochips were incubated at 37 °C in a 5% CO; supplied incubator for 1h to allow
spheroid trapping by the crests as obstacles in the surface of the macrochamber. Then, the
biochips were connected to the perfusion circuits and peristaltic pump, and the perfusion started
at 20 pL/min. The entire setup was continuously incubated at 37 °C in a 5% CO; supplied
incubator. The culture medium change sequence was the same as the 2D Petri monolayer
cultures and 3D static cultures.
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Figure 2.11: (A) SEM image of the honeycombs microwells plate structure used for Spheroids generation. (B) biochip microstructure
design for spheroids perfusion system

2.4. Biological assays
2.4.1 Primary hepatocytes and pancreatic islets viability
2.4.1.1 Islets viability

At the end of the experiment, the islets were incubated in a solution of propidium iodide
(P1) at 4.5 pmol/L and calcein-AM at 2 umol/L (Cellstain kit, Dojingo) in RPMI 1640 medium for
30 minin the dark. Then, the samples were washed with RPMI 1640 medium and observed under
an epifluorescence microscope (Olympus, Japan). The size of necrotic core was quantified by
Image) software (NIH, Bethesda, Maryland) using the collected images. The area of the cells
stained with Pl was measured and normalized by the islet area.

2.4.1.2 Hepatocytes viability in the biochips

Since the static culture in the classic TCPS petri dish failed after 2 days of culture we
decided to compare static (2 changes per day) biochips with the dynamic ones connected to a
peristaltic pump. The hepatocytes monolayer in the biochips were incubated in a solution of
propidium iodide (PI) at 4.5 pmol/L and calcein-AM at 2 umol/L (Cellstain kit, Dojingo) in William’s
E without phenol red medium for 30 min in the dark. Then, the samples were washed with
William’s E medium and observed under an epifluorescence microscope (Olympus, Japan).

2.4.2 Glucagon-like peptide-1 (GLP1) stimulations

For the rat model, GLP1 was used in order to assess the pancreatic islets’ B-cells
responsiveness to the drug (Fig 2.12). For the hormone-stimulated media, GLP-1 (Peprotech,
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USA) was added for a final concentration of 100 nM. The biochips were perfused in a circuit loop
containing =2 ml of culture medium with a peristaltic pump (flow rate of 20 puL/min).

In order to test the response of the iPSC-derived to B-cells to drug stimulations for the
human model, we exposed the culture to GLP1. For that purpose, we added 100nM of GLP1 in
the culture medium for the last 24h of culture, at day 13, until day 14. It resulted to 24h exposure
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Figure 2.12: GLP-1 Stimulation of insulin secretion mechanism and Isradipine
inhibition mechanism

2.4.3. RTqPCR assays

Total RNAs were extracted and purified from samples using a hybrid protocol that
combines Trizol™ Reagent (Life Technologies) and RNeasy Mini Kit (QIAGEN 74104) following the
manufacturer’s instructions. Concentrations and qualities of extracted RNAs were assessed using
a BioSpec-nano (Shimadzu Scientific Instruments). Reverse-transcription into cDNA was
performed from 0.5 (primary hepatocytes or hiPSC derived heaptocytes) and 0.1 pg (rat islets of
Langerhans or human islets-like) of total RNA using the ReverTra Ace qPCR RT Master Mix with
gDNA Remover (TOYOBO). Real-time quantitative reverse transcription polymerase chain
reaction (RTgPCR) was then performed with the THUNDERBIRD SYBR gPCR Mix (TOYOBO)
according to the manufacturer’s protocol and a StepOnePlus Real-Time PCR system (Applied
Biosystems). The primer sequences of the genes are shown in Table 2.2 and 2.3 (Rattus
norvegicus taxid:10116) and table 2.4 (Homo Sapiens taxid:9606). B-Actin was used as the
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reference gene. Fresh primary cells (days 0) were used

normalization of gene expression data in the rat models.

Table 2.2: Primers used in RTqPCR analysis of rat islets genes

as the reference sample for the

Gene Sequences
Ins1 f TCCCGTCGTGAAGTGGAG

r CAGTTGGTAGAGGGAGCAGAT
Ins2 f GGCCCTGTGGATCCGCT

r_ GCCTAGTTGCAGTAGTTCTCCA
Sst f GTTTCTGCAGAAGTCTCTGGC

r_ AGTTCTTGCAGCCAGCTTTG
Gcg f_ ATCATTCCCAGCTTCCCAGAC

r_CGGTTCCTCTTGGTGTTCATC
App f GTCCTCCCACCAACCAATGT

r_ AGCACAGGCACGTTGTTGTA
Glplr f_ GCATCGTGATAGCCAAGCTGA

r  GCAGTACAAGACAGCCACCA
Pdx1 f ACATCTCCCCATACGAAGTGC

r AGTTGAGCATCACTGCCAGC
Reg3a f ACGCTGCTCTACTACCTGTTCA

r TTGTTGTTCACTCTGCCTGTCA
Neurod f GGAGTAGGGATGCACCGG

r CTTGGCCAAGAACTATATCTGGG
Neurog3 f TGGCGCCTCATCCCTTG

r CAGTCACCTGCTTCTGCTTC
Gapdh f GCATCGTGGAAGGGCTCATG

r_GCCAGTGAGCTTCCCGTTC
Glut2 f CTCTGGTCTCTGTCTGTGTCC

Insr

r_ TGGAACCAGTCCTGAAATTAGCC
f_TGGCGCTGTGTAAACTTCAG
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Gegr

B_actine

r_TAGGACAGGGTCCCAGACAC
f_ AGAAAGGGCCTCACAAGACA

r_ CATGGAACATGGCAACACTC
f_GTCGTACCACTGGCATTGTG

r_TCTCAGCTGTGGTGGTGAAG

Table 2.3: Primers used in RTqPCR analysis of rat hepatic genes

Gene Sequences
Hnf4doa f CTCTCTCCTGCTGTCCCAAC
r_ CAAGAATCGTCGTGATGTGG
lgfbp1 f GATCACTGACCTCAAGAAATGGAAG
r_ GCGGCAGCTAATCTCTCTAACA
Ugtla f TGCTCTGCTGACAGACCCT
r_ ACCCGCTGCAGGAAGTTC
G6pc f GACCTCAGGAACGCCTTCTAT
r_ ATTGATGCCCACAGTCTCTTGA
Alb f CTGGCACAATGAAGTGGGTAAC
r_ GGGCGATCTCACTCTTGTGT
Cypla2 f TAGTGAAGCAGGGGGATGAC
r_ ATGTGGGGTCTGAGGCTATG
Cyp2d4 f_ GTGTCCACCTTCCGTCACTT
r_ GACGCGATCACGTTACACAC
Cyp3a2 f GCATAAGCACCGAGTGGATT
r_CGATCTCCTCCTGCAGTTTC
Mrp2 f CGGTCATCACTATCGCACAC
r GCTAGAGCTCCGTGTGGTTC
Pck1 f ATGACATTGCCTGGATGAAGTTTG
r_ CCGTTTTCTGGGTTGATGGC
Gapdh f GCATCGTGGAAGGGCTCATG

r_GCCAGTGAGCTTCCCGTTC
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Glut2

Insr

Gegr

B _actine

f_CTCTGGTCTCTGTCTGTGTCC

r_ TGGAACCAGTCCTGAAATTAGCC
f_TGGCGCTGTGTAAACTTCAG

r_TAGGACAGGGTCCCAGACAC
f_ AGAAAGGGCCTCACAAGACA

r_ CATGGAACATGGCAACACTC
f_GTCGTACCACTGGCATTGTG

r_TCTCAGCTGTGGTGGTGAAG

Table 2.4: Primers used in RTqPCR analysis of human cells

Gene Sequences
Gapdh f_ TGCACCACCAACTGCTTAG
r_ GGCATGGACTGTGGTCATG
Insr f GACAACGAGGAGTGTGGAGA
r_ TACAGATGGTCGGGCAAACT
G6pd f_ACAGAGTGAGCCCTTCTTCAA
r_ GGAGGCTGCATCATCGTACT
Ptfla f_ ATAGAAAACGAACCACCATTTGAGT
r_ CAGGACGTTTTCTGGCCAGA
Ucn3 f _ GGCCTCCCCCACAAGTTCT
r_TCTCTTTGCCCTCCTCCTCC
Pcsk1 f TGATCCCACAAACGAGAACAAAC
r_TGTGATTATTTGCTTGCATGGCA
Pdx1 f CTTGGAAACCAACAACTATTCAC
r_ ATTAAGCATTTCCCACAAACA
Mafa f GTCAGCAAGGAGGAGGTGATC

r_ TCACCAACTTCTCGTATTTCTCCT
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Neurod

f_ ATGACCAAATCGTACAGCGAG

r_ GTTCATGGCTTCGAGGTCGT

Ngn3 f_ TTGCGCCGGTAGAAAGGATGAC

r_ TCAGTGCCAACTCGCTCTTAGG
Slc30a8 f_ GAGCGCCTGCTGTATCCTG

r_ TGCACAAAAGCAGCTCTGAC
Glut2 f_ TGGGCTGAGGAAGAGACTGT

r_ CCCATCAAGAGAGCTCCAACT
Ins f_ CATCAGAAGAGGCCATCAAG

r_TCTTGGGTGTGTAGAAGAAGC
Gecg f_ CAGAAGAGGTCGCCATTGTT

r_ TGGCTAGCAGGTGATGTTGT
Sst f_ CCCAGACTCCGTCAGTTTCTG

r_ TCATTCTCCGTCTGGTTGGGT
Gck f_ CACTGCTGAGATGCTCTTCGAC

r_ CCACGACATTGTTCCCTTCTG
Oaz1 f_ CGACAAGACGAGGATTCTC

r_ AAGACTCTCTCTCGAACGTGTAGG
NKX2.2 f_ ATGTAAACGTTCTGACAACT

r_ TTCCATATTTGAGAAATGTTTGC
NKX6.1 f_ TCAACAGCTGCGTGATTTTC

r_ CCAAGAAGAAGCAGGACTCG
B_actine f_ CCTCATGAAGATCCTCACCGA

r_ TTGCCAATGGTGATGACCTGG
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2.4.4 Immunohistochemistry staining

Concerning the hiPSC-derived to beta cells model, after transfer to an untreated TCPS 24
wells plate, the spheroids were washed with phosphate buffer saline solution (PBS) and fixed in
paraformaldehyde 4% at 4 °C overnight. In order to perform the Immunohistochemistry (IHC)
staining in a 3D structure, the spheroids were permeabilized with 1% Triton X100 in PBS for 3
hours at 4°C and washed 3 times with PBS for 30 min. Then, the islets-like were blocked with a
gelatin buffer for 24 hours at 4°C. Primary antibodies (Table 2.5) were incubated for 24 hours at
4°C in a BSA/PBS solution. After washing with PBS, secondary antibodies were further incubated
overnight in a BSA/PBS solution at 4°Cin the dark. Finally, the nuclei were stained with DAPI (342-
07431, Dojindo) at 1/1000 for 30 min at room temperature (RT) in the dark. All the incubations
and washing steps are carried out using a shaker.

The IHC staining of the 2D monoloyer beta-cells followed similar protocol in which the
period of permeabilization, first antibody incubation and second antibody incubation were
reduced to 15'min at RT, overnight at 4°C and 2 hours at RT respectively. The primary and
secondary antibodies used are listed in Table 2.5.

Table 2.5: Primary and secondary antibodies used for islets and hepatocytes immunostaining”

Immunostaining Primary antibody Secondary antibody
Insulin Mouse anti-insulin (ab6995) Abcam  Goat anti-Mouse Alexa Fluor® 594
(ab150116)
Abcam
Glucagon Sheep anti-glucagon (ab 36232) Donkey anti-sheep Alexa Fluor 647 (ab
Abcam 150179)
Abcam
MAFA Rabbit anti-MAFA (ab26405) Goat Anti-rabbit Alexa Fluor® 680 (A-
21109)
Abcam
ThermofFisher
PDX1 Goat anti-PDX1 (ab347383) Donkey Anti-goat Alexa Fluor® 488
(ab150129)
Abcam
Abcam

* All antibodies were diluted in the range recommended by the manufacturers.
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Concerning the rat experiments, the islets were transferred to an untreated TCPS 24-wells
plate. The hepatocytes immunostaining was performed in the biochip. The islets and hepatocytes
were washed with phosphate buffer saline solution (PBS, Gibco) and fixed in paraformaldehyde
4% at 4 °C for 24h. In order to perform the immunostaining in a 3D structure, the islets were
permeabilized with 1% Triton X100 in PBS for 3h at 4°C and washed 3 times with PBS for 30 min,
while the hepatocytes were permeabilized with 0.1% Triton X100 in PBS for 15 min. Then, both
islets and hepatocytes were blocked with a gelatin buffer for 24h at 4°C. Primary antibodies were
incubated at 4°C in a BSA/PBS solution for 48h and overnight for the pancreatic islets and
hepatocytes, respectively. After several washing steps, secondary antibodies were incubated in
a BSA/PBS solution at 4°C in the dark (24h for islets and overnight for hepatocytes). Actin
filaments were stained with Phalloidin-iFluor488 Reagent (abcam). Finally, the nuclei were
stained with DAPI or Hoechst 33342 (H342, Dojindo) at 1/800 for 30 min at room temperature in
the dark. The rat antiboides are given in table 2.6.

Table 2.6: Primary and secondary antibodies used for islets and hepatocytes immunostaining*

Immunostaining Primary antibody Secondary antibody

Insulin Mouse anti-insulin (ab6995) Abcam  Goat anti-Mouse Alexa Fluor® 594
(ab150116)
Abcam
Glucagon Rabbit anti-glucagon (ab167078) Goat anti-rabbit Alexa Fluor 680 (A-
Abcam 21109)
ThermofFisher
INSR Mouse anti-insulin receptor R6 (sc- Donkey Anti-Mouse Alexa Fluor® 647
57342) (ab150107)
Santa Cruz Abcam
GLUT2 Rabbit anti- Glucose transporter type Goat Anti-Rabbit Alexa Fluor® 488
2 (E-AB-65640) (ab150077)
Elabscience Abcam
CK18 Mouse anti-Cytokeratin 18 (sc- Goat anti-Mouse Alexa Fluor® 594
32329) (ab150116)
Santa Cruz Abcam
CYP3A2 Rabbit anti- Cytochrome P450 type Goat anti-rabbit Alexa Fluor 680 (A-

3A2 (ab195627)

Abcam

21109)

ThermoFisher
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GCK anti-glucokinase (sc-17819) anti-mouse Alexa Fluor 647 (ab150107)

Santa Cruz Abcam

* All antibodies were diluted in the range recommended by the manufacturers.

All the incubations and washing steps were carried out using a shaker for the islets of
Langerhans immunostaining process. For the hepatocytes, the biochips were cut with a scalpel
to remove the PDMS top layer in order to increase the resolution of the image.

All observations were made with an Olympus IX-81 confocal laser-scanning microscope.
The primary and secondary antibodies used are presented in Table S3 (supplementary file). The
guantitative assessment of fluorescence intensity was performed by grey value intensity analysis
(Imagel software; NIH, Bethesda, Maryland) using the collected images.

2.4.5 Insulin, glucagon, C-peptide and albumin measurements by ELISA

The hormones and albumin released into the culture medium samples from the different
culture conditions were assessed using ELISA assays, following the manufacturer’s protocol. The
following kits were used: insulin (rat Insulin ELISA kit, 10-1250-01, human insulin ELISA kit, 10-
1113-01, Mercodia), glucagon (Glucagon DuoSet ELISA kit, DY1249 and DuoSet ELISA Ancillary
Reagent Kit 2, DYO08, R&D Systems), C-peptide (rat C-Peptide ELISA kit, 10-1172-01, human C-
peptide ELISA kit, 10-1136-01, Mercodia) and albumin (Rat Albumin ELISA quantification set
E110-125 from Bethyl, combined with the Enzyme Substrate, TMB, E102). The results were
obtained with an iMark microplate reader (Bio-Rad, Osaka, Japan) set to a wavelength of 450nm.

2.4.6 Glucose and lactate measurements

Glucose and lactate were measured using a YSI 2950 Biochemistry Analyzer. To do so, 160
uL of culture medium were inserted into the analyzer. Measurements were based on a direct
reading of L-lactate (L-lactic acid) and glucose in the culture medium by the YSI enzyme sensors,
as the enzymes L-lactate oxidase, and glucose oxidase are respectively immobilized in the lactate
and glucose sensors.

2.4.7 Glucose-stimulated insulin secretion (GSIS)

At the end of culture, we performed a low /high glucose stimulation to check insulin
production. In biochips, the culture medium was removed from the bubble trap and the perfusion
circuits with the culture chamber containing the spheroids were washed with a 0-glucose solution
(DMEM, No Glucose, Wako) for 2 hours. Then, the washing 0-glucose solution was removed from
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the bubble trap and 1 mL of fresh 0-glucose was added and perfused for 2 additional hours. After
this low glucose perfusion, the spheroids were exposed to a high glucose culture medium for 2
hours (DMEM, 25 mM high Glucose, Wako). For that purpose, the low glucose solution was
removed from the bubble trap and replaced by 1mL of high glucose. In Petri this protocol led to
2h 0-glucose exposure (washing), followed by another 2h 0-glucose exposure and finally 2h of
high glucose stimulation. At the end of the assays, basal media was reestablished for all
conditions. A similar protocol was performed in 3D spheroid honeycomb static cultures for
comparative purposes.

2.4.8 Statistical analysis

All experiments were repeated at least three times. The data are presented as the mean
+ standard deviations (SD) of 9 biochips (3 biochips from 3 different experiments, n=3x3). The
data were statistically analyzed using GraphPad prism 8 software (San Diego, USA). The Kruskal
Wallis test was performed to determine the significant differences among the samples (P values
< 0.05 were identified as statistically significant).
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Chapter III: Microwell-based pancreas-on-chip model
enhances genes expression and functionality of rat islets of
Langerhans

In this section, we will present the pancreas-on-chip model using the microwells-based
biochip and rat islets of Langerhans. This work was published as:

Essaouiba A, Okitsu T, Jellali R, Shinohara M, Danoy M, Tauran Y, Legallais C, Sakai Y,
Leclerc E, Microwell-based pancreas-on-chip model enhances genes expression and functionality
of rat islets of Langerhans, Molecular and Cellular Endocrinology, Volume 514, 20 August 2020,
https://doi.org/10.1016/j.mce.2020.110892

The paper abstract is presented as a short summary of the chapter 3. The material and
methods of the paper correspond to a short version of the previous chapter Il. As a result, the
materials and methods are not included in the following pages. The supplementary files of the
paper are provided at the end of this chapter. The overall published paper is presented in annex
of the thesis manuscript.
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Summary

Organ-on-chip technology is a promising tool for investigating physiological in vitro responses in
drug screening development, and in advanced disease models. Within this framework, we
investigated the behavior of rat islets of Langerhans in an organ-on-chip model. The islets were
trapped by sedimentation in a biochip with a microstructure based on microwells, and perfused
for 5 days of culture. The live/dead assay confirmed the high viability of the islets in the biochip
cultures. The microfluidic culture leads to upregulation of mRNA levels of important pancreatic
islet genes: Ins1, App, Insr, Gegr, Reg3a and Neurod. Furthermore, insulin and glucagon secretion
were higher in the biochips compared to the Petri conditions after 5 days of culture. We also
confirmed glucose-induced insulin secretion in biochips via high and low glucose stimulations
leading to high/low insulin secretion. The high responsiveness of the pancreatic islets to
glucagon-like peptide 1 (GLP-1) stimulation in the biochips was reflected by the upregulation of
mRNA levels of Gcgr, Reg3a, Neurog3, Insl, Ins2, Stt and Glp-1r and by increased insulin
secretion. The results obtained highlighted the functionality of the islets in the biochips and
illustrated the potential of our pancreas-on-chip model for future pancreatic disease modeling
and anti-diabetic drugs screening.

Keywords: pancreas, islets of Langerhans, microfluidic biochips, glucose homeostasis, glucagon,
insulin
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Chapter IlI: Microwell-based pancreas-on-chip model enhances
genes expression and functionality of rat islets of Langerhans

3.1 Introduction

The pancreas is a gland organ that plays a key role in endocrine regulation. The functional
units of the endocrine system are the islets of Langerhans. These islets are clusters of cells whose
size varies between 20 and 500 um, with five different cell types: a, B, §, €, and y cells (Jouvet
and Estall, 2017; Kumar and Melton, 2003). The most abundant cells are the glucagon-producing
a cells and insulin-producing B cells. Blood glucose levels are obtained through the interaction of
two antagonistic hormones secreted by pancreatic a and B cells. During a period of starvation,
when glucose levels are low, glucagon is released by alpha cells to promote glycogenolysis and
gluconeogenesis in the liver in coordination with cortisol (a hormone secreted by the adrenal
gland). In contrast, insulin secretion from B cells is stimulated by elevated glucose levels and
activates glycogenesis in the liver and glucose uptake by muscles and adipose tissues, thereby
decreasing postprandial blood sugar levels (Baker 2016; Jellali et al., 2020).

Diabetes mellitus is the most significant endocrine system dysfunction in the pancreas.
According to the latest estimates by the International Diabetes Federation (IDF), 1 in 11 adults
are living with diabetes in 2019 (463 million people worldwide, IDF official web site, 2019). The
incidence of diabetes is increasing dramatically, and is predicted to reach more than 700 million
people by 2045 (IDF official web site, 2019). Type 1 diabetes mellitus (TLDM) is an autoimmune
disorder which leads to the destruction of insulin-secreting B cells, resuting a lack of insulin
production (Jellali et al., 2020; Rogal et al., 2019). This pathology affects about 10% of diabetic
patients, mostly the young population (Aghamaleki et al., 2019; IDF official web site, 2019). The
daily insulin administration is currently the most common treatment of TIDM (King and Bowe
2016). Type 2 diabetes mellitus (T2DM) is the most prevalent form of diabetes, accounting for
90% of all adult diabetic patients, i.e. 20-79 years old (Sardu et al., 2019; IDF official web site,
2019). T2DM is a metabolic disorder characterized by insulin resistance coupled to impaired
insulin secretion from the pancreatic B cells (Jun et al.,, 2019; Zbinden et al., 2020). Insulin
resistance is the organs incapacity to respond properly to normal insulin levels (mainly the liver,
muscles and adipose tissue, Rogal et al., 2019). The treatment of T2DM involves lifestyle
adjustments and drug therapy such as metformin, sulphonylureas, glitazones and GLP-1 receptor
agonists (Rogal et al., 2019; Zbinden et al., 2020).

Nowadays, Diabetes is one of the most prevalent chronic diseases (Silva et al., 2018). This
raises a need for developing pancreatic models to increase knowledge of the underlying
mechanisms of diabetes and to screen and identify new anti-diabetic drugs. Pancreatic disease
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modeling and pertinent models for pancreatic drug screening involve considering the pancreas
and its interaction with other organs, such as the liver, muscle, adipose tissues, kideney and gut
(Efanov et al., 2004; Artunc et al., 206; Bauer et al., 2017; Rogal et al., 2019). This is the reason
why the disease models involve transgenic and knockout animals (King and Bowe 2016).
However, animal experimentation is ethically controversial, and often, the animal models
developed in other species lose relevance when extrapolating the results to humans
(Ghaemmaghami et al., 2012; Merlier et al., 2017; Rogal et al., 2019). Concerning in vitro models,
the cell cultures used for drug screening and biomarker discovery are mainly performed in static
2D cultures using conventional Petri dishes or multi-well plates. Although these models have
significantly contributed to medical research and drugs screening, they present certain
limitations. Today, it seems clear that 2D cultures are poorly representative of human in vivo
physiology, metabolism and toxicity, due to the physiological gap between the cells cultivated in
static 2D mode and human cells as they exist in their native state (3D, dynamic mode) and the
lack of physiological integration between cells and organs (Merlier et al., 2017). As a result, it is
essential to improve these basic plate cultures to understand and model metabolic processes and
human disorders. This is why many groups are developing tissue-engineering and 3D culture
processes in order to provide a more appropriate micro-environment for tissue maintenance and
development. This environment must reproduce, as closely as possible, the characteristics found
in vivo.

The organ-on-chip approach is one way of mimicking organ physiology to help in the
development of therapeutic solutions and pharmacological studies (Huh et al., 2012; Bathia and
Ingber 2014). This approach has many advantages to reproduce the characteristics of
physiological microenvironments, including three-dimensional architectures, cell-cell
interactions and dynamic flow that ensures the transport and exchange of culture medium,
hormones, metabolic waste and other chemicals (merlier et al., 2017; Lee et al., 2018; Zbendin
et al., 2020). Unlike the static cultures in Petri dishes, organ-on-chip approch provides the
possibility to perform co-cultures, where the different cell types can be cultivated in separated
microbioreactors and the cell-cell interactions are ensured by soluble factors exchange (Merlier
et al., 2107). The co-culture of two or more organ is a promising tool to study multi-organs
diseases such as T2DM (Rogal et al., 2019). In the last years, organ-on-chip technology has been
used to reproduce pancreas in vitro models (Schulze et al., 2017; Li et al., 2017; Brooks et al.,
2016; Lee et al; 2018; Jun et al., 2020). A literature review highlighted that most of the current
microfluidic platforms have been designed mainly for islet quality assessment for subsequent in
vivo implantation (Rogal et al 2019). In parallel, some recent works have also demonstrated the
potential of organ-on-chip technology for more complex pancreatic physiopathology analysis
(Bauer et al., 2017; Zbinden et al., 2020).
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In this work, we developed a simple microfluidic biochip for assessment of pancreaticislet
function and long-term cultures. We also presented and demonstrated that the islets
functionality was maintained in microfluidic biochips when compared to conventional islet
cultures inside polystyrene (TCPS) dishes.

3.2 Results

3.2.1 Characterization of islet biochip cultures when compared to Petri dish
cultures

3.2.1.1 Viability assay showed highly viable islets in the biochip

After extraction (Fig. 3.1A), the islets were cultivated in Petri dishes (Fig. 3.1B) and in
biochip dynamic culture for 5 days (Fig. 3.1C). In the device, the islets sedimented into the
microwells located at the bottom of the culture chamber. Then, we confirmed that the islets had
not been washed away by the flow rate after 5 days of perfusion. Indeed, the number of islets
seeded at the beginning of the experiments and collected at the end of the perfusion remained
similar, as shown in Fig. 3.1.D. In addition, the islets presented a round shape at the end of the
perfusion (Fig. 3.1B, 3.1.C and Fig.3.51, supplementary file). The typical size of the islets was
about 150 £ 50 microns.

The fluorescent images of islets stained with calcein AM/PI are presented in Fig. 3.1.E. We
found a different size to the necrotic core of the islets between static and dynamic conditions
after 5 days of culture. Nevertheless, the viability was higher in the islets cultivated in the biochips
inasmuch as the IP staining was weaker when compared to Petri situations. The quantification of
the necrotic core showed that the proportion of dead cells in dynamic biochip was significantly
lower when compared to the Petri culture. The normalized size of necrotic core was of 0.34+0.15
and 0.1210.03 for islets cultivated in Petri and biochip, respectively (Fig.3.52, supplementary file).
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Figure 3.1 : Morphology of islets after extraction (A), after 5 days of culture in Petri (B) and after 5 days of culture in biochip (C);
number of islets at days 1 and 5 in biochip and Petri (D); and calcein AM/propidium iodide staining of islets after 5 days of culture
in Petri and biochip (E, PI: propidium iodide, scale bar: 100 um).

3.2.1.2 RTqPCR analysis revealed higher mRNA levels of pancreatic islets
markers in biochip cultures

At the end of the experiments, we compared the mRNA levels of the cells in the islets
cultivated in biochips and Petri dishes (Fig. 3.2). The markers related to maintaining islet
differentiation, such as Reg3a and Neurod, were upregulated in the biochips when compared to
the Petri cultures (fold change, FC, of 190 and 13, respectively). In addition, the markers related
to islet functions such as App (4.3 FC), Ins1 (1.7 FC), Sst (2.8 FC) and Gcg (2.1 FC) were also
upregulated in the biochips. Finally, the levels of several receptors and transporters such as Gegr,
Insr, and Glut2 were 3.2 to 5.5 times higher in the biochip compared to the Petri dishes (Fig. 3.2).
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Figure 3.2 : Ratio (biochip/Petri) of mRNA levels of selected important pancreatic islets genes after 5 days of culture. *P < (.05,
mRNA level significantly different between biochip and Petri cultures (each dot correspond to one experiment (mean of 3
biochips/Petri); n = 3x3 = 9).

3.2.1.3 Immunostaining confirmed the expression of pancreatic islets
markers and glucose regulators in both biochips and Petri dishes

The immunostaining of the islets, prior to inoculation in the biochips, demonstrated that
the islets were positive for insulin and glucagon (day O, Fig. 3.3A and Fig. S3 in supplementary
file). At the end of the experiments, the islets from the Petri dishes and biochips were positive
forinsulin and glucagon as shown in Fig. 3.3A and Fig. S3 (supplementary file). We observed three
types of cell populations, insulin positive cells, glucagon positive cells and a third subpopulation
expressing both insulin and glucagon (those bihormonal cells may reflect a partial switch from 3-
cells to B-cells, supplementary file). We confirmed also that the islets in both culture modes were
positive for GCK (Fig. 3.3B and Fig. S4 in supplementary file), consistently with the composition
of the culture medium containing 10 mM of basal glucose (nb: GCK, in the pancreas, plays a role
in glucose-stimulated insulin secretion).
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Figure 3.3 : Islets immunostainings: (4) DAPI, glucagon, insulin and merge at day 0 and after 5 days of culture in biochip and
petri; (B) DAPI, GCK and merge after 5 days of culture in biochip and Petri.
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3.2.1.4 Functional assays revealed higher insulin secretion in the islets in
the biochips

The basal functionality of the islets was demonstrated by measuring insulin, C-peptide
and glucagon secretion. At the end of each experiment, the islets were counted to normalize the
data. We found that the insulin concentration in the culture medium decreased in both biochips
and Petri dishes. However, the biochip cultures contributed to maintaining relatively high levels
for all experiments until day 4, whereas a drop occur between day 3 and day 4 in Petri (Fig 3.4.A).
Biochip cultures contributed to maintaining insulin secretion close to 130 ng/islet/day until day
4, and decreasing to 44 ng/islet/day at day 5. In the Petri dishes, we found a significant reduction
in days 3 and 4, leading to measured secretion close to 30 ng/islet/day before dropping to 17
ng/islet/day at day 5. We also observed higher secretion of C-peptide in the biochips when
compared to the Petri dish cultures, as shown in Fig 3.4.B. Secretion was about 5 times higher in
the biochip from days 3 to 5. C-peptide secretion in Petri dish decreased significantly since day 2,
whereas it decreased only at day 5 in the biochips.

The glucagon levels were higher in the biochips than in the Petri dishes, as shown in Fig.
3.4.C. Furthermore, the levels remained constant in the biochip cultures for 4 days of culture,
close to 1000 pg/islet/day, before decreasing to 500 pg/islet/day on day 5. In the Petri dishes,
glucagon secretion decreased from day 3 to day 4 and leading to a drop from 560 to 180
pg/islet/day between day 2 to day 5. The ratio between insulin and glucagon secretion is shown
in Fig 3.4.D. In the biochips, the ratio increased from 130 to 250 between days 2 and 4, before
dropping to 85 on day 5. In the Petri dishes, the ratio decreased continuously from 380 to 80, but
with high intra and extra experiment variability.

Finally, glucose and lactate levels were measured during culture. As the culture medium
was frequently changed during the experiments, we observed that glucose levels remained
relatively stable and very high in our experiments. Both in the Petri dishes and biochips, we were
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unable to detect any significant glucose depletion (Fig 3.4.E). Furthermore, lactate production
was higher in the biochips than in the Petri dishes (Fig 3.4.E).
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Figure 3.4 : (A) Insulin, (B) C-peptide and (C) glucagon secretion during 5 days of culture in biochip and Petri (n = 6 for insulin
and n = 3 for C-peptide and glucagon, *P < 0.05); (D) insulin/glucagon ratio; (E) glucose and lactate production in Petri and
biochip after 3 and 5 days of culture (n = 3, *P < 0.05) and (F) ratio of insulin production (high/low, GSIS index) in biochip and
Petri after high/low glucose stimulations (n = 3, *P < 0.05). GSIS: glucose-stimulated insulin secretion.

3.2.2 Pancreatic islet response to stimulations demonstrated functional
and active biochip culture conditions

3.2.2.1 Low-high glucose stimulations
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After 4 days of culture, we performed a low-high glucose stimulation. The islets
demonstrated lower insulin secretion in low glucose stimulation when compared to high glucose
stimulation. To evaluate islets responsiveness to low/high glucose stimulation, we calculated the
GSIS (glucose-stimulated insulin secretion) index by dividing insulin measured in high-glucose and
low-glucose media (Fig. 3.4.F). The GSIS index values were of 5 and 2.1 in the Petri dishes and
biochip, respectively. These results indicate that glucose response of islets was maintained in
both culture modes. However, we should mention that we observed wide variability in this assay
inasmuch as some Petri dishes or biochips were not induced, thus leading to a significant error
bar and dispersion.

3.2.2.2 Effect of glucagon-like peptide-1 (GLP-1)

The GLP-1 stimulation contributed to the modification of mRNA levels, both in Petri dishes
and biochips (Fig 3.5A). GLP-1 increased the mRNA levels of the receptors Glp-1r, Gcgr, and of
the Reg3a, Ins1, Ins2 and Stt genes in the biochips (when compared to non-treated biochip
controls) and downregulated Neurod. In Petri dishes, we also found upregulation of Gcgr, Insr,
Ins2, and downregulation of Neurod (Fig. 3.S5, supplementary file). Furthermore, the mRNA
levels in the GLP-1-treated biochips were upregulated when compared to GLP-1-treated Petri
dishes (data not shown).

Fig. 3.5.B shows the insulin immunostaining of islets treated by GLP-1. The data
demonstrated high fluorescence intensity in GLP-1-treated Petri and biochip. We also found that
the levels of the GCK protein in the islets were not over-expressed by the GLP-1 treatment (Fig.
3.5.B). At the functional levels, insulin secretion was increased in both Petri dishes and biochips
by the GLP-1 treatments (Fig 3.6.A). On days 2, 3 and 4, the levels of insulin in the biochips were
up to 3 times higher than those attained in control. However, after 5 days, this induction was
weaker (2 times). We then performed the low-high glucose stimulation tests after pre-treatment
with GLP-1. As expected, GLP-1 did not inhibit the effect of the high / low glucose stimulations
and maintained a high level of insulin production in the biochips under high glucose stimulation
(Fig 3.6.B). In this assay, the low / high glucose stimulation led to an insulin over production of
2.2 and 4 in biochips and Petri, respectively (GSIS index of 2.24 and 4, respectively). Furthermore,
we did not observe variability in the assay when compared to the untreated conditions (cf. Fig
3.4.F).
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stimulation; and (B) insulin and GCK immunostainings in controls and GLPI treated biochip/Petri. *P < 0.05, mRNA level
significantly different between GLP1 treated biochip and control biochip (each dot correspond to one experiment (mean of 3
biochips/Petri); n = 3x3 = 9).
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Figure 3.6 : (A) Insulin secretion in controls and GLP1 treated biochip and Petri during 5 days of culture (n = 3, *P < 0.05),
and (B) insulin secretion and GSIS index in GLP1 treated biochip and Petri during high/low glucose stimulations (n = 3, *P <
0.05). GSIS: glucose-stimulated insulin secretion.

3.3 Discussion

In this study, we investigated the performance of islets of Langerhans in a closed loop
microfluidic system. Several investigations have reported microfluidic techniques for keeping
islet or spheroid cultures on chip, including the pancreas (Tan and Takeuchi 2007; Zbinden et al.,
2020; Lee et al., 2018; Mohammed et al., 2009). Those devices are based on a flow trapping
process (Tan and Takeuchi 2007; Zbinden et al., 2020). We built a simple culture biochip where
the pancreatic islets can be trapped by sedimentation in the bottom microstructure. This type of
trapping was also reported by Lee et al., 2018. In our biochip, the microstructure contributed to
create an array of 600 microwells allowing to trap an important quantity of islets. The depth of
microwells made it possible to protect the islets from flow circulation and thus prevent them
from being washed away and from mechanical damage. As a result, we maintained a constant
number of islets between the beginning and the end of the perfusion. Furthermore, due to
sedimentation in the microwells, the islets were protected from the fluid shear stresses created
by the laminar flow.

In biochip, we observed higher viability for the cells located in the center of the pancreatic
islets when compared to the Petri dish cultures. This was illustrated by the viability assay in which
a larger number of dead cells was observed in the center of the islets when they were cultivated
in Petri dishes. Central necrosis and apoptosis in pancreas islets are due mainly to the high density
of the tissue and the lake irrigation as has been widely reported in literature (Giuliani et al., 2005,
Moritz et al., 2002). Several hypotheses are proposed to explain central necrosis and apoptosis
in pancreatic islets (and also in cell spheroids), including deprivation of oxygen, nutrients and
serum as a result of limited diffusion (Giuliani et al, 2005). In the case of the pancreatic islets, the
blood micro-vessels usually reach the center of the structure in vivo but the microvasculature
gets closed in ex vivo tissue (Jansson et al. 2016). In parallel, microfluidic cultures have been
shown to improve the viability of spheroid tissue by reducing the central necrotic core thanks to
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control of local glucose concentrations and local oxygenation through the dissolved oxygen
provided by the medium flows (Barisam et al., 2018, Baye et al., 2017). As a result, those
literature reports appeared consistent with our findings.

In our investigation, we found that the microfluidic culture maintained and improved
pancreatic regeneration and maturation markers of the rat islet cells. This was illustrated by
higher levels of mMRNA in important pancreatic islet markers, including receptor genes (Gcr and
Insr), hormone secretion-related genes (App, Sst and Ins1) and differentiation genes (Neurod and
Reg3a). More particularly, we found a 190-fold upregulation of Reg3a, which is an islet
regeneration marker (Coffey et al.,, 2014) involved in the pro-islet gene cascade and their
protection against induced diabetes mellitus (Xiong et al., 2011). In addition, Neurod was 13 times
higher in the biochips compared to Petri dish levels. Neurod is an important gene (an insulin trans
activator) required to maintain functional maturity in pancreatic beta cells, including insulin
production through Ins1 (Gu et al., 2010). We also consistently found upregulation of the Ins1
gene in the biochips, which is consistent with /ns1 silencing in Neurod KO mice (Gu et al., 2010).
Neurod KO-mice expressed the Ins2 gene and were thus able to produce insulin in a glucose
stimulation test, which also appeared consistent with our findings in which Ins2 was commonly
expressed in both the Petri dishes and the biochips (Gu et al., 2010).

In parallel, an over-expression of the insulin receptor Insr was observed. Insr is involved
in controlling glucose-stimulated insulin secretion viag its relationship with insulin gene
expression, Glut2 and Pdx1 (Wang et al., 2018). We consistently observed a tendency for higher
MRNA levels in the Glut2 and Pdx1 genes in the biochips. The upregulation of Gcgr, the glucagon
receptor, in the biochips also indicated a probable beneficial effect of the microfluidic cultures
on the alpha cells inasmuch as the lack of glucagon receptors is correlated with several pancreas
disorders and alteration to glucose homeostasis, such as hyperplasia and hyperglucagonemia
(Charron et al., 2015).

At the functional level, we analyzed the performances of the pancreas islets when they
were cultivated in the biochips. At first, this was illustrated by the kinetics of the secretion of
insulin in the culture medium. Although the overall secretion decreased between the first day
and fifth day of culture in both culture conditions, the biochip levels remained higher when
compared to those of the Petri dishes. Secondly, the high/low glucose stimulation assay
demonstrated that islet response to stimuli was preserved in our biochip culture. However, in
the biochips, the protocol required an extended washing process to remove the insulin and
remaining glucose from the basal culture medium in the perfusion circuit (mainly due to the
dilution of high glucose solution in washing solution that would lead to bias stimulation). This
need of washing process synchronization in the biochips, when compared to conventional Petri
dishes, has already been reported in pancreas-on-chip investigations (Zbinden et al., 2020).

90| Page



Nevertheless, enhancements of basal islets functions such as insulin secretion and glucose-
induced insulin secretion in microfluidic devices have been observed consistently in the literature
(Sankar et al., 2011). In our dataset, this over-secretion of insulin was not correlated with over-
expression of Gck, as demonstrated by the immunostaining. The glucose-stimulated insulin
secretion was regulated by the rate of glucose metabolism within B cells, and a key event in this
process is the phosphorylation of glucose by glucokinase (the coding gene is Gck, Wu et al.,
2004). Although we worked in a closed loop perfusion circuit, the flow rate led to continuously
renewing the culture medium locally in the biochips. Furthermore, the level of glucose remained
high in the medium, probably due to the number of islets. The microfluidic culture completely
modulated the chemical cellular microenvironment (via a complex gradient of molecules, a
balance between diffusion and convection, cellular consumption) leading to complex signals
(Youngetal., 2010, Halldorson et al., 2015). In parallel, the microwells almost certainly influenced
the local nutrient islets’ microenvironment (a balance between glucose consumption, glucose
renewal, secreted insulin concentration, etc...). As a result, additional local measurements (via
integrated sensors) and numerical simulations are needed to understand the complex kinetics of
insulin secretion in relation to local glucose concentrations in our biochips.

Finally, we tested the effect of the glucagon-like peptide-1 (GLP-1) in both culture
conditions. GLP-1 physiologically induces glucose-dependent insulin secretion from B-cells and
GLP-1 analogues improve hyperglycemia in T2D patients (Drucker et al., 2006; DeFronzo et al.,
2005, Vilsbol et al., 2007). Furthermore, GLP-1 treatment increases Gck activity (Ding et al.,
2011). However, long term GLP-1 exposure (about 18h) also resulted in the promotion of the
metabolic reprogramming of B-cells through mTOR-dependent HIF signaling, and independently
of Gck post-translational activation (Carlessi et al., 2017). In the present study, GLP-1 stimulation
clearly upregulated several pancreatic islet genes such as Glp-1r and Gcgr, in both Petri dishes
and biochips. In addition, those mRNA levels were upregulated in the biochips compared to the
Petri dishes when the GLP-1 was loaded. At the functional level, GLP-1 induced an increase in
insulin secretion in both culture modes (as confirmed by the immunostaining of insulin and the
insulin extracellular concentrations in the medium). The secretion levels in the culture medium
were found to be higher in the biochips. However, we did not find any of the inhibitory effect we
expected in the alpha cells of the islets of Langerhans (glucagon secretion) (Tudori et al. 2016).
In our biochips, we found mRNA Glut2 over-expression compared to the Petri dishes, leading to
the suspicion of higher glucose transport, and thus metabolism, in the islets. We did not find an
effect of GLP-1 on the Gck at the immunostaining fluorescent level. Although these findings
seems consistent with the observations made by Carlessi et al., 2017, more extensive
investigations are needed to confirm the underlying mechanism in biochips.

3.4 Conclusion
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In this work, we studied the behavior of rat islets of Langherans when cultivated in
microfluidic biochips or in Petri dishes. The microfluidic biochips cultures maintained high islet
viability throughout the 5 days of culture. More particularly, several important pancreatic islet
genes, including Reg2a, Neurod, Insr, Gegr, Glut2, Ins1, App and Stt were overexpressed in
biochips cultures (compared to islets cultivated in Petri). The islets were able to secrete insulin
and glucagon, as well as to respond to GLP-1 stimulation and high-low glucose test. Furthermore,
the levels of insulin secretion appeared higher in biochips when compared to the Petri dishes.
Our dataset illustrated the fact that the microfluidic culture is beneficial for maintaining in vitro
maturation and functionality of islets of Langerhans. We believe that our results are encouraging
for the development of functional pancreas in vitro models using the advantages of organ-on-
chip technology.

3.5. Supplementary figures
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Biochip day 5

Figure 3.51: Morphology of the islets before seeding (day 0) and after 5 days of culture in biochip and in Petri dish.
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Figure 3.52: Size of necrotic core of islets cultivated in Petri and in biochip after 5 days (quantification by ImageJ sofiware using
the fluorescent images of live/dead assay).
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Figure 3.83: Islets immunostainings (DAPI, glucagon, insulin, and merge) and phase contrast images of islets at day 0 and after
5 days of culture in biochip and Petri.
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Figure 3.54. Islets immunostainings (DAPI, GCK and merge) and phase contrast images of islets after 5 days of culture in biochip
and Petri.
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Figure 3.85: Ratio of mRNA levels (GLP1 treated Petri/control Petri) of selected pancreatic genes after GLP1 stimulation. *P <
0.05, mRNA level significantly different between GLPI treated Petri and control Petri.

95| Page



3.6 References

Aghamaleki, M.A., Hajiahmadi, M., Pornasrollah, M., Oruiji, Z., Aghajanpour, F., 2019., Effect of
vitamin D supplementation on pancreatic B -cell function in patients with Type 1 Diabetes
Mellitus and vitamin D deficiency: A clinical trial study. Int. J. Pediatr. 7, 8977-8984.

Artunc, F., Schleicher, E., Weigert, C., Fritsche, A., Stefan, N., Haring, H.U., 2016. The impact of
insulin resistance on the kidney and vasculature. Nat. Rev. Nephrol. 12, 721-737.

Baker, K., 2016. Comparison of bioartificial and artificial pancreatic transplantation as promising
therapies for Type | Diabetes Mellitus. Biosci. Horizons 9, hzw002.

Barisam, M., Saidi, M.S., Kashaninejad, N., Nguyen, N.T., 2018. Prediction of necrotic core and
hypoxic zone of multicellular spheroids in a microbioreactor with a U-shaped barrier.
Micromachines 9, 94.

Bauer, S., Wennberg Huldt, C., Kanebratt, K., Durieux, |., Gunne, D., Andersson, S., Ewart, L.,
Haynes, W., Maschmeyer, |., Winter, A., Ammail3, C., Marx, U., Andersson, T., 2017. Functional
coupling of human pancreatic islets and liver spheroids on-a-chip: Towards a novel human ex vivo
type 2 diabetes model. Sci Rep. 7, 14620.

Baye, J., Galvin, C., Shen, A.Q., 2017. Microfluidic device flow field characterization around tumor
spheroids with tunable necrosis produced in an optimized off-chip process. Biomed.
Microdevices. 19, 59.

Bhatia, S.N., Ingber, D.E., 2014. Microfluidic organs-on-chips. Nat. Biotechnol. 32, 760-772.

Brooks, J.C., Ford, K.l., Holder, D.H., Holtan, M.D., Easley, C.J., 2016. Macro-to-micro interfacing
to microfluidic channels using 3D-printed templates: application to time-resolved secretion
sampling of endocrine tissue. Analyst 141, 5714-5721.

Carlessi, R., Chen, Y., Rowlands, J., Cruzat, V.F., Keane, K., Egan, L., Mamotte, C., Stokes, R.,
Gunton, J.,, Homem de Bittencourt, P.l.,, Newsholme, P., 2017. GLP-1 receptor signalling promotes
B-cell glucose metabolism via mTOR-dependent HIF-1a activation. Sci. Rep. 7, 2661.

Charron, M.J., Vuguin, P.M., 2015. Lack of glucagon receptor signaling and its implications beyond
glucose homeostasis. J. Endocrinol. 224, R123-R130.

Coffey, R., Nam, H., Knutson, M., 2014. Microarray analysis of rat pancreas reveals altered
expression of Alox15 and regenerating islet-derived genes in response to iron deficiency and

overload. PLoS One. 9, e86019.

DeFronzo, R.A., Ratner, R.E., Han, J., Kim, D.D., Fineman, M.S., Baron, A.D., 2005. Effects of
exenatide (exendin-4) on glycemic control and weight over 30 weeks in metformin-treated

9 | Page



patients with type 2 diabetes. Diabetes care 28, 1092-1100.

Ding, S.Y., Nkobena, A,, Kraft, C., Markwardt, M., Rizzo, M.A., 2011. Glucagon-like peptide 1
stimulates post-translational activation of glucokinase in pancreatic cells, J. Biol. Chem. 286,
16768-16774.

Drucker, D.J., Nauck, M.A., 2006. The incretin system: glucagon-like peptide-1 receptor agonists
and dipeptidyl peptidase-4 inhibitors in type 2 diabetes. Lancet 368, 1696-1705.

Efanov, A.M., Sewing, S., Bokvist, K., Gromada, J., 2004. Liver X Receptor Activation Stimulates
Insulin Secretion via Modulation of Glucose and Lipid Metabolism in Pancreatic Beta-Cells.
Diabetes 53, S75-S78.

Ghaemmaghami, A.M., Hancock, M.J)., Harrington, H., Kaji, H., Khademhosseini, A., 2012.
Biomimetic tissues on a chip for drug discovery. Drug. Discov. Today. 17, 173-181.

Giuliani, M., Moritz, W., Bodmer, E., Dindo, D., Kugelmeier, P.,Lehmann, R., Gassmann,
M., Groscurth, P., Weber, M., 2005. Central necrosis in isolated hypoxic human pancreatic islets:
evidence for postisolation ischemia. Cell Transplant. 14, 67-76.

Gu, C., Stein, G., Pan, N., Goebbels, S., Hornberg, H., Nave, K.A., Herrera, P., White, P., Kaestner,
K., Sussel, L., Lee, J., 2010. Pancreatic B cells require NeuroD to achieve and maintain functional

maturity. Cell Metab. 11, 298-310.

Halldorsson, S., Lucumi, E., Gomez-Sj6berg, R., Fleming, R.M.T., 2015. Advantages and challenges
of microfluidic cell culture in polydimethylsiloxane devices. Biosens. Bioelectron. 63, 218-231.

Huh, D., Torisawa, Y.S., Hamilton, G.A.,, Kim, H.)., Ingber, D.E., 2012. Microengineered
physiological biomimicry: organs-on-chips. Lab Chip. 12, 2156-2164.

International Diabetes Federation official web site: https://www.idf.org/.
Jellali, R., Essaouiba, A., Leclerc, E., Legallais, C., 2020. Chapter 4 - Membrane bioreactors for bio-
artificial pancreas, in: Basile, A., Annesini, M.C., Piemonte, V., Charcosset, C., (Eds.), Current

Trends and Future Developments on (Bio-) Membranes, Elsevier, pp. 77-108.

Jouvet, N., Estall, J.L., 2017. The pancreas: Bandmaster of glucose homeostasis. Exp. Cell Res. 360,
19-23.

Jun, Y., Lee, J., Choi, S., Yang, J.H., Sander, M., Chung, S., Lee, S.H.,2019. In vivo-mimicking
microfluidic perfusion culture of pancreatic islet spheroids. Sci Adv. 5, eaax4520.

Kiba, T., Tanemura, M., Yagyu, K., 2013. High-quality RNA extraction from rat pancreaticislet. Cell
Biol. Int. Rep. 20, 1-4.

97| Page



Kimura, Y., Okitsu, T., Xibao, L., Teramae, H., Okonogi, A., Toyoda, K., Uemoto, S., Fukushima, M.,
2013. Improved hypothermic short-term storage of isolated mouse islets by adding serum to
preservation solutions. Islets 5, 45-52.

King, A., Bowe, J., 2016. Animal models for diabetes: Understanding the pathogenesis and finding
new treatments. Biochem. Pharmacol. 99, 1-10.

Kneteman, N.M., Warnock, G.L., Evans, M.G., Dawidson, |., Rajotte, R.V., 1990. Islet isolation
from human pancreas stored in UW solution for 6 to 26 hours. Transplant. Proc. 22, 763-764.

Kumar, M., Melton, D., 2003. Pancreas specification: a budding question. Curr. Opin. Genet. Dev.
13, 401-407.

Lee, S.H., Hong, S., Song, J., Cho, B., Han, E.J., Kondapavulur, S., Kim, D., Lee, L.P., 2018.
Microphysiological analysis platform of pancreatic islet B-cell spheroids. Adv. Healthc. Mater. 7,
1701111.

Li, X., Brooks, J.C., Hu, J., Ford, K., Easley, C.J., 2017. 3D-templated, fully automated microfluidic
input/output multiplexer for endocrine tissue culture and secretion sampling. Lab Chip. 17, 341-
349.

Mohammed, J.S., Wang, Y., Harvat, T.A,, Oberholzer, J., Eddington, D.T., 2009. Microfluidic
device for multimodal characterization of pancreatic islets. Lab Chip 9, 97-106.

Moritz, W., Meier, F., Stroka, D.M., Giuliani, M., Kugelmeier, P., Nett, P.C., Lehmann,
R., Candinas, D., Gassmann, M., Weber, M., 2002. Apoptosis in hypoxic human pancreatic islets
correlates with HIF-1alpha expression. FASEB J. 16, 745-747.

Rogal, J., Zbinden, A., Schenke-Layland, K., Loskill, P., 2019. Stem-cell based organ-on-a-chip
models for diabetes research. Adv. Drug. Deliv. Rev. 140, 101-128.

Sankar, K.S., Green, B.J., Crocker, A.R., Verity, J.E., Altamentova, S.M., Rocheleau, J.V., 2011.
Culturing pancreatic islets in microfluidic flow enhances morphology of the associated
endothelial cells. Plos One 6, e24904.

Sardu, C., De Lucia, C., Wallner, M., Santulli, G4., 2019. Diabetes mellitus and its cardiovascular
complications: New insights into an old disease. J. Diabetes Res. 2019, 1905194.

Schulze, T., Mattern, K., Frih, E., Hecht, L., Rustenbeck, |., Dietzel, A., 2017. A 3D microfluidic

perfusion system made from glass for multiparametric analysis of stimulus-secretion coupling in
pancreatic islets. Biomed. Microdevices 19, 47.

98| Page



Silva, J.A.D., Souza, E.C.F., Echazi Bdschemeier, A.G., Costa, C.C.M.D., Bezerra, H.S., Feitosa,
E.E.L.C., 2018. Diagnosis of diabetes mellitus and living with a chronic condition: participatory
study. BMC Public Health 18, 699.

Tan, W.H., Takeuchi, S., 2007. A trap-and-release integrated microfluidic system for dynamic
microarray applications. Proc. Natl. Acad. Sci. USA. 104, 1146-1151.

Vilsbgll, T., Zdravkovic, M., Le-Thi, T., Krarup, T., Schmitz, O., Courréges, J.P., Verhoeven, R.,
Buganova, |., Madsbad, S., 2007. Liraglutide, a long-acting human glucagon-like peptide-1 analog,
given as monotherapy significantly improves glycemic control and lowers body weight without
risk of hypoglycemia in patients with type 2 diabetes. Diabetes care 30, 1608-1610.

Wang, J., Gu, W., Chen, C., 2018. Knocking down insulin receptor in pancreatic Beta cell lines with
lentiviral-small hairpin RNA reduces glucose-stimulated insulin secretion via decreasing the gene
expression of insulin, GLUT2 and Pdx1. Int. J. Mol. Sci. 19, 985.

Wu, L., Nicholson, W., Knobel, S.M., Steffner, R.J., May, J.M., Piston, D.W., Powers, A.C., 2004.
Oxidative stress is a mediator of glucose toxicity in insulin-secreting pancreatic islet cell lines. J.
Biol. Chem. 279, 12126-12134.

Xiong, X., Wang, X, Li, B., Chowdhury, S., Lu, Y., Srikant, C.B., Ning, G., Liu, J.L., 2011. Pancreatic
islet- specific overexpression of Reg3beta protein induced the expression of pro-islet genes and

protected the mice against streptozotocin-induced diabetes mellitus. Am. J. Physiol. Endocrinol.
Metab. 300, E669-680.

Yonekawa, Y., Okitsu, T., Wake, K., lwanaga, Y., Noguchi, H., Nagata, H., Liu, X., Kobayashi, N.,
Matsumoto, S., 2006. A new mouse model for intraportal islet transplantation with limited
hepatic lobe as a graft site. Transplantation 82, 712-715.

Young, E.W.K., Beebe, D.J., 2010. Fundamentals of microfluidic cell culture in controlled
microenvironments. Chem. Soc. Rev. 39, 1036-1048.

Zbinden, A., Marzi, J., Schliinder, K., Probst, C., Urbanczyk, M., Black, S., Brauchle, E.M., Layland,
S.L., Kraushaar, U., Duffy, G., Schenke-Layland, K., Loskill, P., 2020. Non-invasive marker-
independent high content analysis of a microphysiological human pancreas-on-a-chip model.
Matrix Biol. 85-86, 205-220.

99| Page



Chapter IV: Development of a pancreas-liver organ-on-chip
coculture model for organ-to-organ interaction studies

In this chapter, we present the functional coupling of rat hepatocytes and pancreatic islets
of Langerhans on-a-chip model. This work was published as:

Essaouiba A, Okitsu T, Kinoshita R, Jellali R, Shinohara M, Danoy M, Legallais C, Sakai Y,
Leclerc E, Development of a pancreas-liver coculture model for organ-to-organ interaction
studies, Biochemical Engineering Journal, Volume 164, 15 December 2020,
https://doi.org/10.1016/j.bej.2020.107783

The paper abstract is presented below as a short summary of the chapter. The material
and methods of the paper correspond to a short version of the previous chapter Il. As a result,
the materials and methods are not included in the following pages. The supplementary files of
the paper are provided at the end of this chapter. The overall published paper is presented in
annex of the thesis manuscript.
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Summary

Type 2 diabetes mellitus (T2DM) is a widespread chronic disease with a high prevalence of
comorbidity and mortality. The exponential increase of TD2M represents an important public
health challenge and leads a strong demand for the development of relevant in vitro models to
improve mechanistic understanding of diabetes and identify new anti-diabetic drugs and
therapies. These models involve considering the multi-organ characteristic of T2DM. The organ-
on-chip technology has made it possible to connect several organs thanks to dedicated
microbioreactors interconnected by microfluidic network. Here, we developed pancreas-liver
coculture model in a microfluidic biochip, using rat islets of Langerhans and hepatocytes. The
behavior and functionality of the model were compared to islets and hepatocytes (with/without
insulin) monocultures. Compared to monoculture, the islets coculture presented high C-peptide
and insulin secretions, and downregulation of Pdx1, Glut2, App, Ins1, Neurod, Neurog3 and Gcgr
genes. In the hepatic compartment, the monocultures without insulin were negative to CK18
staining and displayed a weaker albumin production, compared to monoculture with insulin. The
hepatocytes cocultures were highly positive to INSR, GLUT2, CK18 and CYP3A2 immunostaining
and allowed to recover mRNA levels similar to monocultures with insulin. The result showed that
islets could produce insulin to supplement the culture medium and recover hepatic functionality.
This model illustrated the potential of organ-on-chip technology for reproducing crosstalk
between liver and pancreas.

Keywords: Organ-on-chip, Islets of Langerhans, hepatocytes, coculture, glucose homeostasis,
diabetes
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Chapter IV: Development of a pancreas-liver organ-on-chip
coculture model for organ-to-organ interaction studies

4.1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by deregulation of
glucose homeostasis that results from insulin deficiency or systemic insulin resistance [1]. DM is
one of the most prevalent and costly diseases in the world, affecting approximately 463 million
people worldwide (1 in 11 adults), according to the latest International Diabetes Federation (IDF)
estimation [2]. In 2016, the World Health Organization (WHO) estimated that 1.6 million deaths
were directly caused by diabetes [3]. The complications of diabetes are also associated with
multiple medical problems such as blindness, kidney failure, cardiovascular diseases, sexual
dysfunction, neuropathy, and peripheral vascular disease [4, 5]. Type 2 diabetes mellitus (T2DM,
known as insulin-independent diabetes) is the most common form of diabetes, representing 90%
of diabetic patients (415 million people worldwide) [2, 6]. T2DM is caused by the insensitivity of
target-tissues to insulin, and impaired insulin secretion [4]. Currently, there is no curative
treatment for T2DM. Most treatments help patients control the disease and include lifestyle
adjustments and drug therapy such as metformin, sulphonylureas, glitazones and GLP-1 receptor
agonists [4, 7].

T2DM is a complex disease involving interactions between several organs, including the
pancreas, liver, muscle, adipose tissues, kidneys, and gut [4]. One of the key features of T2DM is
the insulin resistance state characterized by a drop-down of glucose uptake by the skeletal
muscle, fatty tissue, and liver [5]. In the pancreas, the state of hyperglycemia triggers the increase
in insulin secretion, which can lead to hyperinsulinemia and beta cell proliferation as a
compensatory effect for the insulin resistance state. T2DM occurs when the pancreas fails to
adapt to increased blood glucose levels [4, 8]. The liver is one of the first organs to be severely
affected by insulin resistance. The liver responds to chronic systemic hyperglycemia by increasing
gluconeogenesis. In the diabetic state, gluconeogenesis is increased because of the decreased
insulin released by the beta cells and/or the suppressed insulin action on the liver [4]. TD2M is
associated with high prevalence of hepatic comorbidities, such as non-alcoholic fatty liver disease
(NAFLD) [9]. NAFLD is a rapidly-growing disease affecting 30 % of the general population and
around 90% of T2DM patients [10]. Furthermore, it is still controversial whether NAFLD is a
consequence or a cause of pancreas disorders. The relevant pathophysiological models involving
organ-to-organ interactions are critical for extracting the relevant biomarkers and therapeutic
solutions. As a result, it is of crucial importance to reproduce the physiology of both the liver and
the pancreas to control and properly identify the interaction with the development of diabetes
and its systemic relationship with the liver.
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New, advanced in vitro technologies can create ample opportunities for a more modern
approach to toxicology and pharmacology, replacing the traditional “black box” of animal-based
and conventional 2D in vitro-based paradigms. Animal models fail to faithfully reproduce the
human condition and lose relevance when extrapolating the results to humans [11, 12]. In vitro
cell cultures are mainly performed in static 2D cultures using conventional multi-well plates,
which do not accurately reflect the physiological in vivo micro-environment [12, 13].
Consequently, it is essential that those basic plate cultures be improved in order to reproduce
the characteristics found in vivo as closely as possible. This is why many groups are developing
tissue-engineering 3D culture (spheroids, culture in 3D hydrogel and organoid), dynamic organ-
on-chip culture and coculture models in order to provide a more appropriate micro-environment
for tissue maintenance and development [14].

Of those in vitro complex models, organ-on-chip technology seems to be one of the suited
methods for reproducing the behavior of an organ or a group of organs, as well as the controlled
physiological micro-environment [12, 15]. Microfluidic organ-on-chip culture improve the
exchange and transport of nutrients, oxygen, metabolic waste, hormones and other chemical,
and creates “physiological-like” situations such as the liver zonation, shear stress and chemical
gradients [12, 14]. In particular, organ-on-chip technology allows the cocultures of two or more
organs in separated microbireactors and connected by soluble factors exchange through the
microfluidic network [12]. In recent years, several teams have proposed organ-on-chip devices
that reproduce diverse behaviors of various organs and tissues including the liver, kidneys, gut,
lung, heart, and intestines [15, 16]. While many organ-on-chip technologies have been developed
and advanced for the liver, only a few studies have focused on the pancreas, and even less, to
our knowledge, on liver-pancreas interactions. Of these studies, organ-on-chip technology has
been used to reproduce an in vitro pancreas-on-chip model [17-22]. However, most of the
current microfluidic platforms have mainly been designed for the quality assessment of islets for
subsequent in vivo implantation [14]. In parallel, a few recent works have also demonstrated the
potential of organ-on-chip technology for complex pancreatic analysis and pancreatic islet-liver
crosstalk studies [18, 23]. Therefore, it was demonstrated the potential of technology for liver
and pancreas interaction via the insulin — glucose regulation [23].

In this paper we propose an alternative design of coculture organ-on-chip microfluidic
technology making long-term culture of hepatocytes and pancreatic islets possible. We
represented the hepatic disturbance by removing the insulin from the culture medium. Then, we
investigated the restoration of hepatic function thanks to the interaction between the liver and
endocrine pancreas through the circulating hormones and cofactors in the coculture
configuration. We also included new features by investigating mRNA response of important liver
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and pancreas gene marker (differentiation and functional pattern) during the glucose-insulin
regulation.

4.2 Results
4.2.1 Cell morphology analysis

The hepatocytes were successfully attached in the collagen-coated biochip after a few
hours of culture. They were kept under static conditions in an incubator. After 24h, the
hepatocytes created a confluent tissue and displayed typical cuboidal hepatocyte phenotypes
(Fig. 4.51, supplementary file).

The hepatocytes morphology at the end of the experiments (24h in static conditions and
6 days of perfusion) is presented in Fig.4.1. The hepatocytes monoculture with insulin
(hepatocytes monoculture ITS +) displayed typical hepatic monolayer cultures (cells with the
typical cuboid shape). The cell monolayer was maintained over 7 days of culture, including 24h
at rest and 6 days in perfusion (Fig. 4.1A). Without insulin (hepatocytes monoculture ITS -), the
hepatocytes cultures were heterogeneous from one biochip to another. A few hepatic cultures
in the biochips without insulin presented similar morphologies when compared to the hepatic
culture with insulin (Fig. 4.1B). In most of the biochips, the hepatocytes formed some aggregated
structures or degraded tissue (Fig. 4.1C). Finally, in the hepatocytes/islets biochips coculture, the
typical hepatic phenotypes (similar to hepatocytes monoculture ITS +) were recovered, as shown
in Fig. 4.1D.

Concerning islets cultures, we did not detect any modification in the morphologies of the
pancreatic islets when we compared the islets monoculture and the islets/hepatocytes coculture.
The islets were trapped in the microwells of the pancreas biochips and displayed the typical
spheroid shapes of islets of Langerhans (Fig. 4.1E and F). Furthermore, we counted the number
of islets at the end of the experiments (5 days of perfusion). The result showed that the number
of islets collected at the end of the perfusion remained similar to the number of islets seeded.
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Figure 4.1 : Hepatocytes and islets morphologies at the end of the experiments: (A) hepatocytes monoculture with insulin (ITS+),
(B) and (C) hepatocytes monoculture without insulin (ITS-), (D) hepatcytes in coculture with islets, (E) islets monocultures and (F)
islets in cocultre with hepatocytes.

4.2.2 Immunostaining analysis

Immunofluorescence staining was performed at the end of the experiment (days 5 and 7
for islets and hepatocytes, respectively). For hepatocytes, we chose to stain several hepatic
markers: CYP3A2 (one of the most abundant cytochrome P450 in the liver), CK18 (differentiation
marker), INSR (insulin receptor) and GLUT2 (glucose transporter). We also stained two important
markers in the pancreatic islets: insulin and glucagon, which are markers of B-cells and a-cells,
respectively.

The immunostaining of the hepatic cells on day 7 is presented in Fig. 4.2. The
immunostaining demonstrated that the hepatocytes monoculture with insulin and the
hepatocytes/islets coculture led to positive cell populations expressing CYP3A2 and CK18. These
results illustrate that the differentiation of hepatocytes in both types of culture was maintained.
On the contrary, the CK18 was not expressed and the CYP3A2 was moderately expressed in
hepatocytes monoculture without insulin (Fig. 4.2A). The quantification of staining intensity
revealed that CK18 level was around 13 in coculture and monoculture with insulin, and close to
zero for monoculture without insulin. The intensities of CYP3A2 staining were of 30, 32 and 26
for coculture, monoculture with insulin and monoculture without insulin, respectively (Fig. 4.S3,
supplementary file). In parallel, the hepatocytes monoculture with insulin and the
hepatocytes/islets coculture showed an intense positive cell population for INSR (intensity level
at 14.5 and 14, respectively) and GLUT2 (staining intensity around 35 for both cultures). Whereas
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the expressions of those markers were weaker in hepatocytes without insulin (Fig. 4.2B). The
fluorescence intensities were of 6 and 27 for INSR and GLUT2, respectively (Fig. 4.S3,
supplementary file).

Hoechst Actin CK18 CYP3A2 Merge

Monoculture / ITS+ |4

Cooculture/ITS -

Monoculture / ITS -
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Figure 4.2 : Immunostainings of hepatocytes in monoculture with insulin, without insulin and coculture with islets at the end of the
experiments: (A) DAPI, actin, CK18, CYP3A2 and merge, (B) INSR, GLUT?2 and merge with DAPI and actin.

In the case of pancreatic islets, the level of insulin and glucagon expression inside the
islets after extraction (day 0) appeared variable from one rat to another, probably due to the rat
fed state at the moment of the extractions (Fig. 4.52, supplementary file). Then, in the pancreatic
islets monoculture and islets of pancreas/liver coculture, we found an expression of both
glucagon and insulin hormones at the end of the experiments (Fig. 4.3). Furthermore, the levels
of insulin appeared over-expressed in coculture when compared to the islets monoculture levels
(2 times higher in coculture; Fig. 4.53, supplementary file). The glucagon was similarly expressed,
in both monoculture and coculture of islets, and we did not detect any difference between the
immunostaining images.
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Figure 4.3: DAPI, phalloidin, insulin, glucagon and merge immunostainings of islets cultivated in monoculture and coculture with
hepatocytes (at end of the experiments).

4.2.3. RTqPCR analysis

At the end of the experiments, we analyzed the expression levels of selected hepatic
genes in the different culture conditions (monoculture ITS+, monoculture ITS- and coculture). The
comparison of the mRNA levels between the hepatocytes cultivated in monoculture without
insulin and with insulin is presented in Fig. 4.4 (ratio of mMRNA levels in monoculture ITS- versus
monoculture ITS+). We found that the mRNA level of Alb was downregulated in monoculture
without insulin (fold change, FC of 0.55). On the contrary, the expression levels of Hnf4a (FC 40),
Insr (FC4.5), Igfbp1 (FC 2.5) and Pck1 (FC 10) were significantly increased. Considerable variability
in the levels of Gegr, Glut2 and Cyp3a2 in the monoculture without insulin was measured, which
led to no statistical difference between the two culture conditions for those genes.

The comparison was then performed for gene expression in the hepatocytes cultivated in
coculture with pancreatic islets and the hepatocytes monoculture with insulin. As shown in Fig.
4.4, the coculture contributed to recovering similar mRNA levels regarding Gcgr, Insr, Hnf4a,
Igfbp1 and Alb when compared to the monoculture of hepatocytes with insulin. However, the
MRNA level of Cyp3a2, Cypla2 appeared lower when compared to monoculture with insulin (FC
of 0.1 and 0.35 respectively). Conversely, the mRNA level of Pckl remained high in coculture
when compared to the hepatocytes with insulin monoculture, and at similar levels when
compared to hepatocytes monoculture without insulin.
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Figure 4.4: Ratio of mRNA levels of selected hepatic genes after 7 days of culture. White bars: hepatocytes monoculture without
insulin (ITS -) versus hepatocytes monoculture with insulin (ITS +), and gray bars: hepatocytes in coculture with islets (COC)
versus hepatocytes monoculture with insulin (ITS +). *P < 0.05, mRNA level significantly different when compared to monoculture
(ITS +), each dot corresponds to one independent experiment (one independent rat; mean of 3 biochips).

Finally, we investigated the effect of coculture with hepatocytes on expression levels of
pancreatic islet-specific genes. The comparison of the mRNA levels is shown in Fig. 4.5 (ratio of
MRNA levels in coculture versus islet monoculture). We found that the coculture with the
hepatocytes contributed to downregulate the levels of Gcgr, Neurod, Neurog3, Glut2, Ins1, Gcg,
App and Pdx1 (FC between 0.1 and 0.36). In contrast, expression of Reg3a, Ins1 and Glp1r was 5
to 15.5 times higher in the coculture compared to the islet monoculture. However, wide
variability was found for Ins1 and Glp1r in both culture conditions.
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Figure 4.5: Ratio of mRNA levels of selected pancreatic islets genes after 5 days of culture (islets coculture versus islets
monoculture). *P < 0.05, mRNA level significantly different between islets monoculture and coculture; each dot corresponds to
one independent experiment (one independent rat; mean of 3 biochips).

4.2 4. Functional assays revealed higher insulin and C-peptide secretions in the
islets in coculture with hepatocytes when compared to islet monoculture

The basal functionality of the pancreatic islets in both culture modes (islet monoculture
and coculture with hepatocytes) was investigated by measuring the levels of insulin, C-peptide
and glucagon secretions. The daily secretions of the three hormones on days 3 and 5 (end of the
experiment) are presented in Fig.4.6.

We found that the insulin concentration in the culture medium decreased between days
3 and 5, in both culture conditions (monoculture and coculture). However, the coculture with
hepatocytes contributed to maintaining relatively high levels of secretion when compared to
monoculture (Fig.4.6A). Especially on day 5, we found a secretion of 0.4 pug/mL/day and 2
ug/mL/day in monoculture and coculture, respectively. Similarly, we measured higher production
of C-peptide in coculture when compared to monoculture. The secretion was about 1.5 (245
pmol/mL/day) and 5 (340 pmol/mL/day) times higher in the islets coculture with hepatocytes on
days 3 and 5, respectively (Fig. 4.6B and D). The levels of glucagon remained constant in the
coculture during the 5 days of the experiment, close to 10 ng/mL/day, but with wide dispersion
on day 3 (Fig.4.6C). Conversely, the level of glucagon in islets monoculture dropped from 9 to 5
ng/mL/day between days 3 and 5 of culture. Finally, the pancreatic compartment (islets
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monoculture) was responsive to the high/low glucose stimulations (GSIS stimulation). Indeed,

the high glucose stimulation lead to a 2-3 fold higher insulin production when compared to the

low glucose condition (GSIS index, results not shown).
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Figure 4.6, (4) Insulin, (B) C-peptide, (C) glucagon daily secretions after 3 and 5 days of islets culture in monoculture and
coculture with hepatocytes (*P < 0.05) and (D) ratio of hormones (insulin, C-peptide and glucagon) secretion between islets
coculture and islets monoculture .

Hepatocytes functionality was assessed by measuring the levels of aloumin in the three
culture modes (monoculture ITS+, monoculture ITS- and coculture). The hepatocytes in
monoculture with insulin and in coculture with pancreatic islets produced similar quantities of
albumin (constant over time, from days 3 to 7, till the end of the experiment). Conversely,
without insulin in the culture medium, the hepatocytes monoculture presented a drop in albumin
production between days 3 and 7, as shown in Fig.4.7A. This led to attaining albumin production
of close to 750+£100 ug/10° cells in hepatocytes/islets biochip coculture and the liver biochip
monoculture with insulin, whereas the values dropped to close to 4404230 pg/10° cells in the
liver biochip monoculture without insulin (Fig.4.7A).

Finally, we measured glucose and lactate levels during the cultures in the different
conditions (Fig.4.7B, C and Table 4.51, supplementary file). The data showed wide dispersion, but
the tendency illustrated higher glucose consumption in coculture compared to liver monoculture
conditions with and without insulin. Furthermore, this consumption (in hepatocytes/islets
coculture) seemed to be constant between days 3 and 7 (Fig.4.7B). Concerning lactate
production, we could not distinguish any significant difference between the different culture
conditions, with lactate production of around 0.6-0.8 mmol/L (Fig.4.7C).
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Figure 4.7 : (4) Albumin production; (B) glucose consumption and (C) lactate production in hepatocytes monoculture without
insulin (ITS -), monoculture with insulin (ITS +) and coculture with islets after 3 and 7 days.

4.3 Discussion

We developed a coculture model for rat hepatocytes with rat islets of Langerhans, using
organ-on-chip technology. The liver biochip was the result of our previously developed liver-on-
chip technology that had already been successfully applied to rat and human primary
hepatocytes [33-36]. We coupled this liver-on-chip model, with a recent update to our
technology, to a pancreas-on-chip model [24]. The interconnection of both organ-on-chip
technologies produced a new model of interaction between the organs: the liver and the
pancreas. The coculture of two cell/tissue types required an adapted coculture medium capable
of maintaining their characteristics. Preliminary tests (data not shown) were carried out to define
the culture medium adapted to islets/hepatocytes coculture: i) hepatocytes monoculture in
William’s E medium (the standard medium for rat hepatocytes culture) and in a 1:1 mixture of
William’s E/RPMI 1640; ii) islets monoculture in RPMI 1640 medium (the standard medium for
islets culture) and in a 1:1 mixture of William’s E/RPMI 1640. The analyses performed (viability,
morphology, gene expression of selected markers, albumin and insulin secretion) showed that
islets and hepatocytes monoculture in a mixture of William’s E and RPMI 1640 maintained their
characteristics (when compared to islets and hepatocytes cultivated in their standard medium).
Consequently, a 1:1 mixture of William’s E/RPMI 1640 medium was chosen for the
islets/hepatocytes coculture experiments.

In this study, the suppression of insulin in hepatocytes monoculture led to a
downregulation of the Alb mRNA (Fig.4.4) and to weaker albumin production (Fig. 4.7) in culture
medium, compared to monoculture with insulin. The decrease in albumin production and Alb
gene expression with the lack of insulin has already been reported in the literature on in vitro
data in rats and in vivo in mice [37-39]. The lack of insulin also led to weaker CYP3A2 expression
and to the lack of CK18 expression at the protein level (Fig. 4.2, the Cyp3a2 was also
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downregulated at the mRNA level, Fig. 4.4). Both markers are hepatic differentiation markers. It
is reported that rat hepatocytes presented a reduction of about 30% in the mRNA level of Cyp3a
in the absence of insulin [40]. Although there is no literature showing the results of the effect of
insulin on CK18 immunostaining, various reports have mentioned the crosstalk between CK18
and insulin resistance as in diabetic patients or patients with non-alcoholic steatohepatitis, in
which CK18 fragments are elevated in plasma [41, 42]. The HNF4 transcription factor is involved
in the mechanism of liver differentiation via the HNF1, HNF4, PXR and CYP450 axis, but it is also
involved in glucose homeostasis, liver-pancreas interactions and diabetes [43-45]. HNF4 is
targeted and repressed by insulin in hepatocytes, which was consistent with our result in as much
as Hnf4a was upregulated without insulin [46, 47].

The hepatocytes monoculture without insulin also presented modulation of Igfpbl
(Insulin-like growth factor binding proteins, upregulation of mRNA levels), Insr (lower expression
of the protein in the immunostaining and gene upregulation), and Pck1 (gene upregulation, Fig.
4.3). Interestingly, our results are consistent with the literature reporting that insulin inhibits
Igfpb1 in the liver [48]. Pck1 catalyzes the first step in gluconeogenesis. By silencing Pck1 in mice,
insulin signaling improved in the liver [49]. Conversely, insulin is also reported as reducing the
expression of Pck1 [50]. Once more, these data appeared consistent with our biochip findings.
Finally, the overall hepatic biochip culture without insulin illustrated a consistent behavior when
compared to the literature.

The pancreatic islets in coculture were able to produce insulin to counterbalance the
suppression of ITS. However, the level of insulin detected (about 3000 pg/L) was lower than the
insulin level used in “conventional” hepatocytes culture models (in the present experiment, the
hepatocytes monoculture with insulin were performed at 10 mg/L of insulin via ITS
supplementation in the medium). This could explain why, at the mRNA level, the hepatic markers
(Alb and Cyp3a2) remained lower in the hepatocytes coculture (when compared to hepatocytes
monoculture with insulin, Fig. 4.4). Furthemore, Pck1l remained higher than the level in the
hepatocytes monoculture with insulin [37-40, 50]. Nevertheless, at the protein level, the
expression of CYP3A2, CK18 and the production of albumin were restored in coculture (Fig. 4.3).
The expression of insulin-related genes such as Igfbpl and Insr were also restored, including
Hnf4a (Fig. 4.4). In addition, the protein expression of Insr and Glut2 appeared similar in the
immunostaining in both hepatocytes monoculture with insulin and in islets/hepatocytes
coculture (Fig. 4.2). These data illustrate the functional crosstalk between the pancreas and the
liver. They also demonstrate the partial restoration of the expected effect of insulin on
hepatocytes. Nevertheless, additional experiments, involving tuning the number of islets to
increase the production of insulin, are needed to confirm the full recovery of Pck1 and Cyp3a2
MRNA levels.
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High glucose levels normally lead to high production of insulin. In the present culture
conditions, the glucose level in the medium was 9.1-9.8 mM and did not decrease significantly
between the two time points of culture medium change (nb a similar glucose concentration was
used in all culture modes). This led to continuous stimulation for insulin secretion in the
pancreatic islets monoculture and during the islets/hepatocytes coculture (and thus contributes
to restore the hepatic functions in the coculture by insulin secretion stimulated by glucose).
Regarding the effect of hepatocytes coculture on the pancreatic islets, we found that the
coculture downregulated Gcegr, Glut2, Ins1, Neurod, Neurog3, App, Gcg, Pdx1 and upregulated
Glp1r at the mRNA level (Fig. 4.5). Pdx1, Neurod and Neurog3 are important markers in the
differentiation of islets [51, 52]. Neurod is an important gene (an insulin trans activator) required
to maintain functional maturity in pancreatic beta cells, including insulin production through Ins1
[51]. We consistently found both downregulation of Ins1 and Neurod in coculture biochips (which
is consistent with Ins1 silencing in Neurod KO mice [51]). Neurod KO-mice express the Ins2 gene
and are thus able to produce insulin in glucose tolerance tests, which also appeared consistent
with our findings in which Ins2 was over-expressed in pancreas biochip cocultures [51]. Pdx1 is a
pivotal important gene in B-cells. Pdx1 is a homeobox-containing transcription factor that plays
a key role in pancreatic development and adult B cell function [53]. Depletion of Pdx1 leads to
hyperglycemia in mice, cell reprogramming in mice islets and glucagon over-expression in Min6
B cells [53]. Furthermore, Pdx1-deficient (3 cells led to a reduction in the transcript levels of Pdx1,
Ins1 and Glut2, and the maintenance of glucagon levels [53]. This result was partially consistent
with our dataset, in which we found a concomitant downregulation of Pdx1, Ins1 and Glut2 genes
in coculture. However, as Neurod and Pdx1 are also marker of islets health, additional
investigation would be required to fully understand the crosstalk between the liver and pancreas.

Glucagon is produced during hypoglycemia to stimulate hepatic glucose output. In our
study, the glucose concentration remained high in the culture medium, leading to a high
insulin/glucagon ratio being detected, which is consistent with the downregulation of the levels
of Gcg (glucagon) and Gegr (glucagon receptor) mRNA. However, we also measured high levels
of GIp1r mRNA. It is reported that paracrine glucagon stimulates insulin secretion through both
Gcgr and Glp1r. More particularly, the activity of glucagon and GLP-1 receptors was reported as
being essential for B cell secretory responses via paracrine intra-islet glucagon actions for
maintaining appropriate insulin secretion [54], which is consistent with our findings in coculture.
Although we described those behaviors in the pancreatic tissue as a result of the hepatic
coculture, we did not clearly identify the underlying mechanisms or the endocrine liver signaling
that drives such crosstalk. As a result, additional analysis is needed to complete our investigation,
including metabolome and proteome analysis.

4.4 Conclusion

114|Page



In this study, we proposed a new liver/pancreas interaction model in biochips to
investigate the crosstalk between the two organs. The characteristic functions of the
hepatocytes/islets coculture model were evaluated, comparing them with those of islets or
hepatocytes (with and without insulin) monoculture. The hepatocytes monoculture without
insulin led to modulation of both glucose homeostasis targets and hepatic differentiation
markers. Conversely, the coculture with pancreatic cells producing insulin helped recover the
hepatic function, illustrating the benefits of the two-organ model. For pancreatic functions, the
presence of the hepatocytes in the coculture model helped modify the islets response via the
increase in insulin secretion and the modification of the expression of the gene involved in
insulin/glucagon homeostasis. The pancreas-liver organ-on-chip model presented here was
capable of reproducing several physiological responses and demonstrated the potential of our
approach to reproduce and investigate complex in vivo patterns using alternative in vitro method

4.5 Supplementary figures

Figure 4.5S1. Hepatocytes morphology after 24h of adhesion at static condition (4, B: magnification X10 and C: magnification
X20).
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Figure 4.82. Islets immunostainings (DAPI, glucagon, insulin, and merge) at day 0 (post-extraction) for two different rats.
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Figure 4.83. Quantification of staining intensity (mean gray value: MGV) of hepatic (4) and pancreatic islets (B) markers.
Quantification by ImageJ software using the fluorescent images.

Table 4.51. glucose consumption and lactate production in hepatocytes monoculture without insulin (ITS -), monoculture with
insulin (ITS +) and coculture with islets after 3 and 7 days.

Glucose consumption Lactate production

Day 3 Day 7 Day 3 Day 7
Monoculture ITS- 0.07+1 0.14+1.2 0.65+0.4 0.48+0.41
Monoculture ITS+ 0.145+0.6 0.29+1 0.81+0.18 0.92+0.11
Coculture with islets 0.88+0.5 0.61+0.78 0.84+1 0.6+0.8
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Chapter V: Analysis of the behavior of 2D monolayers and
3D spheroid human pancreatic beta cells derived from
induced pluripotent stem cells in a microfluidic
environment

In this chapter, we present a novel pancreas-on-chip model using beta-cell spheroids
differentiated from human induced pluripotent stem cells. This work is being reviewed for
publication in Journal of Biotechnology as:

Amal Essaouiba, Rachid Jellali, Marie Shinohara, Benedikt Scheidecker, Cécile Legallais,
Yasuyuki Sakai, Eric Leclerc, Analysis of the behavior of 2D monolayers and 3D spheroid human
pancreatic beta cells derived from induced pluripotent stem cells in a microfluidic environment,
SUBMITTED. (in 2" review)

The paper abstract is presented below as a short summary of the chapter. The material
and methods of the paper correspond to a short version of the previous chapter Il. As a result,
the materials and methods are not included in the following pages. The supplementary files of
the paper are provided at the end of this chapter. The overall published paper is presented in
annex of the thesis manuscript.
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Summary

The limited availability of primary human B-cells/islets and their quality (due to donor diversity)
restrict the development of in vitro models for diabetes research. Human induced pluripotent
stem cells (hiPSCs) may be a promising cell-source for diabetes studies, anti-diabetic drug
screening and personalized therapies. However, achieving levels of maturity/functionality that
are comparable to the in vivo situation and islets rebuilt from iPSCs is still challenging. Here, we
compare and discuss two strategies for culturing human pancreatic B-cells derived from hiPSCs
in microfluidic biochips. First, we confirmed that the protocol in conventional Petri 2D monolayer
led to insulin, PDX1 and MAFA positive staining, to C-Peptide productive cells, and to tissue
responsive to high/low glucose and GLP-1 stimulation. This protocol and its subsequent
modifications (including extracellular matrix coating, cell adhesion time, cell inoculation density,
flow rate) was not successful in the 2D biochip culture. We proposed a second strategy using 3D
spheroids created from honeycomb static cultures. Spheroids in static experiments carried out
over 14 days demonstrated that they expressed high levels of B-cell markers (INS mRNA) and
higher a-cell markers (GCG mRNA and glucagon positive staining), when compared to Petri 2D
cultures. Furthermore, the 3D spheroids were specifically able to secrete insulin in response to
both high/low glucose stimulation and GLP-1 exposure. The spheroids were successfully
inoculated into biochips and maintained for 10 days in perfusion. The 3D biochip cultures
increased mRNA levels of GCG and maintained high levels of B-cell markers and responsiveness
to both high/low glucose and GLP-1 stimulation. Finally, C-peptide and insulin secretion were
higher in biochips when compared to static spheroids. These results illustrate the promising
potential for hiPSCs derived B-cells and their spheroid-based pancreas-on-chip model for
pancreatic disease/diabetes modeling and anti-diabetic drug screening.

Keywords: human induced pluripotent stem cells, B-pancreatic cells, microfluidic culture, 3D
spheroids.
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Chapter V: Analysis of the behavior of 2D monolayers and 3D
spheroid human pancreatic beta cells derived from induced
pluripotent stem cells in a microfluidic environment

5.1 Introduction

Pancreatic B-cells play an essential role in maintaining blood glucose homeostasis by
insulin action. B cells act also as glucose sensors to detect elevated blood glucose (Webb et al.,
2000). Increasing level of glucose in bloodstream stimulate insulin production and release by B-
cells. Insulin is synthesized from proinsulin by cleavage of C-peptide, which is released in amounts
equimolar with those of insulin (Wahren et al., 2000). Insulin activates glycogenesis in the liver
and glucose uptake by muscles and adipose tissues, thereby decreasing blood sugar levels (Rogal
et al., 2019). Disturbances in B-cell development or function result diabetes mellitus (DM). There
are two main types of DM: type 1 DM (T1DM) is characterized by autoimmune destruction of B-
cells, while type 2 DM (T2DM) T2DM is caused by the insensitivity of target tissues to insulin and
impaired insulin secretion (DeFronzo et al., 2015; Jellali et al., 2020). Diabetes treatment consists
of daily insulin administration or oral antidiabetic agents with lifestyle adjustment for TDM1 and
TDM2, respectively (Galderisi et al., 2017; Kahraman et al., 2016). In 2019, 466 million people
worldwide have diabetes mellitus (DM) and the predictions are worrying, with 700 million people
affected by 2047 (IDF Diabetes Atlas, 2019).

Several animal models (in particular rodents) with the characteristics of TLDM and T2DM
have been used for DM studies (King and Bowe 2016). However, animal models have their
limitations because of species differences, resulting in poor extrapolation from animal to human
(Cota-Coronado et al., 2019; Merlier et al., 2017). With the development of tissue-engineering
3D cultures, dynamic organ-on-chip cultures, and co-culture models, in vitro cell-based models
have the potential to provide relevant models for diabetes modelling. The type of cells and their
source are a key factor for the development of in vitro models (Rogal et al., 2019). Primary human
B-cells or islets are considered a gold standard for in vitro models in DM research (Kaddis et al.,
2009). However, the limited availability, the high cost of islet isolation and inter-donor
differences remain major limitations to using primary islets/B-cells (Balboa et al., 2019;
Amirruddin et al., 2020). Furthermore, primary islets rapidly lose their specific functions when
cultured in vitro (Rogal et al., 2019). B-cell lines are a potential alternative to primary B-cells as
they have an infinite life span, low cost and have reduced variability (Scharfmann et al., 2019).
Nevertheless, these cells have limited functionality, lack plasticity and there are differences in
the gene expression of B-cell markers when compared to primary cells (Amirruddin et al., 2020;
Bakhti et al., 2019).

125|Page



In 2007, Takahashi et al., achieved a major breakthrough by reprogramming patient
somatic cells into human induced pluripotent stem cells (hiPSCs) (Takahashi et al., 2007). The
availability of these cells, along with their ability to both self-renew indefinitely in vitro, and
generate different cell types, provide great insight for investigating the pathogenic mechanisms
of diseases and for contributing to cell therapies and drug development (Balboa et al., 2019;
Amirruddin et al., 2020). Furthermore, unlike human embryonic stem cells (hESCs), hiPSCs do not
raise any ethical problems and offer the possibility of developing patient-specific models (Balboa
et al., 2019). It is currently assumed that hiPSCs can be differentiated into pancreatic B-like cells
(Hosoya, 2012; Zhu et al., 2016; Kahraman et al., 2016; Hohwieler et al., 2019). However,
attaining levels of maturity and functionality comparable to those of the primary human B-cell is
still challenging.

Organ-on-chip is one of the more promising techniques for investigating complex human
diseases (Esch et al., 2015). These microfluidic platforms improve the exchange and transport of
nutrients, oxygen, metabolic waste and hormones, and create “physiological-like” situations such
as cell-cell interaction, shear stress and chemical gradients (Merlier et al., 2017; Rogal et al.,
2019). Previous studies have reported that perfused microfluidic cultures enhance the long-term
viability and functionality of pancreatic islets and B-cell spheroids (Jun et al., 2019; Bakhti et al.,
2019). Last but not least, organ-on-chip technology makes possible the co-cultures of two or
more organs in separate micro-bireactors, connected by soluble factors exchanged through the
microfluidic network (Merlier et al., 2107). This system can be used to study inter-organ crosstalk
such as interactions between pancreatic islets and hepatic cells (Bauer et al., 2019; Essaouiba et
al., 2020b). The co-culture of two or more organs is a powerful tool for modulating multi-organ
diseases such as diabetes. Although organ-on-chip technology has been used to reproduce in
vitro pancreas-on-chip models using pancreatic islets or B-cell spheroids (Jun et al., 2019; Lee et
al., 2018; Liet al., 2017; Mohammed et al., 2009; Bauer et al., 2017; Schulze et al., 2017; Zbinden
et al., 2020), only very few studies have already coupled iPSC derived pancreatic-like cells with
organ-on-chip technology (Rogal et al., 2019; Hirano et al., 2017; Tao et al., 2019).

Our group has developed organ-on-chip technology contributing to investigations into
human liver metabolism (Prot et al., 2011; Jellali et al., 2016), the human liver regeneration
process (Danoy et al., 2019), as well as crosstalk and synergy between different organs such as
the liver’s interaction with the intestine and kidneys (Bricks et al., 2014; Choucha-Snouber et al.,
2013). Recently, we have investigated the behavior of rat islets of Langerhans and their
interaction with hepatocytes in microfluidic biochips (Essaouiba et al., 2020a; Essaouiba et al.,
2020b). In this paper, we propose extending those microfluidic developments to pancreatic
human B-cells derived from induced pluripotent stem cells. We investigated and compared
several protocols for biochip cultures, as well as 2D and 3D culture configurations.
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5.2 Results

5.2.1 The 2D monolayer strategy derived p-cells in Petri dishes but failed in
biochips

The protocol recommended by Cellartis (cells plated in Petri 2D) led to successful cells
adhesion and 16 days of cell culture (Fig. 5.3 A-C). The B-cells profile, at the protein level, was
confirmed by the expression of PDX1, MAFA and insulin, as demonstrated by the immunostaining
in Fig. 5.3 D. The RTgPCR analysis illustrated successful 3 -cells differentiation in Petri dishes, as
demonstrated by the upregulation of the mRNA levels of INS, PDX1, NGN3, NKX6.1 and NKX2.2
at the end of the differentiation, when compared to the first day of culture and to the iPSCs
standard (Fig. 5.3E). Finally, the functionality of the cells was confirmed by the secretion of the
C-peptide (Fig. 5.3F). Secretions reached 4.5+0.5 pmol/10° of inoculated cells (8600 pmol/L/10°
cells). The B-cells culture was also responsive to high / low glucose stimulation, leading to a
2.6+0.9 (n=4 assays) times more insulin secretion in high glucose stimulation when compared to
low glucose stimulation (data not shown). Finally, glucagon production was not detected (either
by ELISA, or by immunostaining, Fig. 5.3D). This set of results confirmed that the B-cells
differentiated in 2D Petri conditions.
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Figure 5.1: hiPSC derived p-cells cultures in static Petri (monolayer). (A-C) morphologies after 5 h, 12 and 16 days, respectively,
(D-G) immunostainings of p-cells at the end of the experiment: DAPI, MAFA, PDX1 and insulin, respectively; (H) ratio of mRNA
levels (iPSC derived [-cells/iPSC) of selected genes after 24h and 16 days of culture, ¥*P < 0.05 mRNA level significantly different
when compared to iPSC, (1) daily C-peptide secretion.

The same strategy was investigated in the biochips by directly seeding the hiPS B-cells,
after thawing, inside the 2D biochips. To try to attach the cells to the bottom surface of biochips,
we investigated several conditions including (i) the extracellular matrix coating; (ii) the presence
of a rock inhibitor in the seeding medium; (iii) adjusting oxygen concentrations during the
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adhesion phase; (iv) and the density of the seeded cells. The complete set of parameters tested
is summarized in Table S1 (supplementary file). After 24h of adhesion, the cells were not able to
attach in most of the conditions tested. The typical morphology is presented in Fig. 5.4A (24h
after seeding, |, density). When using the high cell density, few cells managed to attach but they
quickly formed aggregates, as shown in Fig. 5.4A (24h after seeding, I density). Then, once the
perfusion was launched, the cells were detached after 5h of culture (Fig. 5.4A, 5h after perfusion,
‘M density). Finally, no optimized condition was found to make successful 2D monolayer biochip
cultures possible (n=3 cryotubes used in 3 independent experiments, leading to 26 biochips).

Table 5.1 : Matrix of tested conditions to plate the [-cell in biochips after thawing. Data results from 3 cryotubes of cellartis
ChiPSC12 kit, n is the number of biochips per conditions, k is the cryotube number. K1 and K2 cryotubes were used to generate
biochips and Petri 2D cultures, K3 was used only for biochip experiments due to larger inoculation density.

2D Biochip tests Modification compared to Petri status
Condition-1, n=5, k1 None (ECM-1h coating, low cell density)* Adhesion failed (100%)
Condition-2, n=3, k2 ECM-4h coating (low cell density) Adhesion failed (100%)
Condition-3, n=3, k2 ECM-24h coating (low cell density) Adhesion failed (100%)
Condition-4, n=3, k2 ECM-4h+high cell density** Adhesion failed (100%)
Condition-5, n=4, k3 ECM-24h+high cell density Form aggregates (50%)
Condition-6, n=4, k3 ECM-24h+high cell density+rock inhibitor Form aggregates (50%)
Condition-7, n=2, k3 ECM-24h+high cell density+rock Adhesion failed (100%)
inhibitor+low oxygen incubator
Condition-8, n=4, k3 Conditions 5 and 6 with aggregates + Perfusion failed (100%)
10mL/min

* Low cell density = 2x10° cells/cm?
** High cell density = 6x10° cells/cm?

5.2.2. 3D spheroid strategy in static honeycombs

As the biochip cultures failed with the monolayer of B-cells, we cultured the cells into
spheroids to create aggregates and allow us to seed them in the biochips with crescent-shaped
microstructures. The 3D spheroids were created using honeycomb microwells. Two cell densities,
0.6x10° and 0.2x10° cells per well, were tested (Fig. 5.4B). The aggregates were formed after 7
hours of culture but still presented a rough circumference (Fig.5.4B, 7h after seeding). They
started to present a round shape after 3 to 4 days of culture. The highest density led to spheroids
of 90+15 um in diameter (Fig. 5.4B, 14 days). The lowest density led to smaller spheroids, of
50+25 um in diameter, but with greater dispersion (Fig. 5.4B and Fig.S2 in supplementary file, 14
days). Based on the number of honeycombs (6750), we estimated about 30 and 90 cells/spheroid
in low- and high-density, respectively.
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Figure 5.2 : Morphology of hiPSC derived p-cells cultivated in honeycomb wells and microfluidic biochips. (4) 2D (monolayer)
dynamic culture in biochip, (B) 3D (spheroids) static culture in honeycomb wells seeded at low- and high-density of cells; (C) 3D
(spheroids) dynamic culture in biochip after 14 days of culture (4 days in static honeycomb and 10 days in biochip).

The immunostainings are presented in Fig.5 for both types of spheroid. They confirmed
that the spheroids were positive for B-cell markers: insulin, MAFA and PDX1. When compared to
2D cultures, the spheroids appeared to be positive for glucagon (in both high- and low-density).
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Figure 5.3: Immunostainings (end of the experiments) of hiPSC derived f-cells spheroids cultivated in honeycomb wells and
biochips (4) DAPI, insulin, glucagon, phalloidin and merge; (B) DAPI, MAFA, PDXI and merge. Negative controls (secondary
antibodies without primary antibodies) are presented in Fig.S3 in supplementary file.
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The B-cells spheroids led to positive C-peptide secretion, as shown in Fig. 5.6 A. When
normalized by the number of seeded cells, we found that the secretion of C-peptide was similar
in both high- and low-density experiments (Fig. 5.6A). Peak concentrations of around 5 pmol/10°
inoculated cells were achieved after 13 days of culture. At the end of the experiment (day 14),
we detected higher secretion of insulin in the low-density spheroids cultures (210+65 pmol/10°
cells) when compared to the high-density spheroids cultures (98+20 pmol/10° cells), as shown in
Fig. 5.6C. Furthermore, we found glucagon secretion during the differentiation (Fig. 5.6B). The
low-density spheroids produced higher levels of glucagon, about 1.5-fold higher values than high-
density spheroids. Both culture modes were responsive to the high/low glucose stimulations (Fig.
5.6D). Namely, the high glucose stimulation led to 4.5+1.3 times more insulin production when
compared to the low glucose condition in high-density spheroids (GSIS index). In the low-density
spheroid cultures, the GSIS index was 11.5+5. Finally, both types of spheroid were also responsive
to GLP-1 drug stimulation, leading to double the insulin secretion (Fig. 5.6E). The ratios of insulin
secretion (GLP-1 treated/control) were 1.96 and 1.6 in high- and low-density, respectively.
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Figure 5.4: hiPSC derived p-cells spheroids cultivated at high- and low-density in static honeycomb wells. (A and B) daily c-
peptide and glucagon secretion between day 9 and day 14, (C) daily insulin secretion at day 14, (D) ratio of insulin secretion
(high/low, GSIS index) after high/low glucose stimulations (GSIS: glucose-stimulated insulin secretion); (E) ratio (GLP-1/control)
of insulin secretion after GLP-1 treatment. *P < 0.05, level significantly different between low (3D-LD) and high (3D-HD) density
spheroids.

5.2.3. Critical transfer of 3D B-cells spheroids into microfluidic biochips

After 4 days of culture in the honeycomb, once the spheroids had presented a round
shape, they were collected and inoculated into the 3D biochips. The low-density spheroids were
very fragile, and we were not able to collect the spheroids without damaging them (loss during
pipetting, loss during centrifugation, spheroids destroyed during handling, n=6 honeycomb
microwell dishes were tested for transfer). As a result, we only transferred the high-density
spheroids into the biochips.

132 | Page



Although it was possible to inject the high-density spheroids, we still noticed significant
loss: we counted only 150£50 spheroids entering the biochips. As we used one honeycomb Petri
to fill 6 biochips, this led to about 82% - 91% of spheroids lost (600/6750 — 1200/6750, this will
be discussed below). The perfusion was started for 10 additional days, leading to 14 days of
culture (4 days in static conditions to create the spheroids and 10 days of dynamic culture). At
the end of the perfusion, we confirmed the presence of the spheroids (number similar to the
inoculation density, about 160166 spheroids), illustrating successful perfusion culture as shown
by their morphologies, which are presented in Fig. 5.4C. The typical size of the spheroids was
about 98 + 42 microns (Fig.S2 in supplementary file).

5.2.4. High functionality of the 3D pancreatic spheroids in microfluidic biochips

Analyzing the mRNA levels revealed major modifications to the profile of the cells when
we compared the 2D Petri, 3D Petri honeycomb (3D-HD) and the 3D biochip cultures (Fig.V.5).
The spheroid culture, in 3D Petri, appeared to increase the gene expression of B-cell markers
such as PDX1, NKX2.2, NKX6.1 and INS (Fold change, FC of 3.3, 2.6, 3 and 3.8, respectively when
compared to Petri 2D). In parallel, alpha or delta cell markers such as GCG (FC 2.6), SST (FC 6.6)
and glucose transporter GLUT2 (FC 19) were higher in static 3D spheroid conditions than in 2D
Petri conditions. Finally, GCK, UCN3 and NGN3 were downregulated in static 3D spheroids (in
comparison with Petri 2D).

Once cultivated in the biochip, we found an increase in mRNA levels of alpha cells markers
(GCG, FC 6.8), delta cell markers (SST, FC 3.5) and glucose metabolism markers (GLUT2, FC 12.7),
when compared to 2D cultures (Fig. 5.7). Furthermore, we found clear upregulation of GCG when
compared to the 3D Petri cultures. Although B-cells markers such as NKX6.1 and NKX2.2 were
2.5-2.7 times higher in the biochips when compared to 2D (and similar to 3D Petri levels), the
levels of PDX1 and INS mRNA were similar in the 2D cultures and biochips. Finally, MAFA (FC
0.42), GCK (FC 0.11), UCN3 (FC 0.12) and NGN3 (FC 0.08) were lower in the biochips, when
compared to 2D cultures.
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Figure 5.5: Ratio of mRNA levels of selected genes at the end of culture. black bars: [-cells spheroids cultivated at high-density in
static honeycomb wells versus p-cells cultures in static Petri (2D monolayer) and gray bars: p-cells spheroids cultivated in dynamic
biochip versus p-cells cultures in static Petri (2D monolayer). *P < 0.05, mRNA level significantly different when compared to
static Petri (2D monolayer.

Immunostaining confirmed that the spheroids cultures in biochips expressed typical {-
cells markers, as illustrated by the detection of insulin, MAFA and PDX1 positive cells (Fig. 5.3.A).
However, we also found cells positive for glucagon, demonstrating the presence of alpha-like
cells as well. As mentioned above, in the 2D Petri cultures, we never detected glucagon positive
cells.

The kinetics of C-peptide secretion in biochips presented in Fig. 5.6.A demonstrates the
functionality of the spheroids. To be able to compare the dataset in biochips and honeycombs
(3D-HD), we normalized by number of spheroids at the end of the experiments. When normalized
by the number of spheroids, C-peptide secretion in the biochips was measured at around 0.02-
0.05 pmol/islet between day 9 and the end of the perfusion (day 14, Fig. 5.6.A). Furthermore, we
detected higher quantities of C-peptide in biochip cultures when compared to 3D honeycombs
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(about 10-30 times higher). We also observed higher secretions of insulin in the biochip spheroids
cultures when compared to the static spheroids cultures (3D-HD), as shown in Fig. 5.6.B. Insulin
secretion was about 2.55 times higher in the biochips at the end of the experiment (day 14).

The functional assays performed using high/low glucose stimulation (glucose-stimulated
insulin secretion, GSIS) and GLP-1 stimulation demonstrated that the biochip spheroids were able
to adapt their insulin response, as shown in Fig. 5.6.C and Fig. 5.8.D, respectively. However, in
terms of the induction ratio itself, no difference between the biochip and the static honeycomb
cultures was observed. The GSIS index (glucose-stimulated insulin secretion: insulin measured in
high-glucose divided by insulin in low-glucose) values were of 3.2+1.1 and 4.5%1.2 in the biochip
and static honeycomb, respectively (Fig. 5.6.C). Concerning the GLP-1 effect, the levels of insulin
were 1.5 (static spheroids) and 2 (biochip spheroids) times higher after GLP-1 stimulation, when
compared to the control (Fig. 5.6.D).
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Figure 5.6: hiPSC derived p-cells spheroids cultivated in honeycomb wells (high-density) and biochips. (A and B) daily c-peptide
and glucagon secretion between day 9 and day 14, (C) daily insulin secretion at day 14 (*P < 0.05); (D) ratio of insulin secretion
(high/low, GSIS index) after high/low glucose stimulations (GSIS: glucose-stimulated insulin secretion), (E) ratio (GLP1/control)
of insulin secretion after GLPI treatment. *P < 0.05, level significantly different between low (3D-LD) and high (3D-HD) density
spheroids.

5.3. Discussion

In this work we investigated the behaviors of pancreatic B-cells derived from human
induced pluripotent stem cells. The 2D cultures in Petri dishes confirmed the functionality of the
derived tissue as a pancreatic-like B-cells. This was illustrated by C-peptide production, the
positive staining for insulin, negative staining for glucagon, and insulin secretion in response to
low/high glucose stimulation. Other 2D protocols for iPSCs derived pancreatic B-cells, including
different growth factor sequences, iPS cell lines and sources, have also reported successful insulin
and C-peptide functional tissues (Yabe et al., 2017; Southard et al., 2018; Pelligrini et al., 2018).
Those works attained C-peptide production of up to 5000 pmol/L/2x10° cells after 23 days of
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culture (Yabe et al., 2017), and ranging from 700 to 1500 pmol/L/6.4x10* of plated cells after 28
days of culture (Southard et al., 2018). Our differentiation took place over 16 days after stage 1
of the Cellartis protocol (Fig 1), corresponding to 37 days overall of differentiation from
undifferentiated iPSCs. As we reached a peak of 8600 pmol/L/10° of plated cells (4.5 pmol/10° of
cells) after 35 days, our results appeared consistent with the data in the literature.

Although the 2D Petri cultures were encouraging, we failed to create 2D cultures of B-
cells in our microfluidic devices (our primary goal). This strategy was first investigated because
the Cellartis ChiPSC12 kit is recommended for use in monolayers. We could not identify the key
parameters leading to this failure. First the cell adhesion, and then the cell monolayer could not
be created in the biochips even though we tested several conditions, including the initial cell
density, extracellular matrix coating and oxygen adhesion conditions (see Table S1,
supplementary file). Several hypotheses can be formulated: (i) the first is related to choosing the
extracellular matrix and its protocol of coating on PDMS. PDMS is a hydrophobic material that
needs an appropriate coating of ECM to make cell adhesion possible. The Cellartis recommended
ECM, when coated on PDMS, may require higher concentrations of ECM compounds and longer
incubation times on the surface compared to the recommended protocol for polystyrene Petri
cultures; it may also require other components, such as Matrigel (suitable for iPSC hepatocytes
on PDMS for instance, Danoy et al., 2019) (ii) in addition, during the adhesion phase of cells in
biochips, and the first hours of perfusion, our previous experiments (with cell lines)
demonstrated that there was significant glucose consumption by the cells (Prot et al., 2011). As
the biochip volume was 30 pL, leading to a cell/volume ratio of 6 600 000 cells/mL in the biochip
(200 000 cells/cm?in 30 pL) and 400 000 cells/mL in Petri dishes (200 000 cells/cm? in 0.5 mL),
we can hypothesize that there was a local shortage of a critical nutrient at the density inoculation
tested. In this context, several reviews to help obtain successful microfluidic cultures have been
proposed in the literature, exploring other 2D strategies (Yu et al., 2007, Young and Beebe 2010);
(iii) we also previously reported some ROS production during the adhesion stage of cell culture
in @ microfluidic environment and during the first hours of perfusion (Leclerc et al., 2015). To
avoid potential apoptosis, we tested the effects of a ROCK inhibitor, as it is used in several iPSC
protocols during the plating stage after thawing (Emre et al., 2010; Watanabe et al., 2007), but it
did not lead to improved adhesion. As a result, more extensive investigations are needed to solve
the issues with the 2D biochip cultures.

As an alternative to the 2D biochip culture strategy, we proposed a 3D spheroid protocol.
In honeycomb static cultures, our spheroid protocol contributed to generating B-cells-based
spheroids secreting C-peptide and insulin. We found that low cell density spheroids generated
smaller spheroids (50 um) compared to high cell density ones (100 um), although they produced
similar levels of C-peptide. The effects of cell density and spheroid diameter on functionality were

137 | Page



documented with B-cells line (Shinohara et al., 2014; Bernard et al., 2012). Microwells of 100 to
300 um in diameter led to insulin levels close to 75ng/1000 cells in Min-6 (Bernard et al., 2012).
In our honeycomb geometry, previous works with Min-6 spheroids ranging from 60 to 150 um in
diameter produced levels of insulin close to 60 ng/ng-DNA (Shinohara et al., 2014). Furthermore,
in vitro secretion of insulin from derived iPSCs B-cells spheroids is reported as ranging from 1.6
to 2 pUI/103 cells (Millman and Pagliuca 2017; Pagliuca et al., 2014, Millman et al., 2016). Based
on the data in Figs. 6 and 8, our study contributed to generating B-cell-based spheroids secreting
insulin around 1.8 puUI/103 cells in the high density spheroids used in 3D Petri (with a conversion
of 0.144 pUl/mL = 1 pmol/L). Finally, insulin secretion stimulated by high glucose in primary
human islets led to 4-fold induction (glucose 5.6 mM), 16-fold (16.7 mM) after one hour of
exposure (Mc Donald et al., 2011) and about 10-fold at 11 mM, 20 min of stimulation (Pelligrini
et al., 2018). These results appear to be in the range of our data in which the mean value of the
induced insulin secretion ratio was close to 4 and 11 in the 3D high- and low-density spheroids,
respectively.

We then successfully applied our 3D spheroid cultures to the microfluidic biochips. There
was still a significant loss of spheroids, and a third strategy consisting of generating the islets
inside the biochips, to avoid having to transfer them, needs to be investigated. Nevertheless,
thanks to the biochips, we were able to improve spheroid functionality when compared to 3D
Petri controls in terms of insulin and C-peptide secretion. The enhancements of basal pancreatic
islets or pseudo-islets functions such as insulin secretion and glucose-induced insulin secretion
under microfluidic flow have been observed consistently in the literature (Jun et al., 2019; Tao et
al., 2019; Li et al., 2013; Sankar et al., 2011). We suspect that changing the continuous culture
medium played a part in continuously stimulating the spheroids with high glucose stimulation,
and thus insulin secretion. The spheroids in the biochip cultures were also responsive to both
low/high glucose stimulation and GLP1 exposure.

Focusing on the 3D spheroids experiments, we found that the 3D spheroids had greater
heterogeneity (in the 3D Petri and 3D biochip conditions), when compared to the Cellartis
optimized 2D protocol. The mRNA levels and immunostaining analysis revealed partial loss of the
B-cell specifications in the 3D spheroids, and the potential orientation toward pancreatic 3-cells
and pB-cells sub-lineages. This was illustrated by the positive staining of the glucagon,
upregulation of SST and GCG, and downregulation of NGN3 in the spheroids in 3D conditions. It
is reported in the literature that PDX1, MAFA, NGN3 and NKX6.1 play a pivotal role in B-cells
differentiation, as well as in various processes within B-cell differentiation (Schaffer et al., 2010;
Matsuoka et al., 2017; Zhu et al., 2016; Brissova et al., 2018). Furthermore, the SST gene
(upregulated in the 3D Petri and 3D biochip cultures when compared to 2D Petri) is a key player
in B-cell specification (Hauge Evans et al., 2009).
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In parallel, modification to the differentiation pattern was concomitant with high levels
of GLUT2 and GCG, and low levels of GCK in 3D cultures. We confirmed the high level of glucose
in the culture medium, even in 3D Petri and 3D biochip cultures (in the culture medium from step
2, we measured 9.5+0.5 mM, data not shown). As a result, we can hypothesize that the secretion
of glucagon in the spheroids (detected by positive immunostaining) is due to local shortage of
glucose inside the spheroid, and thus to a modulation of glucose transport inside the spheroid
(nb: it has been reported that GLUT2 is weakly expressed in B-cells and over-expressed in 3-cells,
leading to the way the glucose is transported being modulated, but not the fact of the transport
itself, Heimberg et al., 1995). GCK is a glucose sensor that regulates insulin release in B-cells, and
glucose homeostasis in a and B-cells (Matschinsky et al., 2019). In addition, GCK governs an a-
cell metabolic pathway by suppressing glucose-related secretion of glucagon at/or above
normoglycemic levels (Basco et al., 2018). Downregulation of GCK in our 3D cultures appeared
consistent with glucagon secretion due to glucose shortage in the center of the spheroids. As a
result, in agreement with pancreas organogenesis (Puri et al., 2015), our data suggest that there
is major cell plasticity in the differentiation process of the present iPSCs in response to the 3D
spheroid culture conditions. Additional investigations are now required to understand these
phenomena. More particularly, it would be interesting to see whether complex physiological islet
differentiation into multicellular pancreatic lineages including a, and & cells can occur in these
3D spheroid microfluidic cultures.

5.4. Conclusion

In summary, we investigated the behaviors of B-cells derived from hiPSCs in various
culture conditions. 2D monolayer cultures generated typical B-cells profiles, as shown by C-
peptide production and undetected glucagon secretion. When cultivated in 2D biochips in a
monolayer, we did not find any stable protocol making their microfluidic cultures possible. When
the cells were cultivated in 3D spheroids, the cells presented higher heterogeneity, as seen in the
appearance of a,3 and 6-cell markers at the mRNA level, and glucagon positive immunostaining,
in addition to the secretion of C-peptide. The 3D spheroids were then successfully cultivated in a
3D biochip under microfluidic conditions. The microfluidic culture established contributed to
increasing pancreatic maturation by improving C-peptide and insulin secretion levels. The high
level GLUT2 and low level GCK in 3D static spheroids and 3D biochips, when compared to 2D
Petri, suggested modulation of glucose metabolism and transport as a potential regulator of
pancreatic specification during differentiation into 3D spheroids and 3D biochips. We believe that
our results are encouraging for the development of functional pancreas-on-chip in vitro models
using the advantages of organ-on-chip technology and hiPS cells, a promising source of cells.

5.5 Supplementary figures
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Figure 5.51 : Spheroids size at the end of the experiments. Quantification by ImageJ software (NIH, Bethesda, Maryland) using
the collected images.
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Figure 5.52 : Spheroids immunostainings: negatives controls, samples exposed to secondary antibodies without primary
antibodies.
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Chapter VI: Liver and pancreas co-culture model using
induced pluripotent stem cells and organ-on-chip
technologies

In this chapter, we present a few preliminary results of the liver-pancreas model using
human induced pluripotent stem cells derived to hepatocytes and pancreatic islets-like.
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Chapter VI: Liver and pancreas co-culture model using induced
pluripotent stem cells and organ-on-chip technologies

6.1 Introduction

In the frame of this thesis, we have extended the rat liver pancreas model of chapter IV
to a human model. For this purpose, we performed preliminary experiments of co-culture of
hepatocyte like cells derived from induced pluripotent stem cells with the Cellartis pancreatic
beta cells. We cannot present all the results in the manuscript because a patent application is
pending regarding the liver on chip optimization. Furthermore, the COVID-19 sanitary situation
stopped the experimental campaign leading to incomplete set of experiments. Nevertheless, as
a general perspective of the PhD manuscript, we can introduce briefly some of the results in this
short chapter VI.

The liver tissue of the human coculture model was based on the protocol of hepatocyte
differentiation from hiPSC proposed by Kido et al.,. In this protocol, the liver cells are
differentiated in TCPS Petri dish. At the hepatic progenitor step, the cell population is sorted using
the carboxypeptidase M (CPM) as a selection marker. The CPM+ cells are then plated in Petri and
amplified to generate mature hepatocyte like cells. In parallel, a liver iPSC biochip technology was
developed in our group by Danoy et al.,?* based on a modification of the iPSC liver protocol of Si
Tayeb et al.,% The protocol of Danoy et al., allowed the maturation of iPSC into hepatocyte-like
cells in biochips. Then, Danoy et al. extended this biochip iPSC protocol to make it compatible
with the CPM+ technology. So, in our experimental setup we combined 3 different protocols: For
the liver compartment (1) we used the CPM+ protocol reported by Kido et al.}, in combination
with (2) the liver iPSC biochip protocol of Danoy et al., 2019. Meanwhile, for the pancreas
compartment: (3) we used the spheroids Cellartis B-cells for the pancreas-on-chip protocol
reported on our chapter V.

The co-culture resulted in a liver CPM+ biochip serially connected with a pancreatic 3-cells
biochip. The 5 tested conditions were (i) the CPM+ liver biochip with insulin; (ii) the CPM+ liver
biochip without insulin; (iii) the CPM+ liver without insulin with pancreatic beta cells (insulin
producing cells); (iv) the pancreas-on-chip monoculture (as in chapter V) and (v) the CPM+ liver
control (TCPS petri dish). The overall experiment length for 42 days. The dynamic co-culture
started at day 35, after the specific differentiation of the liver and pancreatic B-cells. Due to
patent application, no detail can be provided at this stage on those protocols and processes.
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6.2 Preliminary results of liver pancreas human model

In the figure 6.1, we present the morphologies of the tissues. We observed several
differences when we compared the liver configurations. The hepatocyte like cells were dense
forming a multilayer tissue in the liver monoculture (Figure 6.1.B). Conversely, in liver co-culture,
the tissue was less dense and monolayer like structure were observed in the biochip. The hepatic
phenotypes, cuboid cells with large nucleus, were clearly detected. In both, co-culture and
monoculture, we observed the pronounced hepatic phenotypes. In addition to liver phenotype,
the liver monoculture led to large fibroblastic tissue along the microchannel walls, that were not
observed in co-culture.

hepatic compartment in co-culture condition; (B) monoculture hepatocytes-like with insulin; (C) pancreatic spheroids in co-
culture; (D) pancreatic spheroids in monoculture; (D) control in static of hepatocytes-like in static TCPS petri dich; ; (E)
monoculture hepatocytes-like without insulin
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The pancreas monoculture led to trap spheroids in a crest specific geometry. The figure
6.1 illustrate the successful dynamic culture of the spheroid at the end of the experiment. The
morphology analysis also demonstrated that the co-culture condition clearly conducted to the
desegregation of the pancreatic spheroids. We observed an adherent cell layer on the bottom of
the pancreatic compartment of the co-culture that was not observed in the monoculture
condition (figure 6.1.C). We cannot conclude if we observed a cell migration from the spheroids
(and thus a destruction of the spheroids) or a cell proliferation from the spheroids. However, the
spheroids shape and size of the seems to be similar in both conditions which might be indicating
a cell proliferation.

On the present dataset, we could not detect any clear difference on albumin production
when we compared the liver monoculture with the liver pancreas co-culture (Figure 6.2). The
monoculture condition with insulin contributed to produce the highest levels of albumin in all
experiments. In parallel, the monoculture without insulin and co-culture fairly led to similar
results. Furthermore, we observed a significant difference between experiments 2 and 3
regarding the albumin production. The albumin was 2-fold higher in experiment 3. At the present
time of the redaction of this manuscript, we did not quantify the cells number. This is critical
point that can balance our discussion and conclusion considering that the morphologies clearly
show a lower hepatocyte cell density in the co-culture condition. We are working on this counting
as far as we have nucleus immunostaining and collect cells for protein analysis (allowing to count
the total protein level). Furthermore, we need to run additional experiments to confirm the liver
pancreas co-culture tendencies.
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Figure 6.2 : Albumin production in ng/mL for Exp-2 and Exp-3, n = 2x4 biochips

Interestingly, in parallel, the liver CYP3A4 activity increased in co-culture condition when
compared to monoculture. However, we did not detect a difference when comparing
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monocultures with and without insulin (Figure 6.3.A). Then, the pancreatic C-peptide productions
seemed to be increased in the co-culture when compared of the monoculture (Figure 6.3.B). The
production of C-peptide reached a peak at 25 + 10 and 49 + 5 pmol/islet/mL in monoculture
(Experiences 2 and 3 respectively) and 35 + 10 and 192 = 55 pmol/islet/mL in co-culture
(Experiences 2 and 3 respectively). Finally, we performed immunostaining and extract the mRNA
of the cells. At the time of this redaction, due to laboratory access limitation, we were not able
to analyze those data.
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Figure 6.3 : (A) CYP3A4 activity in liver cells; (B) Ratio of C-peptide production
6.3 Conclusion

We could not finish this experimental campaign as far as at least once experimental
repeat is missing. Nevertheless, those primary results demonstrated the feasibility of human co-
culture models. We established a co-culture protocol based on two iPSC established protocol.
However, this protocol is very long, about 42 days. The results displayed healthy tissue and
functional cells. More particularly, we found a positive effect of the co-culture of pancreatic cells
on CYP3A4 liver activity. In addition, the liver contributed to stimulate the C-peptide production
in pancreatic spheroids. Furthermore, it is an encouraging step toward human model. We believe
that those results are an encouraging step toward full human model using advanced organ on
chip technology and promising cell source.
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General conclusions and future perspectives

In this research work, a novel approach of co-culture has been established, based on functional
coupling of pancreatic islets and hepatocytes on-a-chip. This demonstrated endocrine signaling
between the pancreas and the liver presents a novel approach for drug testing and disease
modeling. Microphysiological systems (MPs) have shown to be a powerful tool for cell culture
that can replace conventional in vitro systems and eventually animal models. The achievement
of the microfluidic biochip system adapted to 3D cell culture, its integration into a multi organ-
on-chip system and consequent outcomes were achieved in several steps. The resulting
conclusions and perspectives, for future investigations, are detailed below.

The research core was developed in a consistent part of this PhD project that was organized in
tree complementary phases.

1. As a first step, after an extensive bibliographical research, we decided to tackle this
subject by establishing an in vitro rodent model to prove its robustness before upgrading
to the human model based on induced pluripotent stem cells differentiated to hepatic or
pancreatic cells within a microfluidic environment. Simultaneously, it has been proven
that 3D cell culture techniques recapitulate and mimic in vivo environment, we realized
that to keep high functional tissues and long-term maintenance. That’s why an important
section of this work was devoted to the establishment of the in vitro animal model.
Accordingly, as a cell source, we used primary rat hepatocytes and islets of Langerhans.

2. We have established a robust co-culture in vitro model of islets of Langerhans and
hepatocytes maintaining functional responses up to 7 days in an ITS free medium. The
functionality of the coupling model was demonstrated by insulin released from the rat
pancreatic islets in response to a glucose stimulation and crosstalk with the liver
microtissue.

3. On the other hand, we developed a series of microstructure patterns suitable for
organoids and spheroids culture. We compared the trapping ability of the different
biochip microstructures (microwells and inlet oriented crest) and we succeeded to reduce
the islets lost in the circuit from 65% to 3%. Moreover, our system has the advantage of
easy extraction of tissue without harming the cells thanks to the trapping geometry that
do not relay on an extracellular matrix or a 3D hydrogel scaffold that need to be dissolved
in order to harvest the cells.

4. Regarding the human induced pluripotent stem (hiPS) cells based model, we investigated
the behaviors of B-cells derived from hiPSCs in various culture conditions. 2D monolayer
culture generated typical B-cells profiles, as shown by C-peptide production and
undetected glucagon secretion. When cultivated in 2D biochips as a monolayer, we did
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not find any stable protocol making their microfluidic culture possible. When cultivated
in spheroids, the cells exhibited higher heterogeneity, as seen in the appearance of o,
and 6-cell markers at the mRNA level, and glucagon positive immunostaining, in addition
to the secretion of C-peptide. The spheroids were then successfully cultivated in a 3D
biochip under microfluidic conditions. The established microfluidic culture contributed to
increasing pancreatic maturation by improving C-peptide and insulin secretion levels. The
high level GLUT2 and low level GCK in 3D static spheroids and 3D biochips, suggested
modulation of glucose metabolism and transport as a potential regulator of pancreatic
specification during differentiation when compared to 2D culture. We believe that our
results are encouraging for the development of functional pancreas-on-chip in vitro
models using the advantages of organ-on-chip technology and hiPS cells, a promising
source of cells. Future studies will be oriented to explore the conclusive functional state
of 3D spheroids by integrating data from proteomics, metabolomics and transcriptomics
with spatial information about cell distribution from imaging techniques.

5. Finally, we hypothesized that co-culture with hepatocytes-like will improve the
differentiation and function of hiPS B-cells or vice versa. Our preliminary data have shown
that the coupling model seems functional when considering the CYP3A4 activity, the C-
peptide and albumin secretion levels. However, an optimization of the co-culture media
and some changes in the experimental setup model must be done. Specially, if we
consider that most high-functioning cell types, such as human primary cells and hiPS-
derived cells require highly specialized and complex media formulations. Several studies
have attempted to induce B-cells differentiation from hiPS cells into a mature and
functional B-cells with drug treatment, culture within a bioreactor or co-culture with
other cell types. However, despite that inducing the full maturation of B-cells remains a
challenge, we think that organoids and MPs are two fundamentally different yet
complementary approaches with the same objective of recapitulating the complexity of
human organogenesis in vitro. Future studies optimizing the cell/tissue proportions and
co-culture duration will be helpful to determine whether the co-culture can promote the
final differentiation step of hiPS cells into mature functional hepatocytes and pancreatic
islets in their respective compartments.

The obtained results encourage us to exploit this model as tool for disease modeling such as type
2 diabetes (introducing modifications in the co-culture conditions) in order to unravel activated
pathways and mechanisms associated with hepatic insulin resistance, steatosis and pancreatic -
cells failure. Another possibility would be the extension of the co-culture model to other organs
involved in the metabolism regulation such as fat tissue or skeletal muscle. And last but not least,
we need to explore our system with primary human cells or tissues for a final validation.
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In order to address the automated control, high-throughput manipulation and real-time analysis
of organoid culture, an important upgrade in the organ-on-chip is needed by integrating
biosensors. Like many others, one of the major drawbacks of our system is the sampling
procedure and the impossibility to collect real-time information about the culture conditions
specially when we aim to monitor a stimulus-response test or tissue developmental process
during differentiation. An embedded miniaturized biosensor in our microfluidic platform for
continuous, non-invasive, and real-time monitoring of parameters of interest such like glucose
or hormones metabolites concentration will allow a better assessment of the behavior and
physiological functionality of the cell culture. Our project partners in Minami Laboratory at the

University of Tokyo, are currently working in microfluidic system with extended - gate - type

organic transistor for real - time glucose monitoring. Ideally, we could integrate different sensors

in several compartments of the multi-organ MPs since each specific tissue needs to be monitored
in a specific ways. For instance, we need to monitor Albumin, urea and CYP activity for the hepatic
side, while it would be useful to follow the profile of insulin secretion and glucose consumption
simultaneously.

Regarding the drug screening application, we explored the effect of GLP-1 and Isradipine
(hypertension treatment). While the effect of GLP-1 was consistent with other studies and
provides a self-explanatory interpretation of the data (in both animal and human models), the
content of B-cells and insulin secretion capacity of islets of Langerhans remained unchanged
under Isradipine treatment. Further studies optimizing the concentration and treatment duration
are needed.

Finally, we realized how useful and helpful for the development of this project was having a global
comprehension of the requirements, and the knowledge gained from the development of the
bioartifical pancreas (BAPs) and bioartificial liver systems (BALs) over the last decades. Therefore,
we agree that the insights from the BAL or BAP development should be considered in the organ-
on-chip field despite the generation gap and lack of communication between translational
research and engineering disciplines.
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Membrane bioreactors for bio-artificial
pancreas

Rachid Jellali**, Amal Essaouiba*?, Eric Leclerc’, Cécile Legallais*

*CNRS, UMR 7338 Laboratory of Biomechanics and Bioengineering, Sorbonne Universities, Université
of Technology of Compiégne, Compiégne, France TCNRS UMI 2820, Laboratory for Integrated Micro
Mechatronic Systems, Institute of Industrial Science, University of Tokyo, Tokyo, Japan

1 Introduction: The pancreas

The pancreas is a fundamental organ for coordination and regulation of body metabolism. The
main functions of the pancreas are to control glucose homeostasis via endocrine hormones
and produce exocrine enzymes necessary for the digestion process. Pancreatic dysfunction is
responsible for many diseases including diabetes mellitus, one of the most prevalent diseases
in the world. This introduction is a brief overview of the anatomy, physiology, and principal
pathology associated with the pancreas.

1.1 Anatomy and physiology

The pancreas is an organ with a glandular structure located in the curve of duodenum just
behind the stomach (Fig. 1). It is divided into three regions (Mahadevan, 2016): (i) the head,
connected to the duodenum, is the widest and most medial region of the organ; (ii) the body
is located behind the stomach; and (iii) the tapered tail region is located in the left side of

the abdomen near the spleen. The vascularization of the pancreas is ensured by the anterior
pancreaticoduodenal artery (head of the pancreas) and multiple branches of the splenic artery
(body and tail of the pancreas). Pancreatic vein joins the splenic vein to form the hepatic
portal vein together with the inferior and superior mesenteric veins.

The pancreas is a heterocrine gland involved in both exocrine and endocrine regulation.
The exocrine cells of the pancreas represent more than 90% of the pancreatic tissue and are
grouped in structures called acini (Fig. 1), whose function is the synthesis and secretion of
enzymes implicated in the digestion process (pancreatic lipase and amylase, phospholipase,
nucleases) (Jouvet & Estall, 2017). Digestive enzymes are drained by the pancreatic ductal

* Authors with equal contribution.

Membrane Applications in Artificial Organs and Tissue Engineering. https://doi.org/10.1016/B978-0-12-814225-7.00004-8
Copyright © 2020 Elsevier Inc. All rights reserved. 77
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Multiscale description of the systemic and local environment of islets of Langerhans.

tree into the intestine where they aid in nutrient metabolism. The functional units of the
endocrine system represent approximately 2% of the pancreas (2 million cells in human
adults) and are made up of pancreatic islets or islets of Langerhans. They are clusters of cells
whose size varies from 20 to 500 pm, with five different cell types: a-, -, 8-, -, and y- (PP)
cells (Jouvet & Estall, 2017; Kumar & Melton, 2003). The most abundant cells include the
glucagon-producing a-cells and insulin-producing (3-cells. The small proportion of d-, -,
and y-cells secrete somatostatin, ghrelin and pancreatic polypeptides, respectively. Despite
comprising only 2% of the total mass of the pancreas, the islets receive around 15% of the
pancreatic blood supply, allowing their secreted hormones ready access to the circulation
(Jansson et al., 2016). At the islet level, the oxygen partial pressure (PO,) is about 40 mmHg.

1.2 Mechanisms of glycemic regulation

The control of glucose levels in the blood is carried out by the interaction of two antagonistic
hormones secreted by pancreatic o and f cells. Glucagon (alpha cells) increases glucose levels in
the fasting period activating the glycogenolysis and gluconeogenesis in the liver in coordination
with cortisol (hormone secreted by the adrenal gland). While insulin activates the uptake and storage
of glucose in the muscle, fatty tissue and most importantly the liver through glycogenesis thereby
decreasing blood sugar levels in postprandial (Barrett, Barman, Boitano, & Brooks, 2015) (Fig. 2).
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Mechanisms of glycemia regulation by the pancreas and other tissues (liver, adipose tissue, muscle).

The mechanism of regulation of blood glucose begins with the stimulation of insulin secretion
that intensifies when blood glucose levels increase. The beta cells of the pancreas respond in
a biphasic manner to this stimulus. First there is a rapid and brief rise (in the form of a peak)
of insulin release, followed by a slower but constant release of the hormone (in the form of a
plateau) over time (Tortora & Derrickson, 2013).

The feedback loop that involves carbohydrates as an input signal and the synchronization
of the insulin and glucagon release as an output allows the control of blood glucose and
insulinemia to occur accurately and precisely (Miller, 1981).

The secretion of the two antagonist hormones is carried out in a pulsatile manner so that
a simultaneous peak of insulin and glucagon would never occur. The synchronization of
hormones is of great importance for the regulation of blood glucose by the liver.

1.3 Physiopathology and treatment

Diabetes mellitus is the most important dysfunction of the endocrine system of the pancreas
affecting more than 425 million people worldwide, according to the International Diabetes
Federation (IDF) and the World Health Organization (WHO) (IDF official web site, 2019;
WHO official web site, 2019). Type I diabetes mellitus (T1DM) affects about 5%—10% of
diabetes patients, mostly the young population. It is a chronic pathology occurring due to
the autoimmune destruction of pancreatic beta cells. As a result, there is a disorder in blood
glucose levels caused by hyperglycemia and the inability to store glucose due to the absence
of insulin. It is a pathology with a complex clinical picture. The breakdown of the control
mechanism of blood glucose severely affects other organs and systems on long term basis,
causing blindness, kidney failure, cardiac arrest, stroke, limb amputation due to thrombosis,
and even death (Amer, Mahoney, & Bryant, 2014; WHO, Global report on diabetes, 2016).
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The function in need of replacement in the case of insulin dependent diabetes is thus
primarily the secretion of insulin by the pancreatic islet p cells, which has four characteristics:
(a) it is continuous, even in the postabsorptive state, with rapid and transient peaks during
meals: (b) it undergoes automatic regulation by blood glucose levels; (c) insulin is delivered
into the portal blood system; (d) the endocrine pancreas is (of course) an internal organ
placed within the body.

The most widespread treatment of T1DM is the daily and scheduled administration of

insulin based on previous monitoring with a glucometer (Klonoff, Ahn, & Drincic, 2017;
Stephens, 2015) (Table 1). In the best cases, insulin injections, glucose levels monitoring,
and a restrictive diet could successfully keep the patient safe from the risks of the extreme
hyperglycemia. However, the variety of the clinical profile of the patients and the age reveals
the limitations of insulin injections as a treatment. On the one hand, the production of

insulin usually decreases progressively as the disease progresses, so the patient continues to
produce their own insulin in small quantities. This makes it difficult to estimate the amount
of exogenous insulin to be administered at each moment. On the other hand, due to the nature
of the pathology, it usually manifests at an early age. This makes it difficult to control certain
variables such as intake and physical exercise especially in neonates and children. In addition,
to correctly apply the treatment, continuous education of the patient is required to maintain
glucose in the appropriate ranges (Malik & Taplin, 2014).

Another treatment based on the same principle as insulin injections, but with some
improvements is the insulin pump or also called “continuous subcutaneous therapy”

Table 1: Summary of the different treatments available for type | diabetic patients.

Treatment Advantages Disadvantages
Insulin injection e Simple and relatively accessible | e Difficult maintaining normoglycemia
treatment overnight
e Long-term durability in case of | @ Requires user training
T1DM e It’s usually combined with a restrictive
diet control
Closed-loop insulin delivery | ® Ergonomic for the patient e Fibrosis in the catheter implant site
(mechanical pump) e Continuous control of blood e Slow response to sudden changes in
glucose levels (overnight) glucose levels
e Telematic follow-up by the e Requires maintenance (battery and
therapist insulin)

Pancreas transplantation | e Durability
Full control of normoglycemia

Quite complex surgery

Donor shortage

Requires immunosuppressants for life
Still in development

Requires two donors for one receiver
Loss of functionality in the long term
Requests as transplantation
immunosuppressive treatment

Clinical islets e Full control of normoglycemia
transplantation Minimally invasive surgery
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(Bruttomesso, Costa, & Baritussio, 2009). This approach is based on the subcutaneous
delivery of insulin through a catheter connected to a peristaltic pump (Galderisi, Schlissel,
& Cengiz, 2017). This allows the control of the insulinemia 24 h maintaining the basal level
of glucose in the blood. The control carried out by the insulin pump mimics quite well the
pattern of glucose concentration given by a healthy pancreas. However, possible infections
and fibrosis at the site of catheter insertion are limiting factors of the use of the insulin
pump as therapy. Despite the great advances that have been made in recent years for the
development of this device (El-Khatib et al., 2017), the response time is another limiting
factor in terms of abrupt changes in glucose concentration (Tauschmann & Hovorka, 2014).

Depending on the patient clinical profile of the T1DM, transplantation of the pancreas

is sometimes chosen as a strategy to control glycemia. Since 1966, the success rates of
transplantation of the pancreas have been increasing thanks to technical improvements in
extraction, preservation and implantation. Up to now, more than 1500 pancreas transplants
have been carried out according to the Collaborative Islet Transplant Registry (CITR)
(Shapiro, Pokrywczynska, & Ricordi, 2016). However, it remains an invasive intervention
that is usually carried out when kidney transplantation is also required. And most importantly,
it involves the submission of the patient to immunosuppressants for the rest of his life.

The transplantation of islets of Langerhans is another approach that is applied to the treatment
of diabetes (Chang, Lawrence, & Naziruddin, 2017; Ludwig et al., 2012, 2013; Ludwig &
Ludwig, 2015). Since the 1960s, the purification of pancreatic islets and their transplantation
into different animal models have been the objects of many groups of research. Pancreatic
islet transplantation is a promising therapy for patients with T1DM difficult to control
(Bertuzzi et al., 2018). It is a technique that provides an efficient and robust control of the
homeostasis of glucose against the administration of insulin. However, islet transplantation
remains controversial because it requires continuous immunosuppression that is harmful to
both the graft and the patient (Nourmohammadzadeh et al., 2013).

2 The concept of bioartificial pancreas

In the above-mentioned therapeutic strategies, the objectives are to replace either the structure
(transplantation) or some functions (insulin injection) to compensate organ failure. Another
approach is the design of a BAP based on the two major pillars in tissue engineering: cells
and scaffolds. The objectives would be to mimic as much as possible the physiology of the
native organ, using the cells for the production and release of insulin, but also as “glucose
sensor” and the scaffold as biocompatible environment and immunoprotection for the cells
(Fig. 3).

Depending on the amount of tissue to be encapsulated, there are two major configurations
of pancreatic islet immunoisolation: macroencapsulation and microencapsulation (Pandolfi,
Pereira, Dufresne, & Legallais, 2017) (Fig. 4). In addition to the amount of tissue to
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Different concept of islet encapsulation, from macro to nanoscale.

be encapsulated, the content of the implant also determines the type of encapsulation
implemented. It is not the same to encapsulate isolated beta cells than to encapsulate cellular
aggregates or islets of Langerhans. In case the islets are directly covered by a polymer, the
term of nanoencapsulation is commonly employed.

Macroencapsulation consists in the assembly of a large number of islets or cells within a
selectively permeable membrane forming a macrocapsule with a dimension in the centimeter
range or even larger. Depending on the site of implantation, macrocapsule-based devices are
classified in two categories: intravascular and extravascular ones (Iacovacci, Ricotti, Menciassi,
& Dario, 2016; Kepsutlu, Nazli, Bal, & Kizilel, 2014). Intravascular system is directly
connected to the vessels of the host via an arteriovenous shunt (Iacovacci et al., 2016).
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Microencapsulation is the entrapment of individual or few islets of Langerhans in a polymeric
matrix (Skrzypek, Nibbelink, Karperien, van Apeldoorn, & Stamatialis, 2018). Due to
optimal volume-to-surface ratio, microcapsules allow fast exchange of insulin, oxygen and
nutrients. Generally, microcapsules are produced from hydrogels like alginate, chitosan,
agarose, polyethylene glycol (PEG), copolymers of acrylonitrile and polyacrylates (de Vos,
Hamel, & Tatarkiewicz, 2002; Skrzypek et al., 2018). The most widely used microcapsules
for islet immunoisolation is the ionically cross-linked alginate system (de Vos, Faas, Strand,
& Calafiore, 20006). In this process, cells are mixed within alginate solution and extruded
dropwise into an aqueous calcium chloride gelation solution. The droplet entrapping islets
solidify to become hydrogel beads in contact with Ca®" divalent cations (Pandolfi et al.,
2017). Finally, alginate beads are coated with cationic poly-amino acid (usually poly (L-
lysine)) solution, which forms a semipermeable membrane around the microcapsule (de Vos
et al., 2002, 2006).

To overcome the limitations associated to micro- and macroencapsulation (size, diffusion),
the use of nanoscale immune-isolation layer has been developed. This strategy called
nanoencapsulation allows the immunoisolation of single islet/p-cells, and the obtained
devices are less than 100 um in diameter (Iacovacci et al., 2016). Different strategies have
been developed including photopolymerization of PEG and layer-by-layer deposition of
polycation and polyanion (lacovacci et al., 2016; Kepsutlu et al., 2014; O’Sullivan, Vegas,
Anderson, & Weir, 2011). The reduced distance between the implanted islet and the host
enhances the diffusion of oxygen, nutrients and insulin.

3 Overview of the specificities of currently developed BAP

The BAP is an implantable device formed by endocrine tissue encapsulated by a
semipermeable biomaterial that provides protection against immunological agents and
allowing the mass transfer of hormones, nutrients, oxygen and waste. In the process of BAP
development, it is essential to know the different variables to be considered (donor, host,
material and shape of the BAP, transplantation site, etc.) and how to combine them to get the
optimal design.

There are various requirements depending on the components of the BAP.

1. Cell functions and number: the objective is to get the same type of response (amount of
insulin/glucagon synthesized, sensitivity to glucose concentration) than from the native
pancreas. Therefore, the cells have to be correctly supplied for nutrients and oxygen, and
with kinetics of blood glucose concentration.

2. Immuno-isolation ensured by the material: a compromise has to be found between rapid
transfer of low- and medium-molecular weight solutes (glucose, insulin) and sieving of
immunoglobulins and cells such as macrophages and leukocytes (Fig. 5).

3. Biocompatible material for the cells and for the host.
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Classification of the elements implicated in BAP inmuno-isolation by their molecular weight. —,
anion; +, cation; C1g, complement component 1q; Cyt, cytokines; GF, growth factors; N, nitrogen
metabolites; R, free radicals. Adapted from Schweicher, J. (2014). Membranes to achieve immunoprotection of
transplanted islets. Frontiers in Bioscience, 19, 49—76.

4. Adequacy of the implantation site: to mimic the physiology, blood glucose should reach
easily the b-cells to stimulate if necessary insulin synthesis and secretion, insulin should
be ideally released in the portal system. Minimally invasive surgery should be preferred,
and the device should also be easily removable in case of failure.

3.1 Number and potential sources of pancreatic islets

Before addressing the cell type to use in a BAP, it is fundamental to answer the question of
the number of cells/islets to implement. A human adult pancreas contains about a million and
a half islets of Langerhans. However, as for other organs such as kidney or liver, they do not
all operate simultaneously. To achieve normoglycemia in human, it is now widely considered
that 15 x 10° islets equivalent (IEQ) per kilogram are needed in a BAP (Kepsutlu et al., 2014).
These figures come from experiments performed either in human or in small animals. In

the past, our group was interested in BAP mass transfer modeling. In a full model including
glucose, insulin and O, transfer, we clearly outlined that O, was the limiting factor for BAP
efficiency, and that oxygen starvation led to significant decrease in insulin release (Dulong

& Legallais, 2005). In some cases, most of the implanted islets were necrosed, because

their density in the implant was too high. In contrast, implementing a lower number of well
oxygenated islets may lead to a better response in term of insulin release. We concluded that
about 500,000 islets (i.e. 5 x 10° TEQ/kg) would be enough for human scale supply, if they
maintain their functions.

Concerning primary human cells, it is reported that 2/3 of the endocrine tissue is lost in the
purification stage during the pancreatic islet isolation process (Hwang et al., 2016; Ryan

et al., 2001; Schweicher, 2014; Shapiro et al., 2016). Therefore, the actual availability

of human donor pancreases can never fulfill the requirements for treating more than a
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small fraction of patients who need islet transplantation (Kepsutlu et al., 2014). Actually,

the insufficient number of human donors is the major motives for scientists to focus on
exploration of other cell sources to replace the function of insulin-secreting beta cells.

Table 2 summarizes the advantages and limitations of different types of cells employed up to
now in BAP.

The immunoisolation provided by encapsulation within semipermeable membrane indeed
enabled investigation into the use of other sources of insulin-secreting cells. In the past, the use
of xenogeneic porcine islets represented an interesting alternative because the close homology
between porcine and human insulin (O’ Sullivan et al., 2011; Song et al., 2017; Sykes et al.,
2006). Several porcine islets transplantation demonstrated efficacy (Dufrane, D hoore, et al.,
2006; Dufrane, Goebbels, & Gianello, 2010; Dufrane, Goebbels, Saliez, Guiot, & Gianello,
2006; Dufrane & Gianello, 2012). Studies by Dufrane et al. showed survival and function of
encapsulated adult pig islets after implantation without immunosuppression into nonhuman
primates. Diabetes was corrected up 6 months posttransplant in diabetic primates (Dufrane

et al., 2010; Dufrane, van Steenberghe, et al., 2006). However, adult pig islets are expensive,
fragile and difficult to maintain in culture after isolation. Alternatively, neonatal porcine islets
represent an attractive source of cell for transplantation because of their ability for proliferation

Table 2: Cells’ sources, pros, and cons to be used in BAP.

Cells source Advantages Limitations
Porcine e Homology between porcine and e Retroviral disease transmission
human insulin e Fragile during encapsulation
e Low coast e Immune rejection caused by porcine
e Availability proteins no identified by human
e Hypoxia tolerance system
Stem cells e Sensitiveness as good as the original | e Risk of teratoma formation
hESCs and hiPSCs pancreas e Risk of mutagenesis due to vectors
e Immunological safety used for reprogramming

e Unlimited source of human insulin- e Ethical preoccupation
producing cells e Expansive
e Reactivity to glucose
Exocrine e Available as a by-product of e Limited source of cells
islet transplantation (90% of the e Difficult control of the differentiation
pancreatic tissue). in a specific type of endocrine
e Possibility of differentiation in situ pancreatic cells
without a surgical intervention. e Reactivity to glucose

Full biocompatibility and
immunological safety

Immortalized human | e Unlimited sources (easily proliferate)
pancreatic cell lines ® Low cost

Easy to maintain

Low insulin production

Low reactivity to glucose

Risk of metastasis

Risk of massive proliferation
Need of a effective encapsulation
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and differentiation, ease of isolation/purification and low cost (Nagaraju, Bottino, Wijkstrom,
Trucco, & Cooper, 2015). Survival and function of encapsulated neonatal porcine islets after
transplantation into human and animals were reported by , Elliott et al. (2007), Elliott, Escobar,
Calafiore, et al., 2005, Elliott, Escobar, Tan, et al., 2005, Matsumoto et al. (2014), and Valdes-
Gonzalez et al. (2005). Despite the encouraging results provided by encapsulated pig islets,
new regulations, in Europe, prevent the use of such cells to avoid the risk of zoonosis (Hwang
et al., 2016; Lima et al., 2016).

Several autologous alternatives are thus being investigated: differentiation of induced
pluripotent stem cells (iPSCs) and embryonic stem cells (ESCs) into beta cells (Espes, Lau,
& Carlsson, 2017; lacovacci et al., 2016), and genetic modification of the exocrine pancreatic
tissue in insulin-secreting cells (Iacovacci et al., 2016; Skrzypek et al., 2018). Some of these
strategies are in advanced preclinical stages.

The differentiation of stem cells to insulin-secreting cells represents an attractive alternative

to human islets. Stem cells are able to self-renew and differentiate into specialized cell types,
allowing the generation of all cell types of the human body (Chhabra & Brayman, 2013).
Among stem cells, ESCs and iPSCs are the most commonly studied for differentiation in
pancreatic islets (Amer et al., 2014; Millman et al., 2016). The ideal source to obtain beta

cells would be iPSCs since the tissue generated in vitro would be genetically identical to the
pancreatic endocrine tissue of the patient. In the last years, several studies reporting insulin-
secreting cells production from ESCs (Cavelti-Weder, Zumsteg, Li, & Zhou, 2017; D’ Amour
et al., 2006; Kirk, Hao, Lahmy, & Itkin-Ansari, 2014; Li et al., 2014; Pepper et al., 2017;
Rezania et al., 2014) and iPSCs (Bruin et al., 2015; Chang, Faleo, et al., 2017; Motté et al.,
2014; Robert et al., 2018) have been published. Rezania et al. reported the normalization of
blood glucose levels in diabetic mice after 120days of human embryonic stem cells (hESCs)
transplantation in vivo (Rezania et al., 2012). After transplantation, the differentiation of hESCs
cells was similar to human fetal pancreas development, with similar gene and protein expression
profiles. Normalization of hyperglycemia in diabetic mice by hESCS, human-induced
pluripotent stem cells (hiPSCs) and mouse iPSCs-derived f cells was also demonstrated by
Pagliuca et al. (2014), Yabe et al. (2017), and Alipio et al. (2010), respectively. However, there
are still concerns regarding the ability of B-cells generated from stem cells to regulate insulin
physiological levels in response to glucose (Iacovacci et al., 2016).

Exocrine pancreatic tissue is the main part of the pancreas. This tissue, about 95% of total
mass of pancreas, is discarded following each islet isolation procedure. Recently, scientists
have been interested in a new approach based on reprogramming of exocrine acinar and ductal
cells into insulin-secreting p-cells (Shen, Cheng, Han, Mu, & Han, 2013). Exocrine cells are
close of B-cells and have similar epigenetic profiles since they arise from the same progenitor
common for all pancreatic cells (Pdx17 cells) (Bonal & Herrera, 2008). Moreover, pancreatic
exocrine cells are known by plasticity of their phenotype. Therefore, interconversion of
exocrine cells in B-cells is easily possible (Minami et al., 2011). Reprogramming of exocrine
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cells can occur through manipulation of pancreatic transcription factors (Pdx1, Ngn3, MafA,
and Pax4), in combination with growth factors (betacellulin, exendin-4, and nicotinamide)
(Lima et al., 2016). In vitro and in vivo generation of insulin-secreting p-cells from pancreatic
exocrine cells has been widely studied and reported in literature (Lemper et al., 2015; Lima

et al., 2016; Minami et al., 2011; Zhou, Brown, Kanarek, Rajagopal, & Melton, 2008).
Nevertheless, further developments are needed to guarantee high efficacy and safety of p-cells
derived from exocrine cells (O’Sullivan et al., 2011).

In addition to stem, exocrine and xenogenic cells, several other strategies of f} cells generation
were/are studied. Among these strategies, the most studied are the use of immortalized human
pancreatic cell lines and the reprogramming of cells from other organs such as liver cells and
gastrointestinal cells (Benthuysen, Carrano, & Sander, 2016; Cito, Pellegrini, Piemonti, &
Sordi, 2018; Iacovacci et al., 2016).

3.2 Mass transfer issues in BAP and implantation site

As previously described, islets of Langerhans in a native pancreas are highly vascularized,
providing the cells with glucose signal (from systemic circulation), oxygen (local PO,) and
releasing insulin directly in the portal system to reach the liver. In addition, in the situation of
hyperglycemia, the flow rate can be multiplied by six to improve the response kinetics.

3.2.1 Intravascular systems combining convection and diffusion

Ideally, the BAP should be located at the same position as in the native pancreas, that is,

as a shunt between arterial and venous circulation in the portal area. In such situation, both
convective and diffusive bidirectional mass transfer would occur between the blood and the
isolated islets.

Local mass transfer (Js) combining diffusion and convection can be described by the
following equation:

Js= Jf><S><Cs+szgrad(Cs)
With:

Jsinkgm s~

Jf: local solvent convective flux (m s_l): Jf=UFR x AP, with AP the local transmembrane
pressure and UFR the membrane ultrafiltration rate

S: membrane sieving coefficient for the solute of interest

Cs (kgm™): solute concentration in the compartment from which convection process is
issued

Ds (m s_'): diffusive coefficient of the solute between both compartments (NB: this
coefficient takes into account resistance in the fluids but also across the scaffold/
membrane)

Grad (Cs): concentration gradient between compartments.
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Design and limits of perfusion chambers

The Fig. 6A illustrates in a simple way the exchanges that can take place between the host and
the islets isolated in a perfusion chamber, and the associated governing factors. Such chambers,
with various designs, have been investigated since the mid-1970s employing either flat or hollow
fiber membrane, inspired from artificial kidney devices (Chick et al., 1975; Reach & Jaffrin,
1990.; Scharp, Mason, & Sparks, 1984; Sun, Parisius, Healy, Vacek, & Macmorine, 1977).

Based on the kinetic modeling of glucose and insulin transfer through the porous structure,
the group of Reach designed a system optimizing convective fluxes across the membrane,
and yielded excellent kinetics in vitro (Reach, Jaffrin, & Desjeux, 1984) and in vivo in rats
(Reach et al., 1986) and in dogs (Lepeintre et al., 1990). The correction of hyperglycaemia
in diabetic rats with this system was demonstrated over a few hours (Reach & Jaffrin, 1987).
However, the system was unable to avoid blood clotting inside the fiber. Another major
effort in this field was made by the group working with Chick, who used a radically opposite
approach. They focused on the hemocompatibility of the system, and reported the successful
graft of a vascular device in dogs over several months in the absence of any heparinization
of the animals, which only received aspirin (Monaco et al., 1991; Sullivan et al., 1991).
Hyperglycemia was corrected, but the authors recognize that improvements in the kinetics
of insulin release by this device were still required. Last results showed that a device seeded
with xenogeneic porcine islets implanted into pancreatectomized dogs allowed to reduce
exogenous insulin requirement for up to 9 months (Maki et al., 1996). This work led to an
FDA authorization to initiate clinical studies. During one of the last preclinical transplants,
the device failed leading to the death of the animals and the program was cancelled.

A similar system was proposed by Calafiore et al. who implanted microencapsulated islets
inside the wall of a Dacron-based prosthesis connected to an arterial bypass. Plasma crossed
the Dacron meshes and perfused the islets, which were immunoprotected by the membrane
of the microcapsules, and which released insulin into the bloodstream. This system was
investigated in a small number of dogs (Calafiore et al., 1992) and in two diabetic patients
(Calafiore, 1992).
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Fig. 6
Schematic representation of intravascular BAP (A) and diffusion chamber (B).
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It is obvious that the development of these systems was hindered by the need for vascular
access and by its thrombotic risk: indefinite prevention of clotting represents a formidable
challenge. This may be one reason why the intravenous route for insulin delivery by
implantable pumps has been almost abandoned in the late 1990s. More recently, Prochorov
et al. revisited the concept using an intravascular device that contains around 6000 IEQ/kg
isolated from fetal rabbit (Prochorov, Tretjak, Goranov, Glinnik, & Goltsev, 2008). Nineteen
patients with T1IDM received a nylon microporous device into the arteria profunda femoris
(APF) using autovenous angioplastics (Prochorov et al., 2008). After 18 months, the patients
showed no complications related to the transplantation. Although insulin secreted was not
enough to reestablish normoglycemia, it helps to reduce the insulin dose injected per day and
protect against episodes of hyperglycemia or hypoglycemia.

Direct perfusion of encapsulated islets implanted in vascularized organs

This approach is inspired from the first transplantation of pancreatic islets into the portal
vein of the liver which had been carried out successfully in the 1990s (Scharp et al., 1990).
Choosing the liver as a site of implantation of the BAP is driven by physiology, since liver is
the first organ through which the hormones secreted by the pancreas pass. In addition, liver
is a major site for glucose storage (glycogenesis) and release (gluconeogenesis). Finally,
thanks to the last advances in minimally invasive surgery, BAP implantation could be carried
out easily by percutaneous transhepatic portal embolization technique (Goss et al., 2002;
Ryan et al., 2001; Scharp et al., 1991). This site required to deploy microencapsulation of
the islets, due to the size of the vessels. To overcome mass transfer limitations leading to cell
necrosis, several groups even attempted to reduce the thickness of the encapsulating material
by surface treatment of the islets directly instead of creating a continuous barrier around them
(antibodies, heparin, cells, etc.) (Arifin, Valdeig, Anders, Bulte, & Weiss, 2016; Cabric et al.,
2007; Giraldo et al., 2017; Lau, Vasylovska, Kozlova, & Carlsson, 2015; Teramura & Iwata,
2010) or by using new improved biomaterials (Mooranian, Negrulj, Arfuso, & Al-Salami,
2016; Teramura & Iwata, 2011, 2009), leading to so-called nano-encapsulation.

The coating or superficial treatment of the islets presents some very promising results

after its implantation in rodents. The superficial treatment significantly reduces the size

of the implant, allowing its insertion in highly vascularized organs as well as increasing
postoperative survival up to 78% (Fotino, Fotino, & Pileggi, 2015; Teramura & Iwata, 2010,
2009; Teramura, Oommen, Olerud, Hilborn, & Nilsson, 2013; Tomei et al., 2014). But
despite the good glycemic control obtained in diabetic subjects, the long-term stability of this
encapsulation technique is quite questionable (Arifin et al., 2016). The deterioration of the
protective layer exposes the islets to the attack of the immune system (Giraldo et al., 2017).

However, the liver as an implantation site presents some drawbacks. First, the space available
is rather small for the size of the graft; it is necessary to consider that the microencapsulated
islets in spheres of material containing one or two islets have a diameter of 400 pm each one.
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Secondly, microspheres hosting pancreatic islets generate problems of embolization and
thrombosis of the small blood vessels around the implantation site induced by the instant
blood-mediated inflammatory responses (IBMIR). The third drawback of the intraportal
implantation is the partial pressure of oxygen to which the pancreatic islets will be exposed
(Zhu et al., 2018). The partial pressure of oxygen in the liver portal system is considerably
lower than in the pancreas (5-10 against 40 mmHg) (Carlsson, Palm, Andersson, & Liss,
2001; Olsson, Olerud, Pettersson, & Carlsson, 2011; Zhu et al., 2018): the islets are
permanently in hypoxia, which affect significantly their viability. Usually, a large amount of
IEQ islet per kilogram is needed for the pancreatic islets transplantation, considering that half
of them die in a few hours after the intervention (Shapiro et al., 2016).

At first sight, the spleen could be also a good candidate as a BAP implantation site. It is a
very vascularized organ with similar characteristics to the portal vein without the risk of
hypertension induced after intraportal transplantation. The limited number of publications
about intrasplenic transplantation in rodents and dogs shows that it is safe and feasible as a
procedure. However, there are not enough studies to corroborate the suitability of the site for
the BAP. The lake of studies is due to the small space available to place the majority of the
devices, the risk of hemorrhage during surgery, the concentration of the immune system cells
that could activate easily the IBMIR and the difficulty to remove the graft in case of failure
(Aoki et al., 2005; Gores & Sutherland, 1993; Itoh, Nishinakamura, Kumano, Takahashi, &
Kodama, 2017).

3.2.2 Diffusion-based extravascular systems

If perfusion cannot be considered, the alternative option is to enhance/promote diffusion,
since the substances to exchange present relatively low molecular weight. In this case, the
limiting parameter is the diffusion capacity of the solute, which is mostly governed by
the diffusivity within the scaffold (Fig. 6B). Mass transfer can thus be enhanced either by
increasing the porosity of the structure, or by reducing the diffusion length. The diffusion
length can be defined as the mean distance between islets and surrounding blood: it can
thus be decreased either by decreasing the scaffold/device thickness, or by promoting
neovascularization of the implant.

We will see in the following subchapter that these different strategies have been investigated
in various implantation sites.

Omental pouch and intraperitoneal transplantation

Intraperitoneal transplantation is the most common site for the BAP in the clinical setting
(Basta et al., 2011; Calafiore et al., 2006; Jacobs-Tulleneers-Thevissen et al., 2013; Soon-
Shiong et al., 1994; Tuch et al., 2009). One major advantage is the ease and safety of
implantation through minimally invasive surgery and accessibility to the graft. It is an ideal
choice for macroencapsulation systems due to the space available for the placement of the
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device. It benefits from appropriate environment considering that the encapsulated cells are in
contact with the surrounding fluids allowing the exchange of insulin and nutrients.

Takeuchi and his group succeeded in restoring blood glucose level of diabetic rodents by the
transplantation of different hydrogel-based microfibers (Onoe et al., 2013; Ozawa, Okitsu,

& Takeuchi, 2017; Ozawa, Sawayama, & Takeuchi, 2017; Sugimoto et al., 2011). Hollow
fiber devices have been explored since early in the 1980s. They give a good responsiveness
to changes in glucose blood levels (Jun et al., 2013). However, they had some drawbacks
such the little amount of tissue that could be encapsulated in a fiber, requesting to consider
significant lengths to be implanted (Lacy, Hegre, Gerasimidi-Vazeou, Gentile, & Dionne,
1991). Takeuchi’s group proposed an innovative technique based on microtechnology to
produce fibers with small diameters without compromising the viability of the tissue (Ozawa,
Sawayama, & Takeuchi, 2017).

Alginate beads as a microencapsulated device seems to be more suitable device for
intraperitoneal transplantation than macrodevices in terms of long-term viability and
performance (Elliott et al., 2007; Elliott, Escobar, Calafiore, et al., 2005; Elliott, Escobar, Tan,
et al., 2005; Matsumoto, Abalovich, Wechsler, Wynyard, & Elliott, 2016; Matsumoto et al.,
2014; Ryan et al., 2001; Valdes-Gonzalez et al., 2005). However, microbeads injected in the
peritoneal cavity move from their original implantation site and end up in the lower part of
the pelvis due to the upright position adopted by human and nonhuman primates (Dufrane,
Goebbels, et al., 2006; Jacobs-Tulleneers-Thevissen et al., 2013; Lanza, Beyer, Staruk, &
Chick, 1993; Omer et al., 2003; Sun, Ma, Zhou, Vacek, & Sun, 1996; U.S. National Library
of Medicine, ClinicalTrials.gov: NCT01739829, n.d.; Vegas et al., 2016).

The peritoneal cavity has also certain drawbacks that do not fully meet to the requirements
of the BAP. On the one hand, due to the anatomy and physiology, it has small or null
revascularization capacity around the implant, which hinders the exchange of oxygen and
nutrients and submits the encapsulated islets to hypoxia. On the other hand, not being in
direct contact with the bloodstream limits the ability of the implanted device to respond to
changes in glucose concentration is slow and delayed, which subjects the body constantly to
hypoglycemia or hyperglycemia.

To mitigate the hypoxia, polydimethylsiloxane (PDMS)-based materials with high oxygen
permeability have been used for the graft encapsulation (Coronel, Geusz, & Stabler, 2017;
McQuilling & Opara, 2017; Pedraza, Coronel, Fraker, Ricordi, & Stabler, 2012). But the
most representative device with an effective mechanism to improve the oxygen supply for
islets survival is the p-air (Barkai et al., 2013; Ludwig et al., 2012, 2013; Neufeld et al., 2013)
or its new version beta-O, (Ludwig et al., 2017). B-Air is a disk diffusion chamber where

the islets are loaded in an alginate-based core and a polytetrafluoroethylene (PTFE)-based
semipermeable membrane. But the most important characteristic is the central oxygen module
connected with the outside of the host body that provides more O, than the blood transporters.
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To improve the neovascularization of the graft, devices in development like Sernova

cell pouch (Kriz et al., 2012; U.S. National Library of Medicine, ClinicalTrials.gov:
NCT01652911, n.d.) and Viacyte (U.S. National Library of Medicine, ClinicalTrials.gov:
NCT02239354, n.d.) have made interesting progresses in recent years. Both devices are
currently in phases I or II of the clinical study. Sernova cell pouch has shown that omental
transplantation with a subcutaneous access point (for the subsequent replacement of the
islets) can induce a good neovascularization of the device thanks to the close position of the
portal vein and the microenvironment that provides the great omentum. The omental pouch
can be stimulated by neoangiogenic factors to create new blood vessels in a short time. A total
of 70% of the rodents involved in Kriz et al. study have shown long-term normoglycemia
(Kriz et al., 2012). Several studies corroborated the suitability of the omentum as a site

for the transplantation of encapsulated pancreatic islets (Harrington, Williams, Rawal,
Ramachandran, & Stehno-Bittel, 2017; Opara, Mirmalek-Sani, Khanna, Moya, & Brey, 2010;
Pareta et al., 2014).

Kidney capsule

The renal subcapsular site is the most widely used for islet transplantation in experimental studies,
especially in rodents. Islet transplantation into the kidney is easy and has been reported to restore
normoglycemia (Zhu et al., 2018). Kidney subcapsular space offers good vascular network and
desirable growth conditions for islets (Kepsutlu et al., 2014). Previous studies reported that mice
and human islets transplanted in kidney subcapsular present better morphology and function,
compared with islets implanted in liver, lung and spleen of mice (Hayek & Beattie, 1997,
Mellgren, Schnell Landstrom, Petersson, & Andersson, 1986). In comparative study between
intraportal and kidney subcapsular transplantation in mice, Sakata et al. demonstrated that 200
islets yielded normoglycemia in renal subcapsular grafts, while minimum 800 islets are required
for normoglycemia with intraportal transplantation (Sakata et al., 2009).

Transplantations of encapsulated islets with different shapes into kidney subcapsular space
were also studied and have shown their ability to correct glycemia. Dufrane et al. investigated
transplantation of pig islets microencapsulated with alginates into Kidney subcapsular

space of monkey. The results demonstrated the functionality of alginate microcapsules

and the absence of capsule fibrosis (Dufrane, Goebbels, et al., 2006). In other study, the

same group has shown that alginate microcapsules transplanted under kidney capsule of rat
demonstrate better biocompatibility than capsules transplanted in the peritoneum. In addition,
due to restricted mobility of the grafts, alginate microcapsules integrity was preserved to

a greater extent in the kidney, compared to peritoneal cavity. Rat islet cells encapsulated
within alginate microfibers and mice islets protected by PEGylation were also transplanted

in kidney subcapsular of mice. Islets into alginate microfibers normalized blood glucose
concentrations for 2 weeks in diabetic mice (Onoe et al., 2013). Concerning PEGylated islets,
the transplanted diabetic mice exhibited long term normoglycemia (>100days) (Giraldo

et al., 2017).
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Despite the promising results observed in animal experiments, clinical transplantation into
renal subcapsular would be difficult given the limited space within this site. It is impossible
to implant devices with the islets number necessary to correct human glycemia. In addition,
renal cortex has an oxygen tension of 15 mmHg, which represents a hypoxic environment for
islets (the oxygen partial pressure in pancreas is about 40 mmHg).

Subcutaneous tissues

The first clinical trial of subcutaneous transplantation of a BAP has been carried out by
Scharp et al. (1994). The islets has been encapsulated by semipermeable membrane in
the form of hollow fiber (Scharp et al., 1994). In an attempt to verify the biocompatibility
and survival of human pancreatic islets, the results were quite promising. Although not
surprisingly, the response time to the stimulus of insulin secretion was slow.

Subcutaneous transplantation is usually carried out for the macroencapsulated devices in the
form of hollow fiber, planar or when an external oxygenation mechanism is integrated, like in
the p-air device (Barkai et al., 2013; Ludwig et al., 2012, 2013, 2017; Neufeld et al., 2013).
The advantages of the subcutaneous transplantation are the easy access and monitoring of the
graft, the good biocompatibility and the high viability of the islets in the postoperative period
(Pepper et al., 2015). However, the difficulty of neovascularization of the macrodevices

and the low partial pressure of oxygen remain the major drawbacks in the subcutaneous
transplantation.

The most representative device of subcutaneous transplantation is the TheraCyte System

or its new generations Viacyte and Encaptra (Robert et al., 2018). The first was initiated by
Baxter Healthcare in the late 1990s as a planar device of two composite membranes sealed
at all sides with a loading port or ports (Cafiibano-Herndndez, Sdenz del Burgo, Espona-
Noguera, Ciriza, & Pedraz, 2018). The outside of the device is designed for strength and to
encourage host tissue to incorporate into its outer portions. The other sections are a Teflon-
based membrane (PTFE) to encourage capillary ingrowth and a hydrogel semipermeable
membrane (alginate based) for allograft immune protection. TheraCyte has evolved in
parallel with the safety level of experiments, from rodents to large animals implementing
different cell sources including human cells (Bruin et al., 2013; Elliott et al., 2007; Kirk

et al., 2014; Kumagai-Braesch et al., 2013; Motté et al., 2014).The latest innovation provided
by the manufacturers of Viacyte is the device-less character in its new trials thanks to the
implemented prevascularization technique whose objective is the preparation of a suitable
microenvironment for grafting before the cells implantation to improve the viability and the
sensibility of the graft (Kroon et al., 2008; Pepper et al., 2015, 2017).

Another original approach has been described by Farina et al. They implemented a
prevascularized polylactic acid (PLA) scaffold printed in 3D (Farina et al., 2017). The
porous biomaterial was tested in nude mice with human pancreatic islets. The islets were
injected into the device 4 weeks after its transplantation. The angiogenesis of the islets was
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demonstrated, but it was necessary a second injection of islets to get the same amount of
insulin secreted in the positive because of the slow neovascularization.

Subcutaneous transplantation remains controversial regardless the problem of angiogenesis
and the mechanical requirements of the BAP. The superficial location of a graft so sensitive
and so important for the control of metabolism can suffer irreversible damage due to
temperature variations or physical trauma (Zhu et al., 2018).

4 Porous scaffolds—Membranes

Different materials have been employed as “membrane” structure. In intravascular devices,
islets are encapsulated within hollow semipermeable tubes or fibers made of polymeric
materials such as polyacrylonitrile-polyvinylchloride copolymer, polyethylene-vinyl alcohol,
polycarbonate and nylon (de Vos et al., 2002; Skrzypek et al., 2018; Song & Roy, 2016). In
extravascular devices, two main geometries are used: tubular and planar devices. Various
polymeric or inorganic biomaterials have been investigated. However, polymeric materials are
the most commonly used. These include alginate, 2-hydroxy-ethyl methacrylate (HEMA), nitro-
cellulose acetate, acrylonitrile, sodium-methallylsulfonate, and PTFE (de Vos et al., 2002).

Micro or macroencapsulation using alginate as basic material is probably the best response to
biocompatibility since alginate is an inert polysaccharide. However, as material from natural
origin, it may contain impurities promoting fibrosis. Alginate, when jellified with calcium

or other divalent cations, is also not very stable over time and might lose its polymeric state.
Therefore, crosslinking agents or additional layers have been added, changing the overall
mass transfer and interactions with the host tissue (Basta et al., 2011; Calafiore et al., 2006;
Jacobs-Tulleneers-Thevissen et al., 2013; Soon-Shiong et al., 1994; Tuch et al., 2009;

Veiseh et al., 2015). Strand et al. reviewed the progress that have been made in alginate
encapsulated pancreatic islets (Strand, Coron, & Skjak-Braek, 2017). The lack of long-term
trials and cohort studies plus the fibrosis of the alginate-based capsules are the most important
drawbacks to overcome.

According to the BAP requirements, all the scaffolds/membranes entrapping the insulin-
secreting cells or the islets are designed with the same objectives in term of sieving: allow the
exchange of oxygen, nutrients, insulin and waste products and prevent immune response from
the host (Fotino et al., 2015).

If this second point is fulfilled by the membrane-based devices, there is no need for
immunosuppressive therapy after the implantation. Describing in detail the rejection process
of a graft and the factors involved is far beyond the scope of this review. Briefly, this immune
response, in the case of type I diabetic patients, can be of two different types: (i) allogenic

or xenogenic response of the host to the transplanted tissue, leading to the activation of the
innate immune system due the detection of foreign cells by the host; (ii) auto-immunity
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(following the same mechanisms than those inducing the pathology in the native pancreas
(Scharp & Marchetti, 2014). The first response is mainly supported by cells (Ilymphocytes B
and T) but can also be mediated by immunoglobulins.

As indicated in Table 3, most of the synthetic polymer-based membranes/scaffolds present
pore size average 0.2—0.4 pm (Colton, 1995; Schweicher, 2014), which is a sieve for cells
only and not immunoglobulins. So far, immune rejection seems to be effective on relatively
short-term basis. In these cases, the membrane demonstrated a very high porosity, and the
diffusive transport is not hindered. Only the thickness of the device and the seeding density
of the islets/cells influenced the mass transfer. In such case, Dulong and Legallais (2007)
demonstrated that a too high density may lead to islet necrosis in case of implantation in
poorly oxygenated sites.

Besides the sieving effect, in most of the case, one has to consider that the membrane is

in contact with the host tissues. One major problem in biocompatibility for implanted

device is the development of a fibrous and inert structure around the device. It represents

an additional resistance to mass transfer and increases the risk of islets’ necrosis due to
oxygen starvation. A way to circumvent this issue would be to use materials that can promote
neovascularization.

5 Conclusions and future trends

Pancreatic islet transplantation can successfully control glucose levels and has been validated
as a treatment for type 1 diabetes on short periods. The development of BAP that consists of
islets encapsulation within semipermeable membrane is considered as a promising strategy
to overcome some obstacles of classical islet transplantation. Despite the significant progress
in the laboratory, clinical applications of BAP are few. To increase the impact of the BAP
translation from the bench to the bed side, it appears necessary to combine the progress
made in different disciplines such as nanotechnology, biomaterials, immunology, and tissue
engineering.

Hypoxia adversely affects the functionality of encapsulated islets and represents a major
limitation in the development of efficient BAP devices. Limited oxygen supply causes
apoptosis and reduces the capacity of islets to secrete insulin (Barkai et al., 2013). In the
last years, different strategies including prevascularization and in situ oxygen supply have
been investigated to improve encapsulated islet oxygenation. The combination of conformal
coating and extravascular microencapsulation has shown some promising results. Other
studies reported the use of proangiogenic factors (vascular endothelial growth factor
(VEGF)) to induce BAP prevascularization (Pileggi et al., 2006; Trivedi, Steil, Colton,
Bonner-Weir, & Weir, 2000). Several researchers are working on the co-encapsulation of
insulin-secreting cells with another cell type in order to improve viability and stimulate graft
neovascularization without compromising immunological safety (Valdes-Gonzalez et al.,



Table 3: In vivo studies of some bioartificial pancreas in development.

Device Cells source Transplantation
Encapsulation (category) Shape Materials Pore size (quantity) site Recipient Outcomes Ref
Macroencapsulation | Macrochamber | Disk diffusion | PTFE, alginate 0.2pm Rat (2500 IEQ) | Interperitoneal Rat Normoglycemia and | Ludwig et al.
B-Air chamber hypervascularization (2012)
(extravascular) around the disk after
3 months
Macroencapsulation B-Air Disk diffusion | PTFE, alginate 0.2pum Rat (62,8901EQ) | Interperitoneal Pig Normoglycemia for | Neufeld et al.
(extravascular) chamber 3 months (2013)
Macroencapsulation B-Air Disk diffusion | PTFE, alginate 0.4pm Rat (10921EQ) | Interperitoneal Rat Normoglycemia for | Barkai et al.
(extravascular) chamber 6 months (2013)
Macroencapsulation B-Air Disk diffusion | PTFE, alginate 0.4pm Human Interperitoneal Human Reduction of insulin | Ludwig et al.
(extravascular) chamber (21001EQ/kg) requirement for (2013)
10 months
Macroencapsulation Beta O, Disk diffusion | PTFE, alginate 0.4pm Pig Interperitoneal Monkey | Reduction of insulin | Ludwig et al.
B-Air chamber (~20,0001EQ/ requirement for (2017)
(extravascular) kg) 6 months
Macroencapsulation Islets sheet Planar Alginate 50-75um Dog Interperitoneal Dog Fibrotic reaction and Storrs,
(extravascular) (75,0001EQ) Normoglycemia for | Dorian, King,
84 days Lakey, and
Rilo (2001)
Macroencapsulation TheraCyte Planar PTFE, alginate 0.4pm Human Subcutaneous Mice Ameliorate diabetes Kirk et al.
(extravascular) (1.5-3x10°cells/ in mice for up to (2014)
pLx20puL) 150days
Macroencapsulation TheraCyte Planar PTFE, alginate 0.4pm Rat (1000 islets) | Subcutaneous Rat Slow insulin response | Kumagai-
(extravascular) to changes in blood | Braesch et al.
glucose level after (2013)
6 months
Macroencapsulation TheraCyte Planar PTFE, alginate 0.4pm Human (4x10° | Subcutaneous Mice Macroencapsulation | Motté et al.
(extravascular) cells) of hESC induce (2014)
their differentiation
into insulin-
producing cells after
20-30weeks
Macroencapsulation Viacyte vs Planar PTFE, alginate 0.4pm Human (4x10° | Subcutaneous Mice Differentiation of | Robert et al.
Encaptra cells) hESC into insulin- (2018)

(extravascular)

producing cells;
50 weeks
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Table 3 In vivo studies of some bioartificial pancreas in development.—cont’d
Device Cells source Transplantation
Encapsulation (category) Shape Materials Pore size (quantity) site Recipient Outcomes Ref
Microencapsulation / Beads Alginate Human (2x10° | Intraperitoneal Mice Effective correction Jacobs-
(extravascular) / cells) of blood glucose Tulleneers-
concentration for Thevissen
3 months etal. (2013)
Microencapsulation Diabecell Beads Alginatepoly- / Pig (10,000 and Peritoneal Human The most recent Matsumoto
(extravascular) L-ornithine- 20,000 1EQ) clinical trial was etal. (2014,
alginate for 600days that | 2016), Elliott
shows the safety etal. (2007)
and efficiency of
xenotransplantation
Microencapsulation / Beads Alginate Pig Kidney, Monkey 180days Dufrane,
(extravascular) / / Intraperitoneal D’hoore,
etal. (2006),
Dufrane, van
Steenberghe,
et al. (2006)
Nanoencapsulation / Islets coating | PEG combined Mice (700-800 Kidney Mice Degradation of Giraldo et al.
(extravascular) with LFA-1 / IEQ) the coating after (2017)

CAC, collagen-alginate composite; IEQ, islets equivalent; /PN, interpenetrating networks; kDa, kilodalton; LFA-7, lymphocyte function-associated antigen-1; PECs, pancreatic endoderm
cells; PEG, polyethylene glycol; PTFE, polytetrafluoroethylene; TMTD, triazole-thiomorpholine dioxide.
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2005; Vériter et al., 2014). Johansson et al. provided evidence that the coculture of MSCs and
endothelial cells with human islets in vitro before transplantation initiated the formation of
vessel-like structures that may promote further neovascularization (Johansson et al., 2008).
In other approach, Barkai et al. developed a device that can be refueled with oxygen via
subdermally implanted access ports. The transplantation of this device normalized glucose
levels in diabetic rats for 6 months. The authors demonstrated that the functionality of the
device was dependent on oxygen supply (Barkai et al., 2013).

In recent years, microfluidic technology has emerged as a valuable tool for a wide range

of applications such as biotechnology, tissue engineering and analytical applications. This
technology has been used to generate precise micro-scaled encapsulation. Onoe et al.
developed microfibers encapsulating ECM proteins and islets cells using microfluidic device
(Onoe et al., 2013). The fabricated microfibres reconstitute intrinsic morphologies and
functions of living tissues. In other study, Tomei et al. developed an encapsulation method that
allows conformal coating of islets through microfluidics and minimizes capsule size, capsule
thickness and graft volume. The reduction of capsule thickness improves oxygen and insulin
exchange (Tomei et al., 2014). Microfluidic devices can be used in differentiation of stem
cells, which can be alternative sources of islets for transplantation to solve the critical problem
of the shortage of human islet donors. Indeed, the destiny of stem cells is highly regulated by
microenvironment. Such devices provide a new support of cells culture with unique advantages
to mimic complex physiological microenvironments in vivo (Zhang, Wei, Zeng, Xu, & Li,
2017): high oxygenation, 3D tissue reorganization, dynamic stimulation, continuous nutrient
supply, and waste removal. Microsystems can be also used to assess islets or beta cells
functionality before transplantation, in an environment close to in vivo conditions.

In conclusion, the interactions between the graft and its microenvironment still remain a huge
challenge for the BAP. It is well known that the structural organization of the pancreatic beta

cells and its interaction with the host cells influences the amount of insulin secreted (Desai &
Shea, 2017).

List of Symbols

Cs solute concentration

Ds diffusion coefficient of the solute
Jf local convective flux of the solvent
Js local mass transfer

MafA  MAF bZIP transcription factor A
Ngn3  neurogenin 3

P pressure

AP local transmembrane pressure

Pax4  paired box 4

Pdx1  pancreatic and duodenal homeobox 1
PO, oxygen partial pressure

S sieving coefficient of the membrane
UFR  membrane ultrafiltration rate
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List of Acronyms

APA  alginate-poly-L-ornithine-alginate
APF  arteria profunda femoris

BAP  bioartificial pancreas

CAC  collagen-alginate composite

CITR  collaborative islet transplant registry
ESCs  embryonic stem cells

FDA  food and drug administration
HEMA 2-hydroxy-ethyl methacrylate
hESCs human embryonic stem cells
hiPSCs human-induced pluripotent stem cells
IBMIR instant blood-mediated inflammatory responses
IDF International Diabetes Federation
IEQ islets equivalent

IPN interpenetrating network

iPSCs  induced pluripotent stem cells
LFA-1 function-associated Antigen-1
PDMS polydimethylsiloxane

PECs pancreatic endoderm cells

PEG  polyethylene glycol

PLA  polylactic acid

PP pancreatic polypeptide

PTFE polytetrafluoroethylene

T1DM type I diabetes mellitus

TMTD triazole-thiomorpholine dioxide
VEGF vascular endothelial growth factor
WHO  World Health Organization
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ARTICLE INFO ABSTRACT

Organ-on-chip technology is a promising tool for investigating physiological in vitro responses in drug screening
development, and in advanced disease models. Within this framework, we investigated the behavior of rat islets
of Langerhans in an organ-on-chip model. The islets were trapped by sedimentation in a biochip with a mi-
crostructure based on microwells, and perfused for 5 days of culture. The live/dead assay confirmed the high
viability of the islets in the biochip cultures. The microfluidic culture leads to upregulation of mRNA levels of
important pancreatic islet genes: Ins1, App, Insr, Gcgr, Reg3a and Neurod. Furthermore, insulin and glucagon
secretion were higher in the biochips compared to the Petri conditions after 5 days of culture. We also confirmed
glucose-induced insulin secretion in biochips via high and low glucose stimulations leading to high/low insulin
secretion. The high responsiveness of the pancreatic islets to glucagon-like peptide 1 (GLP-1) stimulation in the
biochips was reflected by the upregulation of mRNA levels of Gcgr, Reg3a, Neurog3, Ins1, Ins2, Stt and Glp-1r and
by increased insulin secretion. The results obtained highlighted the functionality of the islets in the biochips and
illustrated the potential of our pancreas-on-chip model for future pancreatic disease modeling and anti-diabetic
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drugs screening.

1. Introduction

The pancreas is a gland organ that plays a key role in endocrine
regulation. The functional units of the endocrine system are the islets of
Langerhans. These islets are clusters of cells whose size varies between
20 and 500 um, with five different cell types: a, 3, 8, ¢, and y cells
(Jouvet and Estall, 2017; Kumar and Melton, 2003). The most abundant
cells are the glucagon-producing a cells and insulin-producing {3 cells.
Blood glucose levels are obtained through the interaction of two an-
tagonistic hormones secreted by pancreatic a and p cells. During a
period of starvation, when glucose levels are low, glucagon is released
by alpha cells to promote glycogenolysis and gluconeogenesis in the
liver in coordination with cortisol (a hormone secreted by the adrenal
gland). In contrast, insulin secretion from [} cells is stimulated by

elevated glucose levels and activates glycogenesis in the liver and
glucose uptake by muscles and adipose tissues, thereby decreasing
postprandial blood sugar levels (Baker, 2016; Jellali et al., 2020).
Diabetes mellitus is the most significant endocrine system dys-
function in the pancreas. According to the latest estimates by the
International Diabetes Federation (IDF), 1 in 11 adults are living with
diabetes in 2019 (463 million people worldwide, IDF official web site,
2019). The incidence of diabetes is increasing dramatically, and is
predicted to reach more than 700 million people by 2045 (IDF official
web site, 2019). Type 1 diabetes mellitus (T1DM) is an autoimmune
disorder which leads to the destruction of insulin-secreting {3 cells, re-
suting a lack of insulin production (Jellali et al., 2020; Rogal et al.,
2019). This pathology affects about 10% of diabetic patients, mostly the
young population (Aghamaleki et al, 2019). The daily insulin
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Fig. 1. Biochip design: (A) top and bottom layers used in the biochip manufacturing (the blue arrowa indicate the flow direction) and (B) structures of microwells in

culture chamber (bottom layer).

administration is currently the most common treatment of TIDM (King
and Bowe, 2016). Type 2 diabetes mellitus (T2DM) is the most pre-
valent form of diabetes, accounting for 90% of all adult diabetic pa-
tients, i.e. 20-79 years old (Sardu et al., 2019). T2DM is a metabolic
disorder characterized by insulin resistance coupled to impaired insulin
secretion from the pancreatic 3 cells (Jun et al., 2019; Zbinden et al.,
2020). Insulin resistance is the organs incapacity to respond properly to
normal insulin levels (mainly the liver, muscles and adipose tissue,
Rogal et al., 2019). The treatment of T2DM involves lifestyle adjust-
ments and drug therapy such as metformin, sulphonylureas, glitazones
and GLP-1 receptor agonists (Rogal et al., 2019; Zbinden et al., 2020).

Nowadays, Diabetes is one of the most prevalent chronic diseases
(Silva et al., 2018). This raises a need for developing pancreatic models
to increase knowledge of the underlying mechanisms of diabetes and to
screen and identify new anti-diabetic drugs. Pancreatic disease mod-
eling and pertinent models for pancreatic drug screening involve con-
sidering the pancreas and its interaction with other organs, such as the
liver, muscle, adipose tissues, kidney and gut (Efanov et al., 2004;
Artunc et al., 2016; Bauer et al., 2017; Rogal et al., 2019). This is the
reason why the disease models involve transgenic and knockout ani-
mals (King and Bowe, 2016). However, animal experimentation is
ethically controversial, and often, the animal models developed in other
species lose relevance when extrapolating the results to humans
(Ghaemmaghami et al., 2012;Merlier et al., 2017; Rogal et al., 2019).
Concerning in vitro models, the cell cultures used for drug screening and
biomarker discovery are mainly performed in static 2D cultures using
conventional Petri dishes or multi-well plates. Although these models
have significantly contributed to medical research and drugs screening,
they present certain limitations. Today, it seems clear that 2D cultures
are poorly representative of human in vivo physiology, metabolism and
toxicity, due to the physiological gap between the cells cultivated in
static 2D mode and human cells as they exist in their native state (3D,
dynamic mode) and the lack of physiological integration between cells
and organs (Merlier et al., 2017). As a result, it is essential to improve
these basic plate cultures to understand and model metabolic processes
and human disorders. This is why many groups are developing tissue-
engineering and 3D culture processes in order to provide a more ap-
propriate micro-environment for tissue maintenance and development.
This environment must reproduce, as closely as possible, the char-
acteristics found in vivo.

The organ-on-chip approach is one way of mimicking organ phy-
siology to help in the development of therapeutic solutions and phar-
macological studies (Huh et al., 2012; Bhatia and Ingber, 2014). This
approach has many advantages to reproduce the characteristics of
physiological =~ microenvironments, including three-dimensional

architectures, cell-cell interactions and dynamic flow that ensures the
transport and exchange of culture medium, hormones, metabolic waste
and other chemicals (Merlier et al., 2017 merlier et al., 2017; Lee et al.,
2018; Zbinden et al., 2020Zbinden et al., 2020). Unlike the static cul-
tures in Petri dishes, organ-on-chip approach provides the possibility to
perform co-cultures, where the different cell types can be cultivated in
separated microbioreactors and the cell-cell interactions are ensured by
soluble factors exchange (Merlier et al., 2017). The co-culture of two or
more organ is a promising tool to study multi-organs diseases such as
T2DM (Rogal et al., 2019). In the last years, organ-on-chip technology
has been used to reproduce pancreas in vitro models (Schulze et al.,
2017; Li et al., 2017; Brooks et al., 2016; Lee et al., 2018; Jun et al.,
2020). A literature review highlighted that most of the current micro-
fluidic platforms have been designed mainly for islet quality assessment
for subsequent in vivo implantation (Rogal et al., 2019). In parallel,
some recent works have also demonstrated the potential of organ-on-
chip technology for more complex pancreatic physiopathology analysis
(Bauer et al., 2017; Zbinden et al., 2020).

In this work, we developed a simple microfluidic biochip for as-
sessment of pancreatic islet function and long-term cultures. We also
presented and demonstrated that the islets functionality was main-
tained in microfluidic biochips when compared to conventional islet
cultures inside polystyrene (TCPS) dishes.

2. Material and methods
2.1. Device design and fabrication

The microfluidic biochip consists of a cell culture chamber manu-
factured with two polydimethylsiloxane (PDMS) layers (Fig. 1A). The
micro-structured bottom layer, used for trapping the islets, is composed
of 600 micro-wells of 400 pm in diameter (depth of 300 um), and
spaced 50 um apart (Fig. 1B). The second PDMS layer, with a reservoir
(depth of 100 pum), is placed on top of the first layer and includes an
inlet and outlet for culture medium perfusion. A micro-channel network
placed at the inlet and outlet of each layer ensures homogeneous cul-
ture medium distribution within the biochip (Fig. 1A).

The PDMS biochip was manufactured using the replica molding
process. First, photolithography was performed to create the mold
masters of the bottom and top layer of the biochips using SU-8 photo-
sensitive resin. Then, the PDMS prepolymer (in a mixture of 10:1 base
polymer: curing agent; Sylgard 184, Dow Corning) was poured on to the
SU-8 master and cured for 2 h at 75 °C. The surfaces of the PDMS layers
obtained were activated with reactive air plasma (1 min; Harrick
Scientific) and brought together immediately to form an irreversible
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seal.
2.2. Pancreatic islets isolation

Islets of Langerhans were isolated from male Wistar rats (8-9 weeks
old, 200-300 g) (CLEA Japan, Inc, Tokyo, Japan) following a slight
modification to the protocol described by Yonekawa et al. (2006) and
Kiba et al. (2013). All animal experimentation procedures were carried
out in accordance with the guidelines of the University of Tokyo and
the Japanese Ministry of Education.

The rats were anesthetized with isoflurane inhalation solution
(Pfizer). After clamping of all irrigation blood vessels, the enzymatic
solution (Liberase™ TL by Roche) was injected through the bile duct,
previously identified and clamped. After the pancreatectomy, there was
selective chemical digestion of the organ at 37 °C for 30 min with
Liberase TL/ET-K solution (ET-Kyoto solution, Otsuka Pharmaceutical).
The digestion was followed by washing and purification steps using a
discontinuous OptiPrep® (Sigma-Aldrich) density gradient. The islets of
Langerhans were then identified, individually hand-picked with a
Pasteur pipette under a stereomicroscope (Leica S9 D), and transferred
to a cold preservation solution made of UW solution (University of
Wisconsin, Kneteman et al., 1990) complemented with Miraclid (Mo-
chika pharmacy, Japan) and heparin (Mochika pharmacy, Japan). After
assessing and counting the islets, the tissue was stored at 4 °C until
starting the culture in order to maintain full functional properties as
shown in Kimura et al. (2013).

2.3. Pancreas on chip and petri culture

The biochips and perfusion circuits (silicone/Teflon tubing and
bubble trap) were sterilized by autoclaving and dried in an oven. The
biochips were then assembled with the perfusion system and filled with
culture medium in order to remove air bubbles and moisturize the
circuits. The bubble trap was used as a reservoir interconnected to the
biochips by the silicone/Teflon tubing of 0.65 mm in diameter. The
preconditioning process was carried out for 1 h at 37 °C in the in-
cubator. The entire setup is presented in Fig. S1 (supplementary file).

The pancreatic islets in the preservation solution were washed with
cold culture medium and gently diluted in the appropriate amounts in
order to ensure fair and even distribution of the tissue in the biochips
and Petri culture. The estimated number of islets per biochip or well
is = 40. In order to minimize damage to the islets, wide orifice pipette
tips with low binding were used throughout the handling process. Once
the islets were loaded in the biochips from the inlet port or seeded in
the 24-well plate, the counting step took place under the microscope in
order to keep a record of the islets per biochip and/or well. The cultures
were continuously maintained at 37 °C in a 5% CO, supplied incubator.

Two groups of study (biochip and Petri) and 4 conditions were es-
tablished: Petri control; Petri with GLP-1; biochip control and biochip
with GLP-1. The basal culture medium used in our study were the
classic RPMI 1640 Medium (Gibco, 10 mM of glucose) supplemented
with 10% FBS (Gibco), 100 units/mL of penicillin, 100 mg/mL strep-
tomycin (Gibco) and GlutaMAX™ (Gibco™) at 10 mM. For the hormone-
stimulated media, GLP-1 (Peprotech, USA) was added for a final con-
centration of 100 nM. The biochips were perfused in a circuit loop
containing =2 ml of culture medium with a peristaltic pump (flow rate
of 20 pL/min). The medium was renewed every 2 days. In static con-
ditions, the islets were seeded in 1 mL of medium/well and the culture
medium was exchanged every day.

2.4. Islets viability

At the end of the experiment, the islets were incubated in a solution
of propidium iodide (PI) at 4.5 pmol/L and calcein-AM at 2 pmol/L
(Cellstain kit, Dojingo) in RPMI 1640 medium for 30 min in the dark.
Then, the samples were washed with RPMI 1640 medium and observed
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under an epifluorescence microscope (Olympus, Japan). The size of
necrotic core was quantified by ImageJ software (NIH, Bethesda,
Maryland) using the collected images. The area of the cells stained with
PI was measured and normalized by the islet area.

2.5. RTqPCR assays

Total RNAs were extracted and purified from samples using a hybrid
protocol that combines Trizol™ Reagent (Life Technologies) and RNeasy
Mini Kit (QIAGEN 74104) following the manufacturer's instructions.
The concentrations and qualities of the RNAs extracted were assessed
using a BioSpec-nano (Shimadzu Scientific Instruments). Reverse-tran-
scription into cDNA was performed from 0.5 pg of total RNA using the
ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO).
Real-time quantitative PCR was then performed with the THUNDERB-
IRD SYBR gPCR Mix (TOYOBO) according to the manufacturer's pro-
tocol and a StepOnePlus Real-Time PCR system (Applied Biosystems).
The primer sequences of the genes are shown in Table S1 3-Actin was
used as the reference gene and fresh isolated islets (days 0) as the re-
ference sample for the normalization of gene expression data.

2.6. Immunostaining

Immunofluorescent detection was investigated at the end of the
experiment (day 5). We selected to stain the GCK because the coding
protein glucokinase is a key enzyme using glucose as substrate. We also
stained two important markers in the pancreatic islets: insulin and
glucagon that are markers of 3-cells and a-cells, respectively.

After transfer to an untreated TCPS 24-well plate (not a plate treated
for cell cultures, to prevent the islet cells from attaching to the plate),
the islets were washed with phosphate buffer saline solution (PBS) and
fixed in paraformaldehyde 4% at 4 °C for 24 h. In order to perform the
immunostaining in a 3D structure, the islets were permeabilized with
1% Triton X100 in PBS for 3 h at 4 °C and washed 3 times with PBS for
30 min. Then, the islets were blocked with a gelatin buffer for 24 h at
4 °C. Primary antibodies (anti-insulin [ab6995, Abcam], anti-glucagon
[ab167078, Abcam] and anti-glucokinase [sc-17819, Santa Cruz]) were
incubated for 48 h at 4 °C in a BSA/PBS solution. Secondary antibodies
coupled with Alexa Fluor fluorochromes (Glucagon: anti-rabbit Alexa
Fluor 680 [A-21109, ThermoFisher], Insulin: anti-mouse Alexa Fluor
594 [ab150116, Abcam] and Glucokinase GCK: anti-mouse Alexa Fluor
647 [ab150107, Abcam]) were further incubated overnight in a BSA/
PBS solution at 4 °C in the dark. Finally, the nuclei were stained with
DAPI (342-07431, Dojindo) at 1/1000 for 30 min at room temperature
(RT) in the dark. All the incubations and washing steps were carried out
using a shaker. Observations were made with an Olympus IX-81 con-
focal laser-scanning microscope.

2.7. Functional assays

2.7.1. Glucose-stimulated insulin secretion (GSIS) assays

After 4 days of culture, we performed a low high glucose stimula-
tion. In biochips, the culture medium was removed from the bubble
trap and the circuit (biochip, tubing and bubble trap) was washed with
a 0-glucose solution (D-MEM, No Glucose, Wako) for 2 h. This washing
0-glucose solution was removed from the bubble trap, and 1 mL of fresh
0-glucose was added and perfused for 2 h. After this low glucose per-
fusion, the islets were exposed to a high glucose culture medium for 2 h
(D-MEM high Glucose, Wako, 25 mM of glucose). For that purpose, the
low glucose solution was removed from the bubble trap and replaced
with 1 mL of high glucose. In a Petri dish, this protocol led to 2 h of 0-
glucose exposure, followed by another 2 h of 0-glucose exposure and
finally 2 h of high glucose stimulation. At the end of the assays, basal
media were re-established for all conditions.
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2.7.2. Glucagon-like peptide-1 (GLP-1) stimulations

In order to test the response of the islets to hormone stimulation, we
exposed the cultures to GLP-1. For that purpose, we followed the same
protocols described in section 2.3, to which we added 100 nM of GLP-1
(Peprotech, USA) at each culture medium change step.

2.8. Insulin, glucagon and C-peptide measurements

The hormones released into the culture medium were assessed using
ELISA assays, following the manufacturer's protocol. To measure each
hormone concentration, we used a rat Insulin ELISA kit (10-1250-01;
Mercodia) for insulin, a Glucagon DuoSet ELISA kit (DY1249; R&D
Systems) with the DuoSet ELISA Ancillary Reagent Kit 2 (DY008; R&D
Systems) for glucagon, and a rat C-Peptide ELISA kit (10-1172-01;
Mercodia) for C-peptide.

2.9. Glucose and lactate quantification

Glucose and lactate were measured using an YSI 2950 Biochemistry
Analyzer. For that purpose, 150 pL of culture medium were inserted
into the analyzer. Measurements were based on a direct reading of L-
lactate (L-lactic acid) and glucose in the culture medium by the YSI
enzyme sensors, as the enzymes L-lactate oxidase, and glucose oxidase
are respectively immobilized in the lactate and glucose sensors.

2.10. Statistics

All experiments were repeated at least three times, and the data are
presented as the mean = SD. For the overall experimental campaign,
we have used 6 rats corresponding to 6 independent experiments. The
rat islets were used in 6-12 biochips according to the experiments. The
RTqPCR were performed on three samples for each condition in three
independent experiments (n = 3 X 3). The Kruskal Wallis test was
performed for the statistical analysis. Data with P-values < 0.05 were
identified as statistically significant.

3. Results

3.1. Characterization of islet biochip cultures when compared to petri dish
cultures

3.1.1. Viability assay showed highly viable islets in the biochip

After extraction (Fig. 2A), the islets were cultivated in Petri dishes
(Fig. 2B) and in biochip dynamic culture for 5 days (Fig. 2C). In the
device, the islets sedimented into the microwells located at the bottom
of the culture chamber. Then, we confirmed that the islets had not been
washed away by the flow rate after 5 days of perfusion. Indeed, the
number of islets seeded at the beginning of the experiments and col-
lected at the end of the perfusion remained similar, as shown in Fig. 2D.
In addition, the islets presented a round shape at the end of the per-
fusion (Fig. 2B and C and Fig. S2, supplementary file). The typical size
of the islets was about 150 #+ 50 pm.

The fluorescent images of islets stained with calcein AM/PI are
presented in Fig. 2E. We found a different size to the necrotic core of the
islets between static and dynamic conditions after 5 days of culture.
Nevertheless, the viability was higher in the islets cultivated in the
biochips inasmuch as the IP staining was weaker when compared to
Petri situations. The quantification of the necrotic core showed that the
proportion of dead cells in dynamic biochip was significantly lower
when compared to the Petri culture. The normalized size of necrotic
core was of 0.34 = 0.15and 0.12 *+ 0.03 for islets cultivated in Petri
and biochip, respectively (Fig. S3, supplementary file).

3.1.2. RTqPCR analysis revealed higher mRNA levels of pancreatic islets
markers in biochip cultures
At the end of the experiments, we compared the mRNA levels of the
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cells in the islets cultivated in biochips and Petri dishes (Fig. 3). The
markers related to maintaining islet differentiation, such as Reg3a and
Neurod, were upregulated in the biochips when compared to the Petri
cultures (fold change, FC, of 190 and 13, respectively). In addition, the
markers related to islet functions such as App (4.3 FC), Ins1 (1.7 FC), Sst
(2.8 FC) and Gcg (2.1 FC) were also upregulated in the biochips. Finally,
the levels of several receptors and transporters such as Gcgr, Insr, and
Glut2 were 3.2-5.5 times higher in the biochip compared to the Petri
dishes (Fig. 3).

3.1.3. Immunostaining confirmed the expression of pancreatic islets
markers and glucose regulators in both biochips and petri dishes

The immunostaining of the islets, prior to inoculation in the bio-
chips, demonstrated that the islets were positive for insulin and glu-
cagon (day 0, Fig. 4A and Fig. S4 in supplementary file). At the end of
the experiments, the islets from the Petri dishes and biochips were
positive for insulin and glucagon as shown in Fig. 4A and Fig. S4
(supplementary file). We observed three types of cell populations, in-
sulin positive cells, glucagon positive cells and a third subpopulation
expressing both insulin and glucagon (those bihormonal cells may re-
flect a partial switch from (3 —cells to a-cells, supplementary file). We
confirmed also that the islets in both culture modes were positive for
GCK (Fig. 4B and Fig. S5 in supplementary file), consistently with the
composition of the culture medium containing 10 mM of basal glucose
(nb: GCK, in the pancreas, plays a role in glucose-stimulated insulin
secretion).

3.1.4. Functional assays revealed higher insulin secretion in the islets in the
biochips

The basal functionality of the islets was demonstrated by measuring
insulin, C-peptide and glucagon secretion. At the end of each experi-
ment, the islets were counted to normalize the data. We found that the
insulin concentration in the culture medium decreased in both biochips
and Petri dishes. However, the biochip cultures contributed to main-
taining relatively high levels for all experiments until day 4, whereas a
drop occur between day 3 and day 4 in Petri (Fig. 5A). Biochip cultures
contributed to maintaining insulin secretion close to 130 ng/islet/day
until day 4, and decreasing to 44 ng/islet/day at day 5. In the Petri
dishes, we found a significant reduction in days 3 and 4, leading to
measured secretion close to 30 ng/islet/day before dropping to 17 ng/
islet/day at day 5. We also observed higher secretion of C-peptide in the
biochips when compared to the Petri dish cultures, as shown in Fig. 5B.
Secretion was about 5 times higher in the biochips from days 3-5. C-
peptide secretion in Petri dishes decreased significantly since day 2,
whereas it decreased only at day 5 in the biochips.

The glucagon levels were higher in the biochips than in the Petri
dishes, as shown in Fig. 5C. Furthermore, the levels remained constant
in the biochip cultures for 4 days of culture, close to 1000 pg/islet/day,
before decreasing to 500 pg/islet/day on day 5. In the Petri dishes,
glucagon secretion decreased from day 3 to day 4 and leading to a drop
from 560 to 180 pg/islet/day between day 2 to day 5. The ratio be-
tween insulin and glucagon secretion is shown in Fig. 5D. In the bio-
chips, the ratio increased from 130 to 250 between days 2 and 4, before
dropping to 85 on day 5. In the Petri dishes, the ratio decreased con-
tinuously from 380 to 80, but with high intra and extra experiment
variability.

Finally, glucose and lactate levels were measured during culture. As
the culture medium was frequently changed during the experiments, we
observed that glucose levels remained relatively stable and very high in
our experiments. Both in the Petri dishes and biochips, we were unable
to detect any significant glucose depletion (Fig. 5E). Furthermore, lac-
tate production was higher in the biochips than in the Petri dishes
(Fig. 5E).
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biochip and Petri (D); and calcein AM/propidium iodide staining of islets after 5 days of culture in Petri and biochip (E, PI: propidium iodide, scale bar: 100 pm).
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Fig. 3. Ratio (biochip/Petri) of mRNA levels of selected important pancreatic
islets genes after 5 days of culture. *P < 0.05, mRNA level significantly dif-
ferent between biochip and Petri cultures (each dot correspond to one experi-
ment (mean of 3 biochips/Petri); n = 3 X 3 = 9).

3.2. Pancreatic islet response to stimulations demonstrated functional and
active biochip culture conditions

3.2.1. Low-high glucose stimulations

After 4 days of culture, we performed a low-high glucose stimula-
tion. The islets demonstrated lower insulin secretion in low glucose
stimulation when compared to high glucose stimulation. To evaluate
islets responsiveness to low/high glucose stimulation, we calculated the
GSIS (glucose-stimulated insulin secretion) index by dividing insulin
measured in high-glucose and low-glucose media (Fig. 5F). The GSIS
index values were of 5 and 2.1 in the Petri dishes and biochip, re-
spectively. These results indicate that glucose response of islets was
maintained in both culture modes. However, we should mention that
we observed wide variability in this assay inasmuch as some Petri
dishes or biochips were not induced, thus leading to a significant error
bar and dispersion.

3.2.2. Effect of glucagon-like peptide-1 (GLP-1)

The GLP-1 stimulation contributed to the modification of mRNA
levels, both in Petri dishes and biochips (Fig. 6A). GLP-1 increased the
mRNA levels of the receptors Glp-1r, Gcgr, and of the Reg3a, Ins1, Ins2
and Stt genes in the biochips (when compared to non-treated biochip
controls) and downregulated Neurod. In Petri dishes, we also found
upregulation of Gegr, Insr, Ins2, and downregulation of Neurod (Fig. S6,
supplementary file). Furthermore, the mRNA levels in the GLP-1-
treated biochips were upregulated when compared to GLP-1-treated
Petri dishes (data not shown).

Fig. 6B shows the insulin immunostaining of islets treated by GLP-1.
The data demonstrated high fluorescence intensity in GLP-1-treated
Petri and biochip. We also found that the levels of the GCK protein in
the islets were not over-expressed by the GLP-1 treatment (Fig. 6B). At
the functional levels, insulin secretion was increased in both Petri
dishes and biochips by the GLP-1 treatments (Fig. 7A). On days 2, 3 and
4, the levels of insulin in the biochips were up to 3 times higher than
those attained in control. However, after 5 days, this induction was
weaker (2 times). We then performed the low-high glucose stimulation
tests after pre-treatment with GLP-1. As expected, GLP-1 did not inhibit
the effect of the high/low glucose stimulations and maintained a high
level of insulin production in the biochips under high glucose stimu-
lation (Fig. 7B). In this assay, the low/high glucose stimulation led to an
insulin over production of 2.2 and 4 in biochips and Petri, respectively
(GSIS index of 2.24 and 4, respectively). Furthermore, we did not ob-
serve variability in the assay when compared to the untreated condi-
tions (cf. Fig. 5F).

4. Discussion

In this study, we investigated the performance of islets of
Langerhans in a closed loop microfluidic system. Several investigations
have reported microfluidic techniques for keeping islet or spheroid
cultures on chip, including the pancreas (Tan and Takeuchi, 2007;
Zbinden et al., 2020; Lee et al., 2018; Mohammed et al., 2009). Those
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devices are based on a flow trapping process (Tan and Takeuchi, 2007; microstructure. This type of trapping was also reported by Lee et al.
Zbinden et al., 2020). We built a simple culture biochip where the (2018). In our biochip, the microstructure contributed to create an
pancreatic islets can be trapped by sedimentation in the bottom array of 600 microwells allowing to trap an important quantity of islets.
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The depth of microwells made it possible to protect the islets from flow
circulation and thus prevent them from being washed away and from
mechanical damage. As a result, we maintained a constant number of
islets between the beginning and the end of the perfusion. Furthermore,
due to sedimentation in the microwells, the islets were protected from
the fluid shear stresses created by the laminar flow.

In biochip, we observed higher viability for the cells located in the
center of the pancreatic islets when compared to the Petri dish cultures.
This was illustrated by the viability assay in which a larger number of
dead cells was observed in the center of the islets when they were
cultivated in Petri dishes. Central necrosis and apoptosis in pancreas
islets are due mainly to the high density of the tissue and the lake ir-
rigation as has been widely reported in literature (Giuliani et al., 2005;
Moritz et al., 2002). Several hypotheses are proposed to explain central
necrosis and apoptosis in pancreatic islets (and also in cell spheroids),
including deprivation of oxygen, nutrients and serum as a result of
limited diffusion (Giuliani et al., 2005). In the case of the pancreatic
islets, the blood micro-vessels usually reach the center of the structure
in vivo but the microvasculature gets closed in ex vivo tissue (Jansson

et al.,, 2016). In parallel, microfluidic cultures have been shown to
improve the viability of spheroid tissue by reducing the central necrotic
core thanks to control of local glucose concentrations and local oxy-
genation through the dissolved oxygen provided by the medium flows
(Barisam et al., 2018; Baye et al., 2017). As a result, those literature
reports appeared consistent with our findings.

In our investigation, we found that the microfluidic culture main-
tained and improved pancreatic regeneration and maturation markers
of the rat islet cells. This was illustrated by higher levels of mRNA in
important pancreatic islet markers, including receptor genes (Gcr and
Insr), hormone secretion-related genes (App, Sst and Ins1) and differ-
entiation genes (Neurod and Reg3a). More particularly, we found a 190-
fold upregulation of Reg3a, which is an islet regeneration marker
(Coffey et al., 2014) involved in the pro-islet gene cascade and their
protection against induced diabetes mellitus (Xiong et al., 2011). In
addition, Neurod was 13 times higher in the biochips compared to Petri
dish levels. Neurod is an important gene (an insulin trans activator)
required to maintain functional maturity in pancreatic beta cells, in-
cluding insulin production through Insl1 (Gu et al.,, 2010). We also
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consistently found upregulation of the Ins1 gene in the biochips, which
is consistent with Ins1 silencing in Neurod KO mice (Gu et al., 2010).
Neurod KO-mice expressed the Ins2 gene and were thus able to produce
insulin in a glucose stimulation test, which also appeared consistent
with our findings in which Ins2 was commonly expressed in both the
Petri dishes and the biochips (Gu et al., 2010).

In parallel, an over-expression of the insulin receptor Insr was ob-
served. Insr is involved in controlling glucose-stimulated insulin secre-
tion via its relationship with insulin gene expression, Glut2 and Pdx1
(Wang et al., 2018). We consistently observed a tendency for higher
mRNA levels in the Glut2 and Pdx1 genes in the biochips. The upre-
gulation of Gcgr, the glucagon receptor, in the biochips also indicated a
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probable beneficial effect of the microfluidic cultures on the alpha cells
inasmuch as the lack of glucagon receptors is correlated with several
pancreas disorders and alteration to glucose homeostasis, such as hy-
perplasia and hyperglucagonemia (Charron and Vuguin, 2015).

At the functional level, we analyzed the performances of the pan-
creas islets when they were cultivated in the biochips. At first, this was
illustrated by the kinetics of the secretion of insulin in the culture
medium. Although the overall secretion decreased between the first day
and fifth day of culture in both culture conditions, the biochip levels
remained higher when compared to those of the Petri dishes. Secondly,
the high/low glucose stimulation assay demonstrated that islets re-
sponse to stimuli was preserved in our biochip culture. However, in the
biochips, the protocol required an extended washing process to remove
the insulin and remaining glucose from the basal culture medium in the
perfusion circuit (mainly due to the dilution of high glucose solution in
washing solution that would lead to bias stimulation). This need of
washing process synchronization in the biochips, when compared to
conventional Petri dishes, has already been reported in pancreas-on-
chip investigations (Zbinden et al., 2020). Nevertheless, enhancements
of basal islets functions such as insulin secretion and glucose-induced
insulin secretion in microfluidic devices have been observed con-
sistently in the literature (Sankar et al., 2011). In our dataset, this over-
secretion of insulin was not correlated with over-expression of Gck, as
demonstrated by the immunostaining. The glucose-stimulated insulin
secretion was regulated by the rate of glucose metabolism within
cells, and a key event in this process is the phosphorylation of glucose
by glucokinase (the coding gene is Gck, Wu et al., 2004). Although we
worked in a closed loop perfusion circuit, the flow rate led to con-
tinuously renewing the culture medium locally in the biochips. Fur-
thermore, the level of glucose remained high in the medium, probably
due to the number of islets. The microfluidic culture completely
modulated the chemical cellular microenvironment (via a complex
gradient of molecules, a balance between diffusion and convection,
cellular consumption) leading to complex signals (Young and Beebe,
2010; Halldorsson et al., 2015). In parallel, the microwells almost
certainly influenced the local nutrient islets’ microenvironment (a
balance between glucose consumption, glucose renewal, secreted in-
sulin concentration, etc ...). As a result, additional local measurements
(via integrated sensors) and numerical simulations are needed to un-
derstand the complex kinetics of insulin secretion in relation to local
glucose concentrations in our biochips.

Finally, we tested the effect of the glucagon-like peptide-1 (GLP-1)
in both culture conditions. GLP-1 physiologically induces glucose-de-
pendent insulin secretion from (-cells and GLP-1 analogues improve
hyperglycemia in T2DM patients (Drucker and Nauck, 2006; DeFronzo
et al., 2005, Vilsbgll et al., 2007). Furthermore, GLP-1 treatment in-
creases Gck activity (Ding et al., 2011). However, long term GLP-1
exposure (about 18 h) also resulted in the promotion of the metabolic
reprogramming of -cells through mTOR-dependent HIF signaling, and
independently of Gck post-translational activation (Carlessi et al.,
2017). In the present study, GLP-1 stimulation clearly upregulated
several pancreatic islet genes such as Glp-1r and Gcgr, in both Petri
dishes and biochips. In addition, those mRNA levels were upregulated
in the biochips compared to the Petri dishes when the GLP-1 was
loaded. At the functional level, GLP-1 induced an increase in insulin
secretion in both culture modes (as confirmed by the immunostaining
of insulin and the insulin extracellular concentrations in the medium).
The secretion levels in the culture medium were found to be higher in
the biochips. However, we did not find any of the inhibitory effect we
expected in the alpha cells of the islets of Langerhans (glucagon se-
cretion) (Tan and Takeuchi, 2007). In our biochips, we found mRNA
Glut2 over-expression compared to the Petri dishes, leading to the
suspicion of higher glucose transport, and thus metabolism, in the islets.
We did not find an effect of GLP-1 on the Gck at the immunostaining
fluorescent level. Although these findings seems consistent with the
observations made by Carlessi et al. (2017), more extensive
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investigations are needed to confirm the underlying mechanism in
biochips.

5. Conclusion

In this work, we studied the behavior of rat islets of Langherans
when cultivated in microfluidic biochips or in Petri dishes. The mi-
crofluidic biochips cultures maintained high islet viability throughout
the 5 days of culture. More particularly, several important pancreatic
islet genes, including Reg2a, Neurod, Insr, Gegr, Glut2, Ins1, App and Stt
were overexpressed in biochips cultures (compared to islets cultivated
in Petri). The islets were able to secrete insulin and glucagon, as well as
to respond to GLP-1 stimulation and high-low glucose test.
Furthermore, the levels of insulin secretion appeared higher in biochips
when compared to the Petri dishes. Our dataset illustrated the fact that
the microfluidic culture is beneficial for maintaining in vitro maturation
and functionality of islets of Langerhans. We believe that our results are
encouraging for the development of functional pancreas in vitro models
using the advantages of organ-on-chip technology.
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Type 2 diabetes mellitus (T2DM) is a widespread chronic disease with a high prevalence of comorbidity and
mortality. The exponential increase of TD2M represents an important public health challenge and leads a strong
demand for the development of relevant in vitro models to improve mechanistic understanding of diabetes and

gjfjltglcr}:es identify new anti-diabetic drugs and therapies. These models involve considering the multi-organ characteristic
Glucose homeostasis of T2DM. The organ-on-chip technology has made it possible to connect several organs thanks to dedicated
Diabetes microbioreactors interconnected by microfluidic network. Here, we developed pancreas-liver coculture model in

a microfluidic biochip, using rat islets of Langerhans and hepatocytes. The behavior and functionality of the
model were compared to islets and hepatocytes (with/without insulin) monocultures. Compared to monoculture,
the islets coculture presented high C-peptide and insulin secretions, and downregulation of Pdx1, Glut2, App,
Ins1, Neurod, Neurog3 and Gcgr genes. In the hepatic compartment, the monocultures without insulin were
negative to CK18 staining and displayed a weaker albumin production, compared to monoculture with insulin.
The hepatocytes cocultures were highly positive to INSR, GLUT2, CK18 and CYP3A2 immunostaining and
allowed to recover mRNA levels similar to monocultures with insulin. The result showed that islets could produce
insulin to supplement the culture medium and recover hepatic functionality. This model illustrated the potential
of organ-on-chip technology for reproducing crosstalk between liver and pancreas.

1. Introduction [2,6]. T2DM is caused by the insensitivity of target-tissues to insulin,

and impaired insulin secretion [4]. Currently, there is no curative

Diabetes mellitus (DM) is a chronic metabolic disorder characterized
by deregulation of glucose homeostasis that results from insulin defi-
ciency or systemic insulin resistance [1]. DM is one of the most prevalent
and costly diseases in the world, affecting approximately 463 million
people worldwide (1 in 11 adults), according to the latest International
Diabetes Federation (IDF) estimation [2]. In 2016, the World Health
Organization (WHO) estimated that 1.6 million deaths were directly
caused by diabetes [3]. The complications of diabetes are also associated
with multiple medical problems such as blindness, kidney failure, car-
diovascular diseases, sexual dysfunction, neuropathy, and peripheral
vascular disease [4,5]. Type 2 diabetes mellitus (T2DM, known as
insulin-independent diabetes) is the most common form of diabetes,
representing 90% of diabetic patients (415 million people worldwide)
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treatment for T2DM. Most treatments help patients control the disease
and include lifestyle adjustments and drug therapy such as metformin,
sulphonylureas, glitazones and GLP-1 receptor agonists [4,7].

T2DM is a complex disease involving interactions between several
organs, including the pancreas, liver, muscle, adipose tissues, kidneys,
and gut [4]. One of the key features of T2DM is the insulin resistance
state characterized by a drop-down of glucose uptake by the skeletal
muscle, fatty tissue, and liver [5]. In the pancreas, the state of hyper-
glycemia triggers the increase in insulin secretion, which can lead to
hyperinsulinemia and beta cell proliferation as a compensatory effect for
the insulin resistance state. T2DM occurs when the pancreas fails to
adapt to increased blood glucose levels [4,8]. The liver is one of the first
organs to be severely affected by insulin resistance. The liver responds to
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chronic systemic hyperglycemia by increasing gluconeogenesis. In the
diabetic state, gluconeogenesis is increased because of the decreased
insulin released by the beta cells and/or the suppressed insulin action on
the liver [4]. TD2M is associated with high prevalence of hepatic
comorbidities, such as non-alcoholic fatty liver disease (NAFLD) [9].
NAFLD is a rapidly-growing disease affecting 30% of the general pop-
ulation and around 90% of T2DM patients [10]. Furthermore, it is still
controversial whether NAFLD is a consequence or a cause of pancreas
disorders. The relevant pathophysiological models involving
organ-to-organ interactions are critical for extracting the relevant bio-
markers and therapeutic solutions. As a result, it is of crucial importance
to reproduce the physiology of both the liver and the pancreas to control
and properly identify the interaction with the development of diabetes
and its systemic relationship with the liver.

New, advanced in vitro technologies can create ample opportunities
for a more modern approach to toxicology and pharmacology, replacing
the traditional “black box” of animal-based and conventional 2D in vitro-
based paradigms. Animal models fail to faithfully reproduce the human
condition and lose relevance when extrapolating the results to humans
[11,12]. Invitro cell cultures are mainly performed in static 2D cultures
using conventional multi-well plates, which do not accurately reflect the
physiological in vivo micro-environment [12,13]. Consequently, it is
essential that those basic plate cultures be improved in order to repro-
duce the characteristics found in vivo as closely as possible. This is why
many groups are developing tissue-engineering 3D culture (spheroids,
culture in 3D hydrogel and organoid), dynamic organ-on-chip culture
and coculture models in order to provide a more appropriate
micro-environment for tissue maintenance and development [14].

Of those in vitro complex models, organ-on-chip technology seems to
be one of the suited methods for reproducing the behavior of an organ or
a group of organs, as well as the controlled physiological micro-
environment [12,15]. Microfluidic organ-on-chip culture improve the
exchange and transport of nutrients, oxygen, metabolic waste, hormones
and other chemical, and creates “physiological-like” situations such as
the liver zonation, shear stress and chemical gradients [12,14]. In
particular, organ-on-chip technology allows the cocultures of two or
more organs in separated microbireactors and connected by soluble
factors exchange through the microfluidic network [12]. In recent years,
several teams have proposed organ-on-chip devices that reproduce
diverse behaviors of various organs and tissues including the liver,
kidneys, gut, lung, heart, and intestines [15,16]. While many
organ-on-chip technologies have been developed and advanced for the
liver, only a few studies have focused on the pancreas, and even less, to
our knowledge, on liver-pancreas interactions. Of these studies,
organ-on-chip technology has been used to reproduce an in vitro
pancreas-on-chip model [17-22]. However, most of the current micro-
fluidic platforms have mainly been designed for the quality assessment
of islets for subsequent in vivo implantation [14]. In parallel, a few recent
works have also demonstrated the potential of organ-on-chip technology
for complex pancreatic analysis and pancreatic islet-liver crosstalk
studies [18,23]. Therefore, it was demonstrated the potential of tech-
nology for liver and pancreas interaction via the insulin — glucose
regulation [23].

In this paper we propose an alternative design of coculture organ-on-
chip microfluidic technology making long-term culture of hepatocytes
and pancreatic islets possible. We represented the hepatic disturbance
by removing the insulin from the culture medium. Then, we investigated
the restoration of hepatic function thanks to the interaction between the
liver and endocrine pancreas through the circulating hormones and
cofactors in the coculture configuration. We also included new features
by investigating mRNA response of important liver and pancreas gene
marker (differentiation and functional pattern) during the glucose-
insulin regulation.
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2. Material and methods
2.1. Device design and fabrication

The microfluidic coculture consists of two different biochips (one for
the liver, one for the pancreas) that were connected serially. Each
biochip was manufactured with two polydimethylsiloxane (PDMS)
layers.

In the pancreas-on-chip model, the micro-structured bottom layer,
used to trap islets, was composed of 600 microwells measuring 400 pm
in diameter (depth of 300 pm), and spaced by 50 pm (Fig. 1A,) [24]. The
second PDMS layer, with a reservoir (depth of 100 pm, Fig. 1A), was
placed on top of the first layer and included an inlet and outlet for
culture medium perfusion. A microchannels network placed at the inlet
and outlet of each layer made it possible to distribute the culture me-
dium homogenously in the biochip (Fig. 1A).

Concerning the liver-on-chip model, we used a micro-structured
bottom layer composed of microchannels and microchambers network
in a cell culture chamber measuring 1.2 cm in length, 1 cm in width and
100 pm in height (Fig. 1A). The second PDMS layer, with a reservoir
(depth of 100 pm, Fig. 1A), was sealed on top of the first layer. As
described above, a microchannels network was also present in the inlet
and outlet to ensure homogenous culture medium distribution. The
design and dimensions of the biochip were described in our previous
work [25,26].

The PDMS biochips were manufactured using a replica molding
process. First, photolithography was performed to create the mold
masters of the bottom and top layer of the biochips using SU-8 photo-
sensitive resin. Then, PDMS prepolymer (mixture of 10:1 base polymer/
curing agent; Sylgard 184, Dow Corning) was poured onto the SU-8
master and cured for 2h at 75 °C. The surfaces of the PDMS layers ob-
tained were activated with reactive air plasma (1 min; Harrick Scienti-
fic) and brought together immediately to form an irreversible seal.

2.2. Isolation of rat islets and hepatocytes

Pancreatic islets and hepatocytes were isolated from male Wistar rats
aged 8-9 and 6 weeks old, respectively (CLEA Japan, Inc, Tokyo, Japan).
The rats were housed at the University of Tokyo with a 12-h light/dark
cycle at 22 °C with food and water ad libitum. All animal experimenta-
tion procedures were carried out according to the guidelines of the
University of Tokyo and the Japanese Ministry of Education.

2.2.1. Isolation of islets

Pancreatic islets were isolated following the protocol described by
Yonekawa et al., and Kiba et al., [27,28]. The rats were anesthetized by
isoflurane inhalation solution (Pfizer). After clamping all the irrigation
blood vessels, the enzymatic solution (Liberase™ TL, Roche) was
injected through the bile duct, previously identified and clamped. After
the pancreatectomy, the selective chemical digestion of the organ was
carried out at 37 °C for 30 min with the Liberase TL/ ET-K solution
(ET-Kyoto solution, Otsuka Pharmaceutical). The digestion was fol-
lowed by washing and purification steps using a discontinuous Opti-
Prep® density gradient (Merck/Sigma-Aldrich). Then, the islets of
Langerhans were identified and hand-picked with a Pasteur pipette
under a stereomicroscope (Leica S9 D) and transferred to a cold solution
made of UW solution (University of Wisconsin [29]) complemented with
Miraclid (Mochika pharmacy, Japan) and Heparin (Mochika pharmacy,
Japan). After assessment and counting of the islets (Dithizone staining),
the tissue was stored at 4 °C until the start of culture.

2.2.2. Isolation of hepatocytes

Primary hepatocytes were isolated using the two-step collagenase
protocol based on the protocol of Seglen [30-32]. Briefly, after animal
anesthesia by isoflurane inhalation solution (Pfizer), the liver was
perfused with buffer solution in order to washout the blood. Then, the
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Fig. 1. (A) design of biochips used for hepatocytes and islets cultures; (B) experimental procedures.

buffer was switched with the collagenase IV solution (Wako Pure
Chemical Industries) to start the tissue’s chemical digestion. Subse-
quently, the liver was extracted, deposited in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco™ - Life Technologies) and the tissue was gently
disrupted. The digested tissues were filtered through 100 pm filters (cell
strainer 100 pm nylon; Falcon®) and the liver cell suspensions were
centrifuged three times. The resulting pellets were mixed and suspended
in Percoll (Sigma-Aldrich) and HBSS (Sigma-Aldrich) separating solu-
tion. Percoll isogradient centrifugation was performed to isolate both
dead cells and a significant portion of the nonparenchymal cells in a
floating top layer that was discarded. Finally, the cells obtained were
suspended in seeding medium (William’s E medium (Gibco™) supple-
mented with 10% fetal bovine serum (FBS, Gibco™), 100 units/mL of
penicillin and 100 mg/mL of streptomycin (Gibco™). Cell viability was
assessed by Trypan blue dye exclusion and hepatocytes cultures with a
viability of more than 85% were used. The purity obtained was over
98%.

2.3. Biochip culture

The experimental setup used for culture in the biochip was composed
of a perfusion loop, including the culture medium tank (bubble trap), the
peristaltic pump, and one or two biochips. They were interconnected
using 0.65mm interior diameter silicone/Teflon tubing (Fig.S1, sup-
plementary file). The bubble trap contained 2 mL of culture medium and
the flow rate was set at 20 pL/min. Before each experiment, the circuit
(biochip, tubing and bubble trap) was sterilized by autoclaving and
dried in an oven.

Four groups of biochips were investigated and compared: (i) hepa-
tocytes biochip monoculture with insulin (hepatocytes monoculture ITS
-+); (ii) hepatocytes biochip monoculture without insulin (hepatocytes
monoculture ITS -); (iii) pancreatic islets biochip monoculture (islets

monoculture) and (iv) hepatocytes/islets biochips coculture without
insulin (hepatocytes/islets coculture). The detailed experimental pro-
cedure is shown in Fig. 1B.

2.3.1. Pancreatic islets culture in the biochip (pancreas-on-chip)

The biochips were previously filled with culture media in order to
remove the air bubbles and moisturize the circuits. The preconditioning
process was carried out for one hour at 37°C in the incubator. The
pancreatic islets in the preservation solution were washed with cold
culture media and gently diluted in the appropriate amount. In order to
minimize islets damage, wide orifice pipette tips with low binding were
used throughout the handling process. After loading in the biochips, the
islets were counted under microscope in order to keep a record of the
islets number per biochip (=40 islets/biochip). The circuit was then
connected to the peristaltic pump and the perfusion started. The entire
setup was continuously incubated at 37 °C in a 5% CO» supplied incu-
bator. The basal culture medium used for the pancreatic islets culture
was a classic RPMI 1640 medium (Gibco™) supplemented with 10% FBS
(Gibco™), 100 units/mL of penicillin, 100 mg/mL of streptomycin
(Gibco™) and GlutaMAX™ (Gibco™) at 10 mM.

2.3.2. Hepatocytes biochip culture (liver-on-chip)

After sterilization, the biochips were coated with rat tail type 1
collagen (Corning®, 300 pg/mL in phosphate-buffered saline: PBS
Gibco™) and incubated at 37 °C in an atmosphere supplied with 5%
CO,. After 1h, the collagen solution was washed using the seeding
medium and the freshly isolated hepatocytes (5 x 10° cells/biochip)
loaded into the microfluidic device via biochip inlet ports using a
micropipette tip. To keep the seeding medium inside the culture
chamber, the biochip inlet ports were closed using two syringes (con-
taining 500 pL of seeding medium), and the biochips were placed in an
incubator at 37°C and 5% CO,. After 24h of static conditions to
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promote cell adhesion, the seeding medium was replaced by the culture
medium, and the biochip integrated into the perfusion experimental
setup to launch the dynamic culture.

The primary hepatocytes culture medium was composed of William’s
E medium (Gibco™) supplemented with 100 units/mL of penicillin /
100 mg/mL of streptomycin (Gibco™), GlutaMAX™ (Gibco™) at
10 mM, 1% non-essential amino acids (Invitrogen), 3% Bovine Serum
Albumin (BSA, Sigma), 1% Insulin-Transferrin-Selenium ITS-100X
(PanBiotech), 0.1 pM Dexamethasone (Wako Pure Chemical Industries),
10ng/mL mouse Epidermal Growth Factor (Takara Bio), 0.5mM
ascorbic acid 2-phosphate (from magnesium salt n-hydrate; Wako Pure
Chemical Industries) and 20 mM HEPES (Gibco™). For the hepatocytes
monoculture without insulin (monoculture ITS -), we used the same
medium composition excluding ITS.

2.3.3. Hepatocytes/islets coculture (pancreas/liver-on-chip)

The liver and pancreas biochips were prepared separately. First, the
hepatocytes were inoculated into the liver biochip (as in section 2.3.2).
After 24 h of adhesion, the hepatocytes were cultivated inside the liver
biochips for 24 h in perfusion (this resulted in 48 h of culture in the liver
biochip including 24 h for adhesion in static conditions and 24 h of
perfusion). The pancreatic islets biochips were prepared after those 48 h.
The islets were inoculated into the biochips as described in section 2.3.1.
After 1h at rest and islets sedimentation, the liver perfusions were
stopped and one pancreas biochip and one liver biochip were serially
connected to each other to create a pancreas-liver coculture model
(Fig. 1A and Fig.S1, supplementary file). The culture medium for the
coculture condition was a 1:1 mixture of pancreatic islets (RPMI 1640)
and hepatocytes (William’s E) media, excluding ITS from the last one.

2.4. RTqPCR assays

Total RNAs were extracted and purified from samples using a hybrid
protocol that combines Trizol™ Reagent (Life Technologies) and
RNeasy Mini Kit (QIAGEN 74104) following the manufacturer’s in-
structions. Concentrations and qualities of extracted RNAs were assessed
using a BioSpec-nano (Shimadzu Scientific Instruments). Reverse-
transcription into ¢cDNA was performed from 0.5 (hepatocytes) and
0.1 pg (islets) of total RNA using the ReverTra Ace gPCR RT Master Mix
with gDNA Remover (TOYOBO). Real-time quantitative reverse tran-
scription polymerase chain reaction (RTqQPCR) was then performed with
the THUNDERBIRD SYBR qPCR Mix (TOYOBO) according to the man-
ufacturer’s protocol and a StepOnePlus Real-Time PCR system (Applied
Biosystems). The primer sequences of the genes are shown in Tables S1
and S2. B-Actin was used as the reference gene.

2.5. Immunostaining

The islets were transferred to an untreated TCPS 24-wells plate. The
hepatocytes immunostaining was performed in the biochip. The islets
and hepatocytes were washed with phosphate buffer saline solution
(PBS, Gibco) and fixed in paraformaldehyde 4% at 4 °C for 24 h. In order
to perform the immunostaining in a 3D structure, the islets were per-
meabilized with 1% Triton X100 in PBS for 3h at 4°C and washed 3
times with PBS for 30 min, while the hepatocytes were permeabilized
with 0.1% Triton X100 in PBS for 15 min. Then, both islets and hepa-
tocytes were blocked with a gelatin buffer for 24h at 4°C. Primary
antibodies were incubated at 4 °C in a BSA/PBS solution for 48 h and
overnight for the pancreatic islets and hepatocytes, respectively. After
several washing steps, secondary antibodies were incubated in a BSA/
PBS solution at 4 °C in the dark (24 h for islets and overnight for hepa-
tocytes). Actin filaments were stained with Phalloidin-iFluor488 Re-
agent (abcam). Finally, the nuclei were stained with Hoechst 33342
(H342, Dojindo) at 1/800 for 30 min at room temperature in the dark.

All the incubations and washing steps were carried out using a shaker
for the islets of Langerhans immunostaining process. For the
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hepatocytes, the biochips were cut with a scalpel to remove the PDMS
top layer in order to increase the resolution of the image. Observations
were made with an Olympus IX-81 confocal laser-scanning microscope.
The primary and secondary antibodies used are presented in Table S3
(supplementary file). The quantitative assessment of fluorescence in-
tensity was performed by grey value intensity analysis (ImageJ software;
NIH, Bethesda, Maryland) using the collected images.

2.6. Insulin, glucagon, C-peptide and albumin measurements

The hormones and albumin released into the culture medium sam-
ples from the different culture conditions were assessed using ELISA
assays, following the manufacturer’s protocol. The following kits were
used: insulin (rat Insulin ELISA kit, 10-1250-01, Mercodia), glucagon
(Glucagon DuoSet ELISA kit, DY1249 and DuoSet ELISA Ancillary Re-
agent Kit 2, DY008, R&D Systems), C-peptide (rat C-Peptide ELISA kit,
10-1172-01, Mercodia) and albumin (Rat Albumin ELISA quantification
set E110-125 from Bethyl, combined with the Enzyme Substrate, TMB,
E102). The results were obtained with an iMark microplate reader (Bio-
Rad, Osaka, Japan) set to a wavelength of 450 nm.

2.7. Glucose and lactate measurements

Glucose and lactate were measured using a YSI 2950 Biochemistry
Analyzer. To do so, 160 pL of culture medium were inserted into the
analyzer. Measurements were based on a direct reading of L-lactate (L-
lactic acid) and glucose in the culture medium by the YSI enzyme sen-
sors, as the enzymes L-lactate oxidase, and glucose oxidase are respec-
tively immobilized in the lactate and glucose sensors.

2.8. Statistics

All experiments were repeated at least three times. The data are
presented as the mean =+ standard deviations (SD) of 9 biochips (3 bio-
chips from 3 different experiments, n = 3 x 3). The Kruskal Wallis test
was performed for the statistical analysis using GraphPad software
(Prism 8). Data with P-values < 0.05 were identified as statistically
significant and highlighted in the figures.

3. Results
3.1. Cell morphology analysis

The hepatocytes were successfully attached in the collagen-coated
biochip after a few hours of culture. They were kept under static con-
ditions in an incubator. After 24 h, the hepatocytes created a confluent
tissue and displayed typical cuboidal hepatocyte phenotypes (Fig. S2,
supplementary file).

The hepatocytes morphology at the end of the experiments (24 h in
static conditions and 6 days of perfusion) is presented in Fig. 2. The
hepatocytes monoculture with insulin (hepatocytes monoculture ITS +)
displayed typical hepatic monolayer cultures (cells with the typical
cuboid shape). The cell monolayer was maintained over 7 days of cul-
ture, including 24 h at rest and 6 days in perfusion (Fig. 2A). Without
insulin (hepatocytes monoculture ITS -), the hepatocytes cultures were
heterogeneous from one biochip to another. A few hepatic cultures in
the biochips without insulin presented similar morphologies when
compared to the hepatic culture with insulin (Fig. 2B). In most of the
biochips, the hepatocytes formed some aggregated structures or
degraded tissue (Fig. 2C). Finally, in the hepatocytes/islets biochips
coculture, the typical hepatic phenotypes (similar to hepatocytes
monoculture ITS +) were recovered, as shown in Fig. 2D.

Concerning islets cultures, we did not detect any modification in the
morphologies of the pancreatic islets when we compared the islets
monoculture and the islets/hepatocytes coculture. The islets were
trapped in the microwells of the pancreas biochips and displayed the
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Fig. 2. Hepatocytes and islets morphologies at the end of the experiments: (A) hepatocytes monoculture with insulin (ITS +), (B) and (C) hepatocytes monoculture
without insulin (ITS -), (D) hepatcytes in coculture with islets, (E) islets monocultures and (F) islets in cocultre with hepatocytes.

typical spheroid shapes of islets of Langerhans (Fig. 2E and F).
Furthermore, we counted the number of islets at the end of the experi-
ments (5 days of perfusion). The result showed that the number of islets
collected at the end of the perfusion remained similar to the number of
islets seeded.

3.2. Immunostaining analysis

Immunofluorescence staining was performed at the end of the
experiment (days 5 and 7 for islets and hepatocytes, respectively). For
hepatocytes, we chose to stain several hepatic markers: CYP3A2 (one of
the most abundant cytochrome P450 in the liver), CK18 (differentiation
marker), INSR (insulin receptor) and GLUT2 (glucose transporter). We
also stained two important markers in the pancreatic islets: insulin and
glucagon, which are markers of f-cells and a-cells, respectively.

The immunostaining of the hepatic cells on day 7 is presented in
Fig. 3. The immunostaining demonstrated that the hepatocytes mono-
culture with insulin and the hepatocytes/islets coculture led to positive
cell populations expressing CYP3A2 and CK18. These results illustrate
that the differentiation of hepatocytes in both types of culture was
maintained. On the contrary, the CK18 was not expressed and the
CYP3A2 was moderately expressed in hepatocytes monoculture without
insulin (Fig. 3A). The quantification of staining intensity revealed that
CK18 level was around 13 in coculture and monoculture with insulin,
and close to zero for monoculture without insulin. The intensities of
CYP3A2 staining were of 30, 32 and 26 for coculture, monoculture with
insulin and monoculture without insulin, respectively (Fig.S4, supple-
mentary file). In parallel, the hepatocytes monoculture with insulin and
the hepatocytes/islets coculture showed an intense positive cell popu-
lation for INSR (intensity level at 14.5 and 14, respectively) and GLUT2
(staining intensity around 35 for both cultures). Whereas the expressions
of those markers were weaker in hepatocytes without insulin (Fig. 3B).
The fluorescence intensities were of 6 and 27 for INSR and GLUT2,
respectively (Fig.S4, supplementary file).

In the case of pancreatic islets, the level of insulin and glucagon
expression inside the islets after extraction (day 0) appeared variable
from one rat to another, probably due to the rat fed state at the moment
of the extractions (Fig.S3, supplementary file). Then, in the pancreatic
islets monoculture and islets of pancreas/liver coculture, we found an
expression of both glucagon and insulin hormones at the end of the
experiments (Fig. 4). Furthermore, the levels of insulin appeared over-

expressed in coculture when compared to the islets monoculture levels
(2 times higher in coculture; Fig.S4, supplementary file). The glucagon
was similarly expressed, in both monoculture and coculture of islets, and
we did not detect any difference between the immunostaining images.

3.3. RTqPCR analysis

At the end of the experiments, we analyzed the expression levels of
selected hepatic genes in the different culture conditions (monoculture
ITS +, monoculture ITS - and coculture). The comparison of the mRNA
levels between the hepatocytes cultivated in monoculture with and
without insulin is presented in Fig. 5 (ratio of mRNA levels in mono-
culture ITS- versus monoculture ITS+). We found that the mRNA level of
Alb was downregulated in monoculture without insulin (fold change, FC
of 0.55). On the contrary, the expression levels of Hnf4a (FC 40), Insr (FC
4.5), Igfbpl (FC 2.5) and Pck1 (FC 10) were significantly increased.
Considerable variability in the levels of Gcgr, Glut2 and Cyp3a2 in the
monoculture without insulin was measured, which led to no statistical
difference between the two culture conditions for those genes.

The comparison was then performed for gene expression in the he-
patocytes cultivated in coculture with pancreatic islets and the hepato-
cytes monoculture with insulin. As shown in Fig. 5, the coculture
contributed to recovering similar mRNA levels regarding Gcgr, Insr,
Hnf4a, Igfbp1 and Alb when compared to the monoculture of hepatocytes
with insulin. However, the mRNA level of Cyp3a2, Cypla2 appeared
lower when compared to monoculture with insulin (FC of 0.1 and 0.35
respectively). Conversely, the mRNA level of Pckl remained high in
coculture when compared to the hepatocytes with insulin monoculture,
and at similar levels when compared to hepatocytes monoculture
without insulin.

Finally, we investigated the effect of coculture with hepatocytes on
expression levels of pancreatic islet-specific genes. The comparison of
the mRNA levels is shown in Fig. 6 (ratio of mRNA levels in coculture
versus islets monoculture). We found that the coculture with the hepa-
tocytes contributed to downregulate the levels of Gcgr, Neurod, Neurog3,
Glut2, Ins1, Geg, App and Pdx1 (FC between 0.1 and 0.36). In contrast,
expression of Reg3a, Ins1 and Glplr was 5-15.5 times higher in the
coculture compared to the islets monoculture. However, wide variability
was found for Ins1 and GIpIr in both culture conditions.
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Fig. 3. Immunostainings of hepatocytes in monoculture with insulin, without insulin and coculture with islets at the end of the experiments: (A) DAPI, actin, CK18,

CYP3A2 and merge; (B) INSR, GLUT2 and merge with DAPI and actin.

3.4. Functional assays revealed higher insulin and C-peptide secretions in
the islets in coculture with hepatocytes when compared to islets
monoculture

The basal functionality of the pancreatic islets in both culture modes
(islets monoculture and coculture with hepatocytes) was investigated by
measuring the levels of insulin, C-peptide and glucagon secretions. The
daily secretions of the three hormones on days 3 and 5 (end of the
experiment) are presented in Fig. 7.

We found that the insulin concentration in the culture medium
decreased between days 3 and 5, in both culture conditions (mono-
culture and coculture). However, the coculture with hepatocytes
contributed to maintaining relatively high levels of secretion when
compared to monoculture (Fig. 7A). Especially on day 5, we found a
secretion of 0.4pg/mL/day and 2pg/mL/day in monoculture and
coculture, respectively. Similarly, we measured higher production of C-
peptide in coculture when compared to monoculture. The secretion was
about 1.5 (245 pmol/mL/day) and 5 (340 pmol/mL/day) times higher
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in the islets coculture with hepatocytes on days 3 and 5, respectively
(Fig. 7B and D). The levels of glucagon remained constant in the
coculture during the 5 days of the experiment, close to 10 ng/mL/day,
but with wide dispersion on day 3 (Fig. 7C). Conversely, the level of
glucagon in islets monoculture dropped from 9 to 5 ng/mL/day between
days 3 and 5 of culture. Finally, the pancreatic compartment (islets
monoculture) was responsive to the high/low glucose stimulations (GSIS
stimulation). Indeed, the high glucose stimulation lead to a 2-3 fold

higher insulin production when compared to the low glucose condition
(GSIS index, results not shown).

Hepatocytes functionality was assessed by measuring the levels of
albumin in the three culture modes (monoculture ITS4, monoculture
ITS- and coculture). The hepatocytes in monoculture with insulin and in
coculture with pancreatic islets produced similar quantities of albumin
(constant over time, from days 3-7, till the end of the experiment).
Conversely, without insulin in the culture medium, the hepatocytes
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Fig. 6. Ratio of mRNA levels of selected pancreatic islets genes after 5 days of
culture (islets coculture versus islets monoculture). *P < 0.05, mRNA level
significantly different between islets monoculture and coculture; each dot
corresponds to one independent experiment (one independent rat; mean of
3 biochips).

monoculture presented a drop in albumin production between days 3
and 7, as shown in Fig. 8A. This led to attaining albumin production of
close to 750 4 100 pg/10° cells in hepatocytes/islets biochip coculture
and the liver biochip monoculture with insulin, whereas the values
dropped to close to 440 + 230 ug/10° cells in the liver biochip mono-
culture without insulin (Fig. 8A).

Finally, we measured glucose and lactate levels during the cultures in
the different conditions (Fig. 8B, C and Table S4, supplementary file).
The data showed wide dispersion, but the tendency illustrated higher
glucose consumption in coculture compared to liver monoculture con-
ditions with and without insulin. Furthermore, this consumption (in
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hepatocytes/islets coculture) seemed to be constant between days 3 and
7 (Fig. 8B). Concerning lactate production, we could not distinguish any
significant difference between the different culture conditions, with
lactate production of around 0.6—0.8 mmol/L (Fig. 8C).

4. Discussion

We developed a coculture model for rat hepatocytes with rat islets of
Langerhans, using organ-on-chip technology. The liver biochip was the
result of our previously developed liver-on-chip technology that had
already been successfully applied to rat and human primary hepatocytes
[33-36]. We coupled this liver-on-chip model, with a recent update to
our technology, to a pancreas-on-chip model [24]. The interconnection
of both organ-on-chip technologies produced a new model of interaction
between the organs: the liver and the pancreas. The coculture of two
cell/tissue types required an adapted coculture medium capable of
maintaining their characteristics. Preliminary tests (data not shown)
were carried out to define the culture medium adapted to islet-
s/hepatocytes coculture: i) hepatocytes monoculture in William’s E
medium (the standard medium for rat hepatocytes culture) and in a 1:1
mixture of William’s E/RPMI 1640; ii) islets monoculture in RPMI 1640
medium (the standard medium for islets culture) and in a 1:1 mixture of
William’s E/RPMI 1640. The analyses performed (viability,
morphology, gene expression of selected markers, albumin and insulin
secretion) showed that islets and hepatocytes monoculture in a mixture
of William’s E and RPMI 1640 maintained their characteristics (when
compared to islets and hepatocytes cultivated in their standard me-
dium). Consequently, a 1:1 mixture of William’s E/RPMI 1640 medium
was chosen for the islets/hepatocytes coculture experiments.

In this study, the suppression of insulin in hepatocytes monoculture
led to a downregulation of the Alb mRNA (Fig. 5) and to weaker albumin
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production (Fig. 8) in culture medium, compared to monoculture with
insulin. The decrease in albumin production and Alb gene expression
with the lack of insulin has already been reported in the literature on in
vitro data in rats and in vivo in mice [37-39]. The lack of insulin also led
to weaker CYP3A2 expression and to the lack of CK18 expression at the
protein level (Fig. 3, the Cyp3a2 was also downregulated at the mRNA
level, Fig. 5). Both markers are hepatic differentiation markers. It is
reported that rat hepatocytes presented a reduction of about 30 % in the
mRNA level of Cyp3a in the absence of insulin [40]. Although there is no
literature showing the results of the effect of insulin on CK18 immuno-
staining, various reports have mentioned the crosstalk between CK18
and insulin resistance as in diabetic patients or patients with
non-alcoholic steatohepatitis, in which CK18 fragments are elevated in
plasma [41,42]. The HNF4 transcription factor is involved in the
mechanism of liver differentiation via the HNF1, HNF4, PXR and
CYP450 axis, but it is also involved in glucose homeostasis,
liver-pancreas interactions and diabetes [43-45]. HNF4 is targeted and
repressed by insulin in hepatocytes, which was consistent with our result
in as much as Hnf4a was upregulated without insulin [46,47].

The hepatocytes monoculture without insulin also presented modu-
lation of Igfpb1 (Insulin-like growth factor binding proteins, upregula-
tion of mRNA levels), Insr (lower expression of the protein in the
immunostaining and gene upregulation), and Pck1 (gene upregulation,
Figs. 3,5). Interestingly, our results are consistent with the literature
reporting that insulin inhibits Igfpb1 in the liver [48]. Pck1 catalyzes the
first step in gluconeogenesis. By silencing Pck1 in mice, insulin signaling
improved in the liver [49]. Conversely, insulin is also reported as
reducing the expression of Pck1 [50]. Once more, these data appeared
consistent with our biochip findings. Finally, the overall hepatic biochip
culture without insulin illustrated a consistent behavior when compared
to the literature.

The pancreatic islets in coculture were able to produce insulin to
counterbalance the suppression of ITS. However, the level of insulin
detected (about 3000 pg/L) was lower than the insulin level used in
“conventional” hepatocytes culture models (in the present experiment,
the hepatocytes monoculture with insulin were performed at 10 mg/L of
insulin via ITS supplementation in the medium). This could explain why,
at the mRNA level, the hepatic markers (Alb and Cyp3a2) remained
lower in the hepatocytes coculture (when compared to hepatocytes
monoculture with insulin, Fig. 5). Furthemore, Pckl remained higher
than the level in the hepatocytes monoculture with insulin [37-40,50].
Nevertheless, at the protein level, the expression of CYP3A2, CK18 and
the production of albumin were restored in coculture (Fig. 3). The
expression of insulin-related genes such as Igfbpl and Insr were also
restored, including Hnf4a (Fig. 5). In addition, the protein expression of
Insr and Glut2 appeared similar in the immunostaining in both hepa-
tocytes monoculture with insulin and in islets/hepatocytes coculture
(Fig. 3). These data illustrate the functional crosstalk between the
pancreas and the liver. They also demonstrate the partial restoration of
the expected effect of insulin on hepatocytes. Nevertheless, additional
experiments, involving tuning the number of islets to increase the pro-
duction of insulin, are needed to confirm the full recovery of Pckl and
Cyp3a2 mRNA levels.

High glucose levels normally lead to high production of insulin. In
the present culture conditions, the glucose level in the medium was
9.1-9.8 mM and did not decrease significantly between the two time
points of culture medium change (nb a similar glucose concentration was
used in all culture modes). This led to continuous stimulation for insulin
secretion in the pancreatic islets monoculture and during the islets/he-
patocytes coculture (and thus contributes to restore the hepatic func-
tions in the coculture by insulin secretion stimulated by glucose).
Regarding the effect of hepatocytes coculture on the pancreatic islets,
we found that the coculture downregulated Gcgr, Glut2, Ins1, Neurod,
Neurog3, App, Gcg, Pdx1 and upregulated Glplr at the mRNA level
(Fig. 6). Pdx1, Neurod and Neurog3 are important markers in the dif-
ferentiation of islets [51,52]. Neurod is an important gene (an insulin
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trans activator) required to maintain functional maturity in pancreatic
beta cells, including insulin production through InsI [51]. We consis-
tently found both downregulation of InsI and Neurod in coculture bio-
chips (which is consistent with InsI silencing in Neurod KO mice [51]).
Neurod KO-mice express the Ins2 gene and are thus able to produce in-
sulin in glucose tolerance tests, which also appeared consistent with our
findings in which Ins2 was over-expressed in pancreas biochip co-
cultures [51]. Pdx1 is a pivotal important gene in fcells. Pdx1 is a
homeobox-containing transcription factor that plays a key role in
pancreatic development and adult p cell function [53]. Depletion of
Pdx1 leads to hyperglycemia in mice, cell reprogramming in mice islets
and glucagon over-expression in Min6 B cells [53]. Furthermore,
Pdx1-deficient p cells led to a reduction in the transcript levels of Pdx1,
Ins1 and Glut2, and the maintenance of glucagon levels [53]. This result
was partially consistent with our dataset, in which we found a
concomitant downregulation of Pdx1, Ins1 and Glut2 genes in coculture.
However, as Neurod and Pdx1 are also marker of islets health, additional
investigation would be required to fully understand the crosstalk be-
tween the liver and pancreas.

Glucagon is produced during hypoglycemia to stimulate hepatic
glucose output. In our study, the glucose concentration remained high in
the culture medium, leading to a high insulin/glucagon ratio being
detected, which is consistent with the downregulation of the levels of
Geg (glucagon) and Gegr (glucagon receptor) mRNA. However, we also
measured high levels of GlpIr mRNA. It is reported that paracrine
glucagon stimulates insulin secretion through both Gcgr and GlpIr. More
particularly, the activity of glucagon and GLP-1 receptors was reported
as being essential for p cell secretory responses via paracrine intra-islet
glucagon actions for maintaining appropriate insulin secretion [54],
which is consistent with our findings in coculture. Although we
described those behaviors in the pancreatic tissue as a result of the he-
patic coculture, we did not clearly identify the underlying mechanisms
or the endocrine liver signaling that drives such crosstalk. As a result,
additional analysis is needed to complete our investigation, including
metabolome and proteome analysis.

5. Conclusion

In this study, we proposed a new liver/pancreas interaction model in
biochips to investigate the crosstalk between the two organs. The
characteristic functions of the hepatocytes/islets coculture model were
evaluated, comparing them with those of islets or hepatocytes (with and
without insulin) monoculture. The hepatocytes monoculture without
insulin led to modulation of both glucose homeostasis targets and he-
patic differentiation markers. Conversely, the coculture with pancreatic
cells producing insulin helped recover the hepatic function, illustrating
the benefits of the two-organ model. For pancreatic functions, the
presence of the hepatocytes in the coculture model helped modify the
islets response via the increase in insulin secretion and the modification
of the expression of the gene involved in insulin/glucagon homeostasis.
The pancreas-liver organ-on-chip model presented here was capable of
reproducing several physiological responses and demonstrated the po-
tential of our approach to reproduce and investigate complex in vivo
patterns using alternative in vitro methods.
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