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1. Introduction

1.1. The human pancreas

The pancreas is an elongated gland that is located behind and below the stomach above duodenum
[1]. The normal weight of the adult human pancreas has a range between approximately 60-100
grams and contains both exocrine and endocrine tissue [2]. About 98 % of a pancreas is exocrine
cells. These cells are organized into acini and secrete pancreatic fluids into duodenum through
common bile duct. Pancreatic fluids consist of two main components: 1) pancreatic enzyme and
2) aqueous alkaline solution [1]. Both components are responsible for neutralization of stomach
acidity and assisting digestion and absorption of nutrients in the small intestine. Endocrine tissue,
which is approximately 1-2 % of a pancreas volume, is organized into clusters of endocrine cells
and responsible for glucose homeostasis of the body, called islets of Langerhans. An adult human

islet contains at least five different endocrine cell types [3], which are listed below in Table 1.

Table 1. Cell types in an adult human islet [4]

Cell type Alpha-cell Beta-cell Delta-cell PP-cell Epsilon cell
Peptide hormone Glucagon  Insulin ~ Somatostatin Pancreatic Ghrelin
Polypeptide
Molecular weight 3500 5800 1500 4200 3400
Number of amino 29 51 14 36 28
acids
Volume % (adult) 15-20 50-80 5-10 15-25 <1

1.1.1. Islets of Langerhans

Islets of Langerhans were first discovered in 1868 by a German pathological anatomist Paul
Langerhans in histological sections of a pancreas [5]. The size of the adult islets varies between
20-800 um [6] with the ability to monitor the nutrient status in the body and secrete hormones in
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order to regulate glucose metabolism [7]. The most abundant cells in an islet are beta cells (50 -
80 % of an islet) [8]. Beta cells secrete insulin, which is a 51-amino-acids peptide, responsible for
tightening the blood glucose within the physiological range. The insulin mRNA is translated to a
single chain precursor called preproinsulin. Removal of the signal peptide from preproinsulin
during its insertion into endoplasmic reticulum (ER) generates proinsulin. Proinsulin is
biologically inactive and splits into three parts. Part A and B remains connected by sulfur bridges
and form the biological active insulin molecules. Part C, called C-peptide is released together with
insulin in a 1:1 molar ratio [9]. In addition to insulin, beta cells also secrete a 37-amino-acid
peptide called islet amyloid polypeptide (IAPP). Under pathological conditions such as in type 2

diabetes and in insulinoma, IAPP may polymerize and form intra-islet amyloid deposits [10].

The second most abundant cell type in an islet is alpha cell. This type of cell secretes a 29-amino
acids peptide with hyperglycemic action, called glucagon. Glucagon is derived from proglucagon
(180-amino acid peptide) through proteolytic cleavage [11]. The number of alpha cells is
estimated to be between 15-20 % in an islet. However, this number can be varied among islets

[12].

The third abundant cell type within an islet is delta cell, which secretes somatostatin. This
hormone has a very potent stimulatory effect on insulin secretion and inhibitory effect on

glucagon. Delta cells form 5-10 % of an islet volume [13].

The less known cell type in an islet is PP cell, which secretes PP hormone. In a human pancreas,

PP cells are predominantly located in the head of the pancreas [14, 15].

Epsilon cell is the latest cell type found in the islet of Langerhans. These cells secrete a hormone
called ghrelin. An adult human islet contains less than 1% epsilon cells. The exact role of ghrelin
hormone is not known but it is thought to have an impact on the metabolic regulation and energy

balance of the islets [16].



1.1.2. Regulation of insulin secretion

Insulin is a hormone specifically secreted by pancreatic beta cells within an islet and is required
for normal glucose metabolism. Insulin secretion is mainly stimulated by glucose. In addition,
some amino acids such as combination of glutamine and leucine [17], free fatty acids (FFAS) (in
case of insulin resistance and type 2 diabetes) [18, 19] as well as incretin hormones such as gastric
inhibitory polypeptide (GIP) or glucagon-like peptide-1 (GLP-1) [20, 21] could also regulate
insulin secretion. In order to properly sense nutritional status, pancreatic islets are connected to
the vasculature system and receive 10 times more blood than cells in the exocrine part [22].
Pancreatic beta cells absorb circulating glucose through glucose transporters. These transporters
are membrane proteins that are mainly expressed on beta cells but to the lesser extend expressed
on the liver, renal and intestinal cells. Entering to beta cells, glucose is phosphorylated by
glucokinase enzymes and proceeds to mitochondria to produce ATP [22]. Elevation in the level of
ATP production leads to an increase in ATP / ADP ratio and closure of ATP-sensitive potassium
(Katp) channel. This procedure further depolarizes plasma membrane and opens the voltage
dependent Ca®* channel that activates the exocytosis of insulin-containing granules and insulin

secretion [23] (Figure 1).

Insulin secretion consists of two steps: transient first phase followed by a sustained second phase
[24]. At the time of exocytosis, the small fraction of granules, called readily releasable pool
(RRP), are available for release and contribute to the rapid insulin secretion. The remaining
granules belong to the reserve pool with the ability to refill the empty RRPs and deplete insulin
[25]. The first phase of exocytosis from RRPs is nutrient independent and could occur in the
absence of nutrients. However, the second phase of insulin release and RRP refill from the reserve
pool is highly nutrient dependent [26]. Cyclic adenosine monophosphate (CAMP) could also
amplify exocytosis of insulin granules through direct activation of low affinity Ca** sensor [27,
28]. Influx of Ca®* activates production of cCAMP through an increase in adenylyl cyclases. cCAMP

formation triggers protein kinase A (PKA), which further mediates CAMP action in the beta cells.

9



PKA also facilitates calcium release mechanism leading to insulin secretion [29]. One mechanism
to control and reduce formation of cCAMP and insulin secretion is through prostaglandin (PG)
receptors [30]. Therefore, the inhibition of PG receptors and/ or PG signaling pathways could

restore insulin secretion [31-33].
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Figure 1: Mechanism of insulin secretion in pancreatic beta cells. Glucose enters beta cells through
transmembrane glucose transporter, GLUT 1/2 receptors located on cell membrane. Inside the beta cells,
glucose gets phosphorylated by glucokinases, which further increases ATP: ADP ratio. Enhanced ATP
level inactivates the potassium channel and depolarizes the beta cell membrane causing the calcium
channel to open up and allow the calcium ions to follow inwards. Increase in the cytoplasmic level of

calcium leads to exocytosis of insulin from the storage granules [7].
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1.2. Diabetes mellitus

Diabetes mellitus (DM) is a metabolic disorder caused by inherited and/or acquired deficiency in
insulin production by the pancreas, or by ineffectiveness of the produced insulin and it is
associated with prolonged period of high blood glucose, known as hyperglycemia. High level of
blood glucose is toxic to the body system and damages in particular the blood vessels and nerves
[34]. In 2015, 415 million people lived with diabetes worldwide and this number is estimated to
increase to approximately 642 million in 2040 [35]. Much of this increase will occur in the
developing countries due to population growth, aging, unhealthy diet, sedentary life style and
obesity [34]. Diabetes and the related vascular complications are estimated to be the seventh

leading cause of death. DM is mainly divided into two forms, typel and type 2 diabetes.

1.2.1. Type 1 diabetes

Type 1 diabetes (T1D), which is mainly referred as the insulin-dependent disease, results from an
autoimmune destruction of the beta cells within the pancreatic islets [36]. This type of diabetes is
also known as juvenile diabetes since it is usually diagnosed in children and young adolescence.
This disease has two phases: 1) Insulitis, when mixed populations of leukocytes invade the islets,
and 2) Diabetes that is the state in which most of the beta cells are destroyed and no longer able to
produce sufficient amount of insulin to control blood glucose levels of the body. This results in
hyper- and hypoglycemic episodes in patients [37]. Although T1D is an old described disorder
back to ancient Egyptian and Greek writing, we still lack enough knowledge about the occurrence
and progression of this disorder [37]. Both genetic disposition and environmental factors are
involved in autoimmune chain reactions inducing the beta cell destruction. Recently, the
increasing knowledge in genome-wide screening and genotyping technology has identified more
than 40 different genes that are involved in this type of diabetes. However the molecular
mechanisms contributing to insulitis and beta cell destruction remain unclear [38]. Interestingly,
two genetically-regulated pathways are identified to have role in the early stage of T1D and
insulitis. These regulatory pathways are involved in recognition of the viruses by the innate
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immune system and also regulation of type 1 interferons. These receptors could make beta cells
susceptible to pro-apoptotic stimuli and induce an inadequate responses to viral infections [39].
Regarding the environmental factors associated with pathophysiology of T1D, viral infections and
in particular enteroviruses are currently the main candidates supported by animal studies. The
presence of this type of viruses has been found in type 1 diabetic patients [40, 41]. Animal studies
together with virus detection in pancreas of type 1 diabetic cases have revealed the direct infection
of the pancreatic beta cells leading to insulitis and activation of pro-inflammatory reactions in
pancreatic tissue [42, 43]. Insulitis results in the exposure of beta cells to secreted pro-
inflammatory cytokines including, Interleukin (IL)-1f3, Tumor necrosis factor-alpha (TNF-o) and
Interferon-gamma (INF-y) and nitric oxide (NO) [44]. Long-term exposure to these pro-
inflammatory cytokines in particular, IL-1p and INF-y induce sequence of reactions regulated by
transcription factors, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) and
signal transducer and activator of transcription 1 (STAT1) and leads to production of various pro-
inflammatory cytokines by beta cells and consequently beta cell apoptosis via activation of
mitogen-activated protein kinases (MAPKS) signaling pathway, endoplasmic reticulum (ER)
stress and release of mitochondrial death signals [43]. Increase in secretion of various pro-
inflammatory cytokines could also amplify immune attack of islet cells, mainly through activation
of macrophages, T and B cells, dendritic cells (DCs), natural killer (NK) cells and recruitment of
antigen presenting cells (APCs) into pancreatic tissue [45, 46]. APCs act as regulatory cells with
the ability to remove apoptotic cells and maintain beta cell tolerance [47]. The removal of
apoptotic beta cells is crucial. However, in T1D, the presence of viral infection together with the
mutation in genes responsible for recognition of viral attack activates various pro-inflammatory
reactions in pancreatic tissue and beta cells. This consequently leads to an increase in autoimmune

attacks and chronic unresolved apoptotic beta cells [48].
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1.2.2. Type 2 diabetes

Type 2 diabetes (T2D) characterizes by progressive beta cell dysfunction and insulin resistance.
T2D is a multi-factorial and the most prevalent type of diabetes worldwide [34, 49]. This type of
diabetes is largely due to obesity, physical inactivity, aging, sedentary life style and unhealthy diet
[50]. In pre-diabetic phase, pancreatic beta cells respond to insulin resistance and ineffective
insulin production by increasing their mass (beta cells hyperplasia) and insulin secretion
(hyperinsulinemia). When the anatomical and functional expansion of beta cells fail to
compensate for insulin resistance, relative insulin deficiency develops and over time leads to T2D
[51]. The progression of T2D is driven by chronic low-grade inflammation and could prompt by
obesity and unhealthy life style. Overfeeding together with an increase in circulating glucose
elevate pancreatic beta cell workload, which further make the islets more susceptible to ER and
oxidative stress [52, 53]. In addition, obesity and increased free fatty acid storage in adipocytes
make these cells more prone to secrete pro-inflammatory cytokines including IL-6, IL-8,
monocyte chemoattractant protein-1 (MCP-1), IL-18 and TNF-oa. Elevated level of pro-
inflammatory molecules in the circulation activate T-cells, B-cells and macrophages and
consequently results in beta cell loss [54]. Reduction in beta cell mass could be explained by both
beta cell apoptosis and dedifferentiation of pancreatic beta cells [51, 55, 56]. In line with this, a
significant decrease in beta cell mass has been reported from diabetic patients compared to the
BMI-matched controls [55]. Treatment of T2D involves diet control and physical activity along
with blood glucose lowering medications. In some cases, patients become insulin-dependent and

require exogenous insulin treatment [57].

1.3. Treatment option for type 1 diabetes

A hurdle in T1D management is the life-long patient dependence on insulin therapy in order to
stay euglycemic [58]. Therefore, both long-term and repeated period of hyper- and hypoglycemia
are known as leading factors inducing diabetes complications such as retinopathy, nephropathy,

neuropathy, cardiovascular disease, which thereby increases the mortality rate of patients
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suffering from this disease [59]. The quality of glycemic control relies on accurate personalized
treatment for patients based on the duration and stage of the disease as well as individual risk of
acute and/or late-stage complications [60]. Insulin discovery in 1921 and the first medical
administration of insulin to a T1D patient in 1922 were clearly the most significant therapeutic
events in the history of diabetes [61]. Continuous administration of exogenous insulin by daily
multiple insulin injections or through subcutaneous insulin infusion stands are the main
approaches to control blood glucose in T1D [62]. Nowadays, advanced insulin pumps are able to
calculate the amount of insulin a person needs based on the expected carbohydrate intake and the
history of blood glucose concentration. Therefore, insulin pumps provide an advantage of
avoiding unpleasant multiple self-injections and repeated daily glucose monitoring. Insulin pumps
have been reported to provide better glycemic control, fewer episodes of hypo- and
hyperglycemia and improved hemoglobin Alc (HbAlc) compared to the multiple insulin

injections [63, 64].

1.4. Beta cell replacement therapy

Undoubtedly, insulin discovery resulted in a remarkable achievement in the field of diabetes
therapy by reducing the mortality rate of diabetes from around 85% in 1897-1914 to less than 1%
in 1950s. Exogenous administration of human recombinant insulin has greatly improved life
expectancy in diabetic patients; however it does not work as efficient as endogenous insulin
regarding precise regulation of blood glucose and therefore cannot overcome the high morbidity
and mortality associated with diabetes [64]. One alternative to exogenous insulin delivery to
patients with T1D with the aim to restore endogenous beta cell mass is beta cell replacement
therapy. Nowadays, beta cell replacement therapy includes transplantation of the solid pancreas

organ or isolated islets from deceased organ donors to patients suffering from severe T1D.

1.4.1. Pancreas transplantation

Beta cell replacement therapy has proven to restore glycemic control with the ability to improve

the quality of life for T1D patients [65, 66]. Since the first pancreas transplantation in 1966 at the
14



University of Minnesota, more than 50,000 solid pancreas organs have been transplanted
worldwide [67]. Analysis of pancreas transplants from the International Pancreas Transplant
Registry, performed from 1984 to 2009 showed 73% and 56% of total 5-years and 10-years
pancreas graft function respectively for simultaneous pancreas-kidney transplant. These numbers
were around 64% and 38% for pancreas after kidney and 53% and 36% for pancreas
transplantation alone respectively [68]. Given the improvement in the outcome of pancreas
transplantation and significant benefits on patient quality of life, pancreas transplantation could be
performed for T2D patients and older (age > 60 years) recipients [69]. Although, pancreas solid
organ transplantation has clearly reduced diabetic complications and improved patient survival,
there are major drawbacks associated with this technique. This includes the risk of doing major
surgery, and the use of high intensity immunosuppressive medication that could increase the risk
of infection and malignancy [70-75]. While these drawbacks could be minimized with proper
donor selections and improvement in surgical techniques, newer beta cell replacement therapies

are under investigation that could be more beneficial and less invasive for diabetic patients.

1.4.2. Islet transplantation

A less invasive procedure of beta cell replacement therapy is allo-islet transplantation, which has
proven to be a safe and effective treatment offering significant benefits in, i) lowering daily
insulin requirement, ii) improving the level of HbAlc, iii) reducing the incident of unaware
hypoglycemia, iv) reducing diabetes complications and v) improving quality of life [76-79]. From
the surgical perspective, islet transplantation is considered less invasive with 20-fold lower
morbidity risk compared to the whole pancreas transplantation. It consequently favors recipients
at cardiovascular disease risk with the potential for secondary complications [76]. First attempts
to reverse diabetes in rodents and large animal models using isolated islets led to further
investigation for autologous and allogeneic clinical islet transplantation [80-84] and has made a
transition in islet transplantation from being an experimental therapy to a routine clinical

procedure with predictable efficacy for selected patient population with T1D. In 1990, the first
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successful clinical human islet allo-transplantation was reported with the use of steroid-free
immunosuppressive regimen. This allowed prolonged insulin independence status in type 1
diabetic recipients [85, 86]. The use of antioxidant and insulin therapy together with
immunosuppression protocol improved human islet transplantation outcome and increased insulin
independence rate to 30% 1 year after transplantation [87, 88]. In 2000, Shapiro et al.
demonstrated a ground-breaking achievement on insulin independence after 12 months post
transplantation in seven type 1 diabetic patients with uncontrolled blood glucose and severe
hypoglycemia (A condition refers to a brittle type 1 diabetes) using a protocol that is now well-
known as Edmonton protocol [78]. This protocol consists of steroid-free immunosuppression and
transplantation of large islet mass (> 11000 islet equivalent (IEQ) / kg body weight) [78, 89].
Although, this protocol has achieved viable islet engraftment, insulin independence tends to be
lost by fifth year post transplantation and only 10% of patients remain insulin independent by this
time [90]. Edmonton protocol launched islet transplantation as an alternative to conventional
insulin therapy. Islets transplantation has been improved over the years and it has led to 50%
insulin independence 5 years after allogenic islet transplantation with 70% maintained graft
function as measured by the protection from severe hypoglycemic episodes in recipients [76].
Furthermore, islet transplantation has now being used to prevent surgically induced insulin
dependent diabetes in non-diabetic patients that require total or partial pancreatectomy due to
malignant or non-malignant disease. Transplanting back the patient own islets, which is known as
auto islet transplantation, cloud have significant impact on the quality of life after pancreatectomy

in these patients [91, 92].

1.5. The islet isolation procedure

First attempts for islets isolation from pancreas are back to 1902, when the Russian doctor Leonid
W. Sobolew suggested the idea of physically separating the exocrine tissue from the endocrine
part of the pancreas [84]. In 1965, bacterial collagenase was first used to dissociate guinea pig

islets from pancreatic tissue [93]. This method was not improved until 1985, when rodent islets
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were isolated using intra-ductal injection of collagenase, followed by enzymatic destruction of
pancreatic tissue and hand-picking isolated islets under a microscope [94] [95, 96]. Since hand-
picking isolated islets were not feasible for large-scale islet isolation, density gradient purification
method was developed. The first density gradient was based on sugar or aloumin. However, Ficoll
solution, which is a high molecular weight polymer of sucrose, was introduced later on and
improved islet purification from exocrine tissue [96, 97]. A breakthrough in the field of islet
isolation and transplantation was the invention of the Ricordi chamber in 1988. The Ricordi
chamber is a dissociation-filtration chamber with a conical upper part and a lower cylindrical part,
where pancreatic tissue is placed in the lower part and digested by the combination of enzymatic
digestion at 37 °C and gentle mechanical agitation of the chamber. This is followed by filtration of
the released islets through the mesh located at the upper part of the chamber [82]. This method
has been successful in the field of islet isolation and currently been used as a gold standard for
human and large animal islet isolation around the world. On the same year, the introduction of
COBE 2991 processor, which was originally used to process bone marrow, allowed large-scale
purification of human islets from exocrine part of the pancreas using Ficoll solution in a sterile
system. This method is also currently in use for islet isolation from large animals and humans

[98].

A Dbrief overview of clinical human islet isolation and transplantation is illustrated in Figure 2. In
this procedure, pancreas is usually procured from a donor after brain-death (DBD) or cardiac-dead
(DCD) and transported to a sterile good manufacturing practice (GMP) facility as soon as possible
to avoid prolonged cold storage of pancreas (Figure 2, part 1). The pancreas undergoes enzymatic
and mechanical digestions, which allow dissociation of islets from surrounding tissue (Figure 2,
part 2). This is followed by islets purification from exocrine and non-islet cells using a density
gradient processor (Figure 2, part 3). The functionality, viability and morphology of the purified
islets are assessed before they are infused by an ultrasound guided percutaneous cannulation into

the portal vein of the recipient liver, where they engraft and start producing insulin (Figure 2, part
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4) [99]. Another advantage of this procedure is that it allows the ex vivo manipulation of isolated
islets before transplantation. This could open a window of opportunity for improving the isolated

islets in order to achieve superior transplantation outcome [100].
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Figure 2: Overview of the islet isolation and purification procedure. 1. Pancreas obtains from a DBD
or DCD organ donor and transports to an approved cell isolation facility. 2. Digestion of the pancreatic
tissue is performed by using temperature controlled enzymatic and mechanical destruction of tissue in a
specialized chamber called Ricordi chamber. 3. Digested pancreatic tissue is purified using continuous
density gradient. 4. Purified islets that are passed quality controls could be transplanted into the recipient
liver of T1D patients, where they engraft and secrete insulin in response to blood glucose.

Islet transplantation has proven to be a safe and effective treatment with the ability to provide
glycemic control and hypoglycemia awareness for selected patients with T1D [76, 101-106].
However, there are risks and barriers associated with this technique that hinder the widespread

application of this procedure [107].
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1.6. Challenges for clinical islet transplantation

Efforts into clinical and basic research to overcome the barriers for the beta cell replacement
therapy by means of islet transplantation could help this promising therapy into a more robust
cure for patients with T1D. The two main challenges for islet transplantation that have been
defined are the limitation of available donor organs and the need for life-long immunosuppressive
therapy. A donor pancreas needs to meet certain criteria to be able to use as a donor pancreas and
generate high yield of good quality islets for transplantation. Several attempts to generate donor
criteria score system has been developed, but lack of reproducibility among the different donor
cohort has revealed no clear independent factor such as donor age, cause of the death, BMI,
duration of ischemia and parenchymal fat infiltration that could predict the clinical outcome of
islet transplantation [107]. However, increasing the donor pool is necessary and more centers have
now developed islet isolation from DCD donors [108, 109] and even using islets from partial

pancreatectomized living donors [110, 111].

Examination of T1D progress revealed that an individual could stay euglycemic with only 10% of
beta cells mass. Beyond this threshold, patients tend to have deteriorated glucose homeostasis
leading to diabetes [112, 113]. Therefore, theoretically one donor should provide enough islets to
make one patient (or maybe more than one patient) insulin free after transplantation. However, the
necessity of using multiple donors to achieve insulin independence in T1D patients suggests a
combination of various factors that could affect successful islet transplantation outcome. The
factors influencing islet quality prior and post transplantation include instant blood-mediated
inflammatory reaction (IBMIR), autoimmune reactions mediating islet destruction, allo-immune
rejections, toxicity of long-term use of immunosuppressive medication, release of pro-
inflammatory molecules by islets and immune cells at the transplantation site and activation of

non-immune stress mediators within transplanted islets [114].

Brain dead donors are the major source for clinical islet transplantation. Pro-inflammatory

molecules such as TNF-a and IL-6 are released at the onset of brain death and induce an adverse
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effect on organs including islets [115, 116] (Figure 3, part 1). Genome-wide transcriptional
studies obtained either by laser-captured micro dissection of whole pancreas or isolated islets
from donor pancreas showed an up-regulation in the expression of pro-inflammatory molecules
particularly, 1L-8, MCP-1, GCP-2, MEC, CXCL-1/GRO-a, CXCL-2/GRO-f, IL-18 and CXCL-
12 in islets [117-119]. This elevation in pro-inflammatory mediators not only could deteriorate
isolated islet survival prior to transplantation, but also impair transplanted islet graft function

[117, 120].

Currently, the preferable site for islet transplantation is the intraportal route, although several
studies has shown the disadvantage of this site, since it could led to > 60 % destruction of the
islets due to innate immune responses [107]. The direct contact of newly transplanted islets with
blood elements mediates activation of IBMIR, which is considered as one of the major reasons for
islet loss in clinical islet transplantation (Figure 3, part 3) [121]. IBMIR is characterized by rapid
activation of the platelets, coagulation and complement systems together with the infiltration of
leukocytes to the islets [122, 123] that could trigger production of pro- inflammatory mediators
such as tissue factor (TF) and MCP-1 by islets. Production of these mediators is associated with
low outcome for clinical islet transplantation [124, 125]. The effect of IBMIR on islet damage and
loss has been established using both in vitro and in vivo models of intraportal pig islet
transplantation into mice [126] or into monkey [127, 128]. IBMIR was reported in 9 patients who
had clinical allogenic islet transplantation evidenced by an increase in TF and thrombin anti-
thrombin (TAT) complexes after islet infusion, followed by clothing process and islet damage
[124, 129]. This increase in IBMIR reaction was correlated with deteriorated C-peptide secretion
in patients 7 days post transplantation [129]. IBMIR response could create cytokine storm and an
environment that enhance allogenic response and consequently loss of newly transplanted islets

[130].
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Figure 3: Obstacles in the process of islet transplantation. An overview of immunological and non-
immunological stress conditions associated with islet loss and dysfunction in islet isolation and

transplantation procedure.

The other main concern regarding a successful outcome of islet transplantation is
immunosuppressive therapy to avoid allo-immune rejection of newly transplanted islets.
Unfortunately, many of the compounds used as immunosuppression medication are toxic to islets.
Corticosteroids are one of these compounds that were used before the Edmonton protocols as
immunosuppression regimen after islet transplantation [131, 132]. One of the main strengths of
Edmonton protocol was the avoidance of corticosteroids and its replacement with Sirolimus
(mTOR inhibitor), Tacrolimus (a calcineurin inhibitor) and Daclizumab [78]. This protocol has its
own side effects, as Tacrolimus might induce neuro- and nephrotoxicity in addition to beta cell
damage [133, 134]. Moreover, by using this protocol, long-term insulin independence was not

achieved and patients returned to modest amount of exogenous insulin administrations by 5 years
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post transplantation. Substantial improvement in long-term insulin independence (> 5 years) have
been made through induction agents such as Alemtuzumab in conjugation with low dose
Tacrolimus / Mycophenolate Mofetil that induce the process of T-cells depletion [135]. The long-
term success of islet transplantation is dependent on the successful establishment of
immunosuppressive regimen that selectively target donor reactive T-cells while expanding

population of regulatory T-cells [136].

Not only prevention of allo-immunity is an essential challenge for improving islet transplantation
outcome, but also reoccurrence of auto-immunity is another barrier affecting the successful
clinical islet transplantation in T1D patients (Figure 3, part 3). Reoccurrence of auto-immunity
with selective beta cell destruction has been reported after islet transplantation [137, 138].
Although, detection of auto-immune antibodies such as anti-GADG65, anti-ZnT8A and anti-lIA2A
could only weakly predict the outcome of islet transplantation, positive recipient for auto-
antibodies showed earlier loss of functional transplanted beta cells compared to the recipients who
were negative for auto-antibodies prior to transplantation [139, 140]. These observations about the
predictive role of auto-antibodies clearly confirm the importance of auto-immunity reoccurrence
in the loss of functional islets post transplantation [141]. The factors that could influence auto-
antibody changes post islet transplantation are still not fully understood, but immunosuppression
medication, anti-thymocyte globulin (ATG) and Mycophenolate Mofetil treatment could

positively associate with the risk of an increase in the levels of auto-antibodies [140, 142].

Despite the fact that allo-immunity and presence of auto-antibodies post islet transplantation are
essential factors influencing islet graft function, evidence such as absence of islet auto-antibodies
1 year post transplantation in recipient who lost insulin independence [143] as well as gradual loss
of glycemic control in patients received their own islets due to pancreatitis [144, 145] has
suggested a progressive impairment in islet function and insulin production due to non-immune

factors affecting long-term islet transplantation [146].
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1.7. Influences of non-immune factors on islet function and survival

The exact cause of massive islet loss in the immediate phase after transplantation is not fully
understood. Human islets are exposed to variety of non-immune stress responses due to
mechanical and chemical destruction of pancreatic tissue and dissociation from their natural
microenvironment during islet isolation procedure and after transplantation (Figure 3, part 2)
[147-150]. These non-immune factors include prolonged hyperglycemia and blood glucose
fluctuation, metabolic stress such as ER and oxidative stress, inflammatory reactions induced by
pro-inflammatory molecules together with hypoxia and nutrient deprivation mainly due to
complete loss of islet vasculature system during islet isolation procedure and revascularization

after transplantation [121, 151, 152].

Islet transplant recipients demonstrate a decrease in first phage glucose stimulated insulin
secretion, elevated level of fasting blood glucose and progressive loss of glycemic control
compared to the healthy individuals [153, 154]. Prolonged high level of blood glucose in islet
transplant recipients activates ER and oxidative stress, induces islet inflammation and could lead
to beta cell death post transplantation [155]. Presence of hyperglycemia not only affects islet cells
but also induces adverse effect on islet endothelium [155] and pro-inflammatory changes in
monocytes [156]. Activation of inflammatory reaction within the newly transplanted islet graft
due to not only hyperglycemia but also IBMIR reaction elevates secretion of pro-inflammatory
cytokines by islets and infiltration of macrophages to the site of transplantation [146, 157, 158].
All these factors that could happen during islet isolation procedure and also post transplantation
create a vicious cycle for islets and deteriorate long-term success of islet transplantation. These

issues are discussed in detail in the following chapters.

1.7.1. Endoplasmic reticulum stress in pancreatic islets

The ER is a cellular organelle that is involved in protein and lipid synthesis, folding of newly
synthetized proteins and post translational modifications. Appropriate protein folding is

mandatory for their proper function. Therefore, ER contains molecular chaperones as well as high
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concentration of Ca?* that are required for functional protein folding [159]. However, an increase
in the load of newly synthetized proteins to the ER and/or a decrease in the ER chaperones lead to
accumulation of unfolded and misfolded proteins and activation of ER stress. A cellular adaptive
response signaling pathway, which gets activated by ER stress with the aim to restore ER
homeostasis is called unfolded protein response (UPR) [160]. UPR signaling network is initiated
by activation of the three main transmembrane proteins: protein kinase R-like endoplasmic
reticulum kinase (PERK), inositol- requiring enzyme-la (IRE-1a) and activating transcription
factor 6 (ATF6). These proteins participate in reducing protein translation as well as increasing

the biosynthesis capacity of ER through elevation of molecular chaperones [159-161] (Figure 4).

Pancreatic beta cells are more sensitive to ER stress because of the high rate of insulin
biosynthesis in response to glucose regulation. Short-term and mild ER stress activates adaptive
UPR signaling pathway. Adaptive UPR secures ER homeostasis through transient reduction in
global protein translation, increase in molecular chaperones and protein folding enzymes and ER-
associated degradation (ERAD) machinery [162, 163]. Prolonged and unresolved ER stress
switches the adaptive UPR to the apoptotic UPR through increase in transcription factor, C/EBP
homologous protein (CHOP) and caspase cascades [164, 165]. Increase in the levels of ER stress
transducers, such as phosphorylated eukaryotic initiation factor-2a (pelF2a), spliced x-box
binding protein-1 (XBP-1) and phosphorylated c-Jun N-terminal kinase (p-JNK) as well as
caspase 3/7 immediately after isolation but not in donor pancreatic tissue indicates the activation

of apoptotic part of UPR pathway due to isolation procedure [151].
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Figure 4: Description of ER stress and UPR signaling pathways. Accumulation of unfolded proteins in
the ER activates IRE1, ATF6 and PERK. Activated IRE1 induces mRNA splicing and activation of XBP-1
followed by XBP-1 translocation to nucleus, where it regulates the genes involved in protein folding and
ERAD pathway. IRE1 operates independent of XBP-1, by activation of TNF receptor-associated factor 2
(TRAF2) leading to induction of JNK and modulation of autophagy and apoptosis. ER stress induces
translocation of ATF6 to the Golgi, where it is cleaved by site 1 protease (S1P) and S2P. Fragmented
ATF6 (ATF6f) acts as a transcription factor and encodes genes required for ERAD and protein folding.
Activated PERK phosphorylates elF2a, which results in inhibition of total protein translation except ATF4.
ATF4 translocates into the nucleus and encodes the expression of ER chaperones as well as genes involved
in autophagy, redox control, amino acid metabolism and apoptosis including CHOP.

Islet transplantation in diabetic patients increases the metabolic demands for protein synthesis in
transplanted human islets. This makes the transplanted islets susceptible to ER stress and
activation of UPR. Elevated UPR mediators together with CHOP and caspase 3/7 have been

reported in human islets transplanted under kidney capsule of hyperglycemic and marginally
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normoglycemic mice [151]. This could suggest the involvement of apoptotic UPR induced by
elevated glucose level in subjects long-term post islet transplantation [151]. ER stress and
consequently apoptotic UPR could be one the main contributors involved in islet loss during islet
isolation procedure and post transplantation [147, 151, 163]. Therefore, strategies to interfere with

apoptotic UPR mechanism could improve the long-term success of islet transplantation outcome.

1.7.2. Oxidative stress in pancreatic islets

Reactive Oxygen Species (ROS) are a group of free radicals and molecules derived from oxygen
by mitochondria and play an important role in physiology and pathology of insulin producing beta
cells [166, 167]. Under physiological condition, all the cells including beta cells use several
antioxidant systems in order to neutralize ROS and maintain their homeostasis status [168]. For
many years, ROS has been thought as an unfortunate byproduct of respiratory energy production
in mitochondria with extremely deleterious effect. However, ROS has been shown recently to
modulate many physiological processes including gene transcription, ion transport and protein
phosphorylation [52]. An enhanced ROS formation decreases cell antioxidant defense. This could
lead to oxidative stress and apoptosis induced by the intrinsic and extrinsic mitochondrial
signaling pathways [169]. It is well-known that the islets are sensitive to ROS not only due to
their low levels of antioxidant enzymes such as superoxide dismutase (SOD), glutathione
peroxidase (GPx) and catalases [170-174], but also as a result of high glucose metabolism that
could increase the ROS formation [167]. In addition, pancreatic islets have a poor DNA repair

capacity [175], which could make them susceptible to loss of function and cell death [176, 177].

Enzymatic destruction of islet microvascular environment during isolation procedure together
with the slow revascularization of transplanted graft make islets ischemic and susceptible to
oxidative stress from the time of isolation to the period required for graft revascularization in the
recipient [150]. Considering the low levels of antioxidant enzymes within an islet, prolonged
oxidative stress has major deleterious effect on isolated islets and it is one of main reasons for

islet loss post transplantation. One strategy to defeat oxidative stress in isolated islets is addition
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of antioxidant compounds to the islet culture post isolation. Enhanced antioxidant capacity of
islets has been shown to improve islet transplantation outcome in animal model [146, 178].
Nicotinamide (NA) is a well-established cyto-protective compound that could ameliorate islet
injury induced by free radicals and pro-inflammatory molecules. Supplementing human islets
with NA during isolation has been reported to significantly increase islet yield, reduce production
of pro-inflammatory molecules and pro-coagulation factor tissue factor (TF) by islets without
inducing any negative impact on insulin secretion post isolation [179]. Although, NA is currently
added to clinical islet culture [180], more comprehensive studies are required to provide efficient
protocols using combination of different antioxidants in order to reduce oxidative stress and

enhance islet survival.

1.7.3. Hypoxia and nutrient deprivation in pancreatic islets

Pancreatic islets are highly vascularized cluster of cells and despite consisting only 1-2 % of an
adult pancreas, islets receive 20 % of the pancreas blood flow [181]. In fact, studies on the
morphology of intra-islet vascularization show that each cell within the islet is not more than one
cell away from the blood circulation [182]. Pancreatic islets require highly oxygenated blood (pO,
of 40 mmHg) and nutrient rich environment in order to facilitate their rapid response to blood
glucose and allow the secreted hormones to exert an effect quickly [183]. The enzymatic and
mechanical destructions of pancreatic tissue during islet isolation procedure destroy cellular and
non-cellular compartments of the pancreas to make islets free from their surrounding tissue.
Therefore, isolated islets lose their vascularized capillary and consequently, become more prone
to hypoxia and nutrient deprivation [184]. This increase in hypoxia and nutrient deprivation in
human islets have been reported to induce central necrosis combined with apoptotic features such
as DNA fragmentation and activation of intrinsic apoptosis signaling pathway induced by pro-
apoptotic member of Bcl-2 family [152, 184-186]. Nuclear factor kappa-light-chain-enhancer of
activated B cells (NFxB), poly (ADP-ribose) polymerase (PARP) and MAPK signaling pathways,

the three major pathways responsible for cellular stress, were shown to be up-regulated during
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islet isolation procedure in human islets and increase the release of IL-6, IL-8 and MCP-1 by the
isolated islets [147, 187]. Elevated oxidative stress in isolated human islets [188], increased
autophagy in human and rodent islets exposed to nutrient deprivation [189] and reduced ER-to-
Golgi protein trafficking in mouse islets due to hypoxia [190] confirm the detrimental effects of

low oxygen and nutrient deprivation on islet health and function.

Intraportal transplanted human islets require up to 14 days to start the re-vascularization process
and even longer time for full vascular remodeling in patients with long-standing diabetes [191].
During this period, transplanted islet graft only receives oxygen and nutrients from passive
diffusion [192]. Therefore, islets are exposed to immediate hypoxia post transplantation specially
islets with more than 200 um in diameter. These islets are nearly anoxic in center [193]. Partial
oxygen pressure (pO,) in liver portal circulation is between 10-15 mmHg, which is already lower
than what islets require to maintain their homeostasis [194]. This oxygen deficiency is magnified
by a reduction in the ability of transplanted islets to re-vascularize and absorb oxygen [195].
Oxygen pressure for newly transplanted islets is around 8-10 mmHg [183, 196]. Human and
mouse islets implanted under kidney capsule of nude mice showed 50% less vascular density
accompanied with reduced pO, in comparison with intact mouse and human islets one month post
transplantation [197]. Reduced vascularization due to hypoxia and amyloid development were
observed in human islet grafts one month after intraportal infusion in a nude mice models
suggesting that the degree of islet cell death is an important factor for the engraftment [150]. In
addition, elevated necrotic and apoptotic cells together with reduced total islet mass were reported
in transplanted human islets into the liver of nude mice 30 days post transplantation [198].
Decrease in transplanted islet vasculature suggests poor and slow engraftment as one of the

reasons for absence of insulin independence in long-term post islet transplantation [197].

1.7.4. Hyperglycemia and inflammation in pancreatic islets

Short-term (from minutes to few hours) exposure of islets to physiological level of glucose

stimulates protein biosynthesis with preferential effect on proinsulin [199, 200]. Glucose regulates
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several genes involve in ER and oxidative stress response [201]. It also increases Ca** pumping
into the ER lumen [202], which is required for refilling insulin cellular stores and maintaining
islet responsiveness for the next glucose challenge. Besides, the acute regulatory mechanism of
glucose on pancreatic islets, long-term glucose regulation is responsible for maintenance of islet
function through expression of specific beta cell transcription factors [203-205]. These
transcription  factors include pancreas duodenum homeobox-1 (PDX-1), V-maf-
musculoaponeurotic fibrosarcoma oncogene homologue A (mafA) and neurogenic differentiation
1 (NeuroD1), which all are essential for maintenance of insulin gene expression and regulation of
the genes involved in insulin secretion, mitochondrial respiratory chain and fatty acid biosynthesis

[206].

While physiological concentration of glucose is essential for maintenance and proper function of
pancreatic islets, prolonged and repeated exposure to elevated level of glucose creates a
hyperglycemic milieu inducing a toxic effect on beta cells, which is defined as glucotoxicity [207,
208]. Loss of balance between the level of insulin biosynthesis and the required insulin release
result in elevation of proinsulin to insulin ratio, activation of ER and oxidative stress responses
that could emerge as dysfunction and apoptotic beta cells [43, 209]. Hyperglycemia could induce
inflammatory responses in islets and recruitment of immune cells such as macrophages to the
pancreatic islets. Thus, presence of prolonged hyperglycemia could create a vicious cycle leading
to an increase in pro-inflammatory mediators within pancreatic tissue [7, 210], which is the

hallmark in both type 1 and type 2 diabetes [211-214] (Figure 5).

In addition, platelet hyperactivity has been reported in both type 1 and type 2 diabetic patients and
associated with 1) an increase in platelet volume, ii) elevated adhesion and aggregation capacity
and circulating level of platelet-specific proteins including platelet glycoproteins [215-218].
Activated platelets release factors including CD40 ligand (CD40L), chemokine (C-C motif)

ligand 5 (CCL5, known as RANTES), tumor necrosis factor superfamily member 14 (TNFSF14,
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known as LIGHT), CD36 and etc. which all could expand and amplify platelet activity and

promote the release of cytokines and chemokines [215, 216].
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Figure 5: The effects of hyperglycemia and inflammation on pancreatic beta cells. Although
physiological level of glucose is required for maintenance of beta cell function, prolonged and repeated
exposure to elevated level of glucose induces an adverse effect on beta cell survival and function. This is
partly through activation of ER and oxidative stress that could lead to upregulation of NFkB and JNK
signaling pathways and mediate production of the pro-inflammatory molecules such as IL-6, IL-8, MCP-1,
TNF-a and IL-1p by islets. Hyperglycemia not only activates apoptosis and inflammatory responses within
the islets, but also attracts macrophages to the pancreatic islets. In addition, hyperglycemia mediates
platelet activation. This could result in an increase in production and secretion of pro-inflammatory
mediators such as LIGHT, RANTES, CD40, TF and IL1p by platelets. All these molecules could create a

vicious cycle inducing beta cell loss of function and apoptosis [7].
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Newly diagnosed type 2 diabetic patients with postprandial hyperglycemia were detected with
platelet hyperactivity evidenced by increased urinary 11-dehydro-thromboxane (TX) B2, a marker
of in vivo platelet activation [219]. Prolonged hyperglycemia is suggested as a causative factor for

abnormal Ca** homeostasis in platelets that could lead to their hyperactivity [220].

After islet transplantation, the islets are often exposed to fluctuation in blood glucose levels, and
activation of platelets by the non-immune inflammatory responses [114, 146, 157]. In addition,
blood glucose fluctuation, hyperglycemia and release of various pro-inflammatory cytokines and
chemokines not only attract host macrophages to the site of transplanted islets [156, 158], but
could also activate residual macrophages within pancreatic islets. These macrophages are
important mediators inducing islet injury mainly through production of IL-1p in response to pro-
inflammatory cytokines TNF-o and INF-y [221, 222]. Therefore, these pro-inflammatory

responses create a harsh stress environment for the newly transplanted islets.

Furthermore, an study focusing on the effect of hyperglycemia on transplanted islet graft function
revealed that transplanting mouse islets under hyperglycemic condition using diabetic mouse
model induced down-regulation in the level of glucose transporter (GLUT)-2 [223] and an
increase in the level of apoptosis and necrosis in transplanted islet graft [209]. Another study also
showed down-regulation in the expression of genes involved in differentiation and maintenance of
mature islets including Pdx-1, Neurodl, Nkx6.1 and Pax6 in marginal mass of rat islets
transplanted under kidney capsule of diabetic rat model [224]. Islet injury induced by
hyperglycemia may persist in transplanted islets, as impaired insulin secretion and reduced islet
function have been reported in human islet graft transplanted in diabetic mice two weeks post
transplantation [225]. Therefore, understanding the mechanism involves in irreversible adverse
effect of hyperglycemia on islets could minimize beta cell loss and improve graft survival post

transplantation [145, 209].
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1.7.5. Inflammatory responses in pancreatic islets

In diabetic milieu, pro-inflammatory cytokine production and release by transplanted islets could
induce apoptosis and necrosis within islet cells (autocrine effect). It could also attract other cell
types such as infiltrated immune cells to the site of transplantation (paracrine effect), inducing
detrimental effects on islet survival and function [146]. Pro-inflammatory cytokines such as IL-1
and TNF-a could activate NFkB and MAPK leading to NO production and activation of JNK
signaling pathway. This was evidenced by enhanced NF«B activity, NO-induced oxidative stress
and JNK-induced apoptosis in isolated human islets cultured with 1L-13, TNF-o and INF-y [147,

157, 226-228].

IL-1B is a pro-inflammatory cytokine with a significant adverse effect on islet function and
survival [229], through the inhibition of glucose stimulated insulin secretion and elevation of beta
cell death [230]. Human islet exposure to elevated level of glucose could initiate IL-13 production
and secretion. This is followed by NF«kB activation, up-regulation of tumor necrosis factor
receptor superfamily 6 (TNFRSR6-Fas), DNA fragmentation, and impaired beta cell function
[231]. Residual macrophages within islets and infiltrated immune cells are also the major source
of IL-1B that could amplify beta cell failure and apoptosis [232, 233]. In a rat model for
intrahepatic islet transplantation, elevated IL-1( release together with increased TNF-o and NO
production from transplanted islets are reported to involve in macrophages activation and

reduction in islet engraftment [234].

The effect of IL-1p on infiltration of immune cells is through chemokine release by islets. One of
these chemokines is MCP-1 that is reported to up-regulate by IL-1B [235] and involved in
recruiting monocytes and macrophages to pancreatic islets [236, 237]. MCP-1 is elevated in both
T1D and T2D [238, 239] and is associated with impaired islet allograft outcome [240]. Other
chemokines such as IL-8 and interferon gamma-induced protein-10 (IP-10) could also regulate
inflammatory reactions inducing islet graft failure post transplantation. Abundant expression of
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IP-10 and IL-8 were reported in pancreatic islets shortly after intrahepatic islet infusion [119] and
elevated level of IP-10 was associated with initial influx of T cells into the transplanted mice islet

allograft [241].

IL-18 could also deteriorate insulin secretion through activation of cyclooxygenase (COX)
enzyme leading to the increase in PG production [242]. COX enzymes include a constitutively
active COX1 and stress induced COX2. Although, COX2 is induced under stress conditions in
most cell types [243], in pancreatic islets, COX2 expresses under both basal and stimulated
conditions and its expression predominates over COX1 [244]. Both T1D and T2D are associated
with inflammatory reactions leading to activation of COX enzymes not only in pancreatic beta
cells but also in macrophages and monocytes [243, 245]. COX2 production has been shown to
increase in monocytes of type 1 diabetic patients as well as in those with higher risk of developing
disease compared to the healthy individuals. This increase has been correlated with low insulin
secretion suggesting the role of COX enzyme in pathogenesis of T1D [246]. COX2 promoter has
binding sites for NFkB and IL-6, which could result in production of various pro-inflammatory
mediators [244, 247]. Both COX1 and COX2 use arachidonic acid as a substrate to generate
biologically active PGs [248]. PGs are lipid-derived molecules that signal through G-protein
coupled receptors and are important modulators of pancreatic islet function, insulin secretion and
inflammatory reactions [249]. PGE; is a member of PG family that has been studied in most detail
compared to the other member of prostaglandin family in pancreatic islets and reported to inhibit
glucose induced insulin secretion in both human and rodent islets [242]. Up-regulation of PGE,
and its receptor prostaglandin E receptor 3 (EP3) were reported in mouse model for obesity-
induced diabetes. The increase in the level of EP3 was also confirmed in human islets isolated
from pancreas of type 2 diabetic organ donors and correlated with reduced cAMP production and

impaired glucose induced insulin secretion [250].
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In conclusion, inflammatory reactions initiated during islet isolation and transplantation procedure
have negative impacts on islet health and function. Therefore, modulation of these inflammatory

reactions could improve clinical islet transplantation outcome.

1.8. Strategies to reduce cell damage and modulate islet microenvironment

Pre-transplant in vitro culture of human islets is a time period when the quality of isolated islets is
analyzed as well as immunotherapy is initiated in diabetic recipients [251, 252]. This pre-
transplant time period is an opportunity to preserve islet function and survival post isolation and
improve islet engraftment post transplantation. Many islet transplantation centers including the
Nordic Network for Clinical Islet Transplantation with the islet isolation facility located at
Uppsala University Hospital in Sweden and Oslo University Hospital in Norway, culture isolated
islets between 24-72 hours before transplantation [253]. Previous studies focusing on comparing
the survival and function of freshly isolated islets to the cultured islets were reported a reduction
in JNK activity as well as improvement in ATP content and islet response to glucose in nearly
fresh isolated islets (only 6 hours culture time) compared to the 48 hours cultured islets [254,
255]. Although, culture time might contribute to islet loss in pre-transplantation phase, adding
favorable supplements such as NA could have substantial impacts on islet viability and function
post isolation [179]. Supplementing NA to isolated islet culture has been reported to reduce
production of TF and MCP-1 by islets, which consequently could decrease IBMIR reaction after
portal islet infusion [179, 256]. In addition, administration of JNK inhibitory peptide (JNKI) to
the islet culture was shown to reduce islet apoptosis and improve isolated islet yield and graft

function post transplantation [257, 258].

Another beneficial supplement that is added to the islet culture for improving the survival of islets
after isolation procedure is serum. Supplementing islet culture medium with 5% human serum
albumin (HSA) not only reduced caspase 3 activity 24 hours after isolation, but also improved
insulin secretory capacity of the islets compared to fetal calf serum, which is commonly in use as

cell culture supplement [259]. In fact, upgrading islet pre-transplant culture further with amino
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acids, vitamins, hormones and growth factors could be one strategy to enhance the quality of

isolated islets [260, 261].

Pancreas oxygenation and cold-preservation could also improve isolated islet yield and quality.
University of Wisconsin (UW) solution has been the standard pancreas preservation solution for
the clinical islet transplantation since 1980s [262]. There is general agreement among the major
islet transplantation centers that islet yield and quality could be improved by the use of cold-
storage techniques during pancreas procurement. The cold-storage two-layer method (TLM) for
human pancreas preservation reported to improve islet quality and yield [263, 264]. Islet
oxygenation to avoid hypoxia-mediated injury using oxygenated perfluorocarbon during pancreas
digestion was also reported to improve islet yield and quality [265, 266]. However, in a recent
large-scale clinical study, the Edmonton group showed no beneficial effect of TLM with
preoxygenated perfluorocarbon on islet isolation and transplantation outcome [267]. In addition,
Uppsala group by using results from 200 islet isolations also reported no effect of TLM on islet
isolation outcome from pancreas of elderly donors [268]. Therefore, more sophisticated methods

might be required to replace cold pancreas storage in order to improve islet yield and quality.

Other factors such as temperature and culture density could have impact on islet viability post
isolation. The favorable temperature for the isolated islets to have the best viability is still
debated. In one hand, many laboratories have been reported that the low-temperature (22-24 °C)
decreases the level of necrotic cells, islet metabolic rate, endothelial cell activity, graft rejection
and enzymatic activity of pancreatic tissue [269]. Culturing islets at 24 °C has also been reported
to prolong islet survival and improve the response to glucose concentration [270]. On the other
hand, there are other reports claiming increased apoptosis and degradation [271] together with
impaired insulin secretion in isolated islets cultured at low-temperature [272, 273]. Although, islet
culture at higher temperature (37 °C) has beneficial impact on insulin secretion and islet integrity,

lower temperature (22-24 °C) preserves islet survival and reduces necrosis and apoptosis within
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the cells. Subsequently, perhaps the best approach is to use the combination of the two
temperatures as our islet isolation lab has adopted islet culture at 37 °C for the first 24 hours post

isolation followed by 22 °C until transplantation day to gain the advantages of both temperature.

1.8.1. The effect of growth factors on pancreatic islets

Growth factors are known for their beneficial impact on islet health and function. Various types of
growth factors have been tested on isolated islets including i) the use of growth factors as
supplements to islet culture medium, ii) viral delivery of growth factors to the islets and iii) co-
culturing islets with mesenchymal stem cells (MSCs), which are the known source for growth
factors and cyto-protective elements including hepatocyte growth factor (HGF), vascular
endothelial growth factor (VEGF), transforming growth factor-B (TGF-B). Diabetic mice
transplanted with non-human primate islets that were transduced with mouse HGF showed
complete control over blood glucose accompanied with improved graft function up to 42 days
post transplantation [274]. Transducing rat epithelial cells with VEGF and their co-transplantation
with rat islets under kidney capsule of diabetic rats accelerated islet graft revascularization
accompanied with improved graft function post transplantation [275]. Human islets transfected
with vectors containing VEGF and IL-1B receptor antagonist reported a reduction in caspase
cascade activity, apoptosis, necrosis, NO production together with improved insulin release in
response to glucose in the presence of inflammatory cytokines [276]. Administration of insulin
growth factor (IGF) to pancreatic islets as a pre-transplant supplement increased islet survival and
reduced islet toxicity as a result of creating supportive micro-environment for transplanted islets
[277]. IGF was also shown to up-regulate the expression of VEGF, which could be particularly
advantageous for revascularization and engraftment of the transplanted islet graft post
transplantation [278]. This beneficial effect of IGF was reported to induce through activation of
phosphoinositol 3-kinase (PI3K) signaling pathway [279]. Co-culturing Streptozotocin (STZ)-
damaged rat islets with bone marrow-derived MSCs increased islet survival and viability through

elevated expression of TGF-f3 [280]. A newly published study revealed the beneficial effect of
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allogeneic islets and BM-MSCs co-transplantation into non-obese diabetic mice on improving

blood glucose control and increasing vascular density of islet graft [281, 282].

Neurotrophic factors

Pancreatic beta cells share several biological characteristics with neuronal cells evidenced by
identification of multipotent precursors from pancreatic islets and ductal population that co-
express both neuronal and pancreatic precursor markers as well as co-expression of neuronal and
pancreatic transcription factors within islets. After differentiation of precursors to beta cells, these
cells showed glucose responsiveness and insulin release [283]. In addition, upon injury in
Schwann cells, the glial cells of the peripheral nervous system (PNS), and rodent pancreatic islets
either by STZ or autoimmune destruction of the cells, the damaged neurons and beta cells were
shown to secrete nerve growth factor (NGF) and neurotrophin to eliminate cell injury [284]. Both,
rodent and human beta cells express NGF receptor. NGF secreted by beta cells is biologically
active since it could protect beta cells by inducing anti-apoptotic effect [285]. NGF withdrawal
using a neutralizing monoclonal anti-NGF antibody revealed PISK/AKT as a survival signaling
pathway involved in NGF protective effect [285]. Both pre-treatment of islets with NGF prior to
islets transplantation [286, 287] and intravenous administration of this growth factor to STZ-
induced diabetic mice, accelerated normoglycemia achievement and improved glucose tolerance
[288]. However, synergistic transplantation of NGF pre-treated mice islets in portal vein of STZ-
induced diabetic mouse model not only failed to improve glucose responsiveness and
angiogenesis, but also showed an increase in hypoxia and TUNEL positive cells within these
transplanted islets [289]. The glial cell line derived neurotrophic factor (GDNF) has recently been
found to have numerous similarities and potential overlaps with NGF regarding the effect on
development of nervous system [290]. GDNF together with neuroturin (NTN), artemin (ART)
and persephin (PSP) is part of the GDNF-family ligand (GFL). GDNF was reported to promote
neuronal survival and suggested as a potential therapeutic agent for neurodegenerative diseases

[291]. Addition of either, GDNF or neuroturin, to rat enteric neuron precursors supported the
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survival and proliferation of these cells [292]. All GFLs signal through GDNF family receptors
(GFRs). GFRs are linked to the plasma membrane through glycosyl phosphatidylinositol (GPI)
anchor. GDNF activates the downstream signal pathway through binding to GFRa-1 followed by
GDNF-GFRo-1 complex binding to the receptor tyrosine kinase (RET) [293]. Due to the
mentioned similarities between the pancreatic islets and neuronal cells, the survival effect of
GDNF has been investigated on beta cells. Presence of GDNF receptor; GFRa-1 was confirmed
on mice pancreatic beta cells and over-expression of GDNF in pancreatic glial cells improved
glucose tolerance and cell survival [294]. Isolated human islets treated with GDNF showed a
reduction in beta cell apoptosis and improvement in glucose induced insulin secretion up to 10
days post isolation in vitro. Transplanting these human islets under kidney capsule of diabetic
mice restored normoglycemia post transplantation [295]. The effect of trophic factors on
angiogenesis and engraftment of transplanted islets were reported after co-culture of islets with
MSCs prior to transplantation in diabetic mice [296]. In addition, adipose-derived stem cells
(ASCs) were shown recently to be able to secrete GDNF and the secreted GDNF works
independent of VEGF with the ability to stimulate the capillary network formation and improve
angiogenesis [297]. Therefore, GDNF not only enhances the survival and viability of pancreatic

islets but also improves the engraftment and vascularization of islet graft post transplantation.

1.8.2. The effect of anti-inflammatory molecules on pancreatic islets

Considerable efforts have been invested on understanding the mechanisms involve in pro-
inflammatory cytokines deteriorating pancreatic beta cell function and viability in diabetes.
However, much less attention has been focused on the role of anti-inflammatory cytokines as
cyto-protective agents that could improve islet function and health. Anti-inflammatory cytokines
are secreted by a number of different immune cell subtypes such as T-helper (Th) cells,
macrophages, mast cells, regulatory B-cells and T-cells [298]. Anti-inflammatory cytokines
normally induce antagonistic effects on their pro-inflammatory counterparts and are able to

diminish inflammatory responses and protect the cells from cytotoxic insults. There is some
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evidence showing the association of imbalance between pro- and anti-inflammatory cytokines
with pathogenesis of T1D, T2D and islet graft dysfunction post transplantation [44, 146, 299].
The imbalance between Thl and Th2 arms of cellular immune system producing pro-
inflammatory cytokines (IL-2 and IFN- y) and anti-inflammatory cytokines (IL-4 and IL-10)
respectively was shown in T1D patients. In this study, stimulated peripheral blood mononuclear
cells harvested from T1D patients produced less Th2 cytokines (IL-4, IL-10) followed by late
increase in secretion of Thl cytokines [213, 300]. Production of IL-13, another Th2 cell derived
anti-inflammatory cytokine, was reported to decrease significantly in newly diagnosed T1D
patients as well as in their first degree relatives with high risk for the disease [301]. Due to the
fact that the production of anti-inflammatory cytokines are alleviated in diabetes and this
reduction is accompanied with deteriorated islet function and survival, manipulation of these
cytokines could serve as therapeutic agents against islet dysfunction. Combined administration of
anti-inflammatory cytokines IL-4 and IL-10 using viral delivery system to non-obese diabetic
mice [302] or as culture supplements to human islets [303] and rat insulin producing cell line
[214] reduced infiltration and induced a direct anti-apoptotic effect on cultured islets. Evaluating
the impact of 1L-13 treatment in diabetes-prone non-obese mice was shown a significant reduction
in insulitis and production of pro-inflammatory cytokines by splenic lymphoid cells of IL-13-
treated mice [304]. IL-13 in rat insulinoma cell line was reported to signal through transcription
factor, STAT3 [305]. This cytokines counteracted IL-13 on suppression of glucose oxidation but
not insulin release in rat pancreatic islets [306]. However, IL-13 alone or in combination with IL-
4 failed to reduce IL-1p stimulated NO production as well as initiation of oxidative and ER stress
[306]. IL-10 is another anti-inflammatory cytokine that induces an inhibitory effect on production
of pro-inflammatory cytokines through inhibition of transcription factor, NF-xB. This inhibition
in activation of NF-xB leads to a reduction in TNF-a release and production of the pro-
inflammatory cytokines [307]. IL-10 is produced by different type of immune cells such as T
cells, dendritic cells and macrophages and it is involved in pathogen clearance and reduction of
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inflammatory responses [308]. The expression of IL-10 has been shown previously to down-
regulate in pancreatic islets of rodent model for brain dead. This could be partly as a result of an
increase in macrophages-associated pro-inflammatory mediators (IL-1p, IL-6, MCP-1, TNF-a)
and cytokine storm that occurs after brain dead [309]. Administration of IL-10 together with
Rapamycin, which is an immunosuppressive agent inhibiting T cells and B cell activity, into
diabetic mice after allogeneic islet transplantation was found to prevent allograft rejection and
induced long-term graft survival post transplantation through activation of regulatory T cells
(Treg) [310]. To further investigate the effect of 1L-10 secreted by human Treg on preventing islet
graft rejection, NOD-SCID mice were transplanted with porcine islets and received human Treg.
These mice revealed blunted graft rejection that could highlight the effect IL-10 on reducing
autoimmunity against transplanted graft [311]. Gene delivery is another methodology for
introducing anti-inflammatory cytokines such as IL-10 to pancreatic islets [312]. Viral delivery of
IL-10 to rat pancreatic islets did not interfere with total insulin content and insulin secretion in
transfected islets. Transplantation of these transfected islets into STZ-induced diabetic rat model
revealed improvement in graft function and survival [313]. This improvement was at least partly
as a result of observed down-regulation in the level of pro-inflammatory molecules and reduced
islet dysfunction and apoptosis [314]. Despite the protective effect of IL-10 on inflammation
induced by pro-inflammatory mediators, administration of IL-10 to rat islets pre-treated with IL-
1B, failed to reverse IL-1B-induced islet dysfunction and rather enhanced inhibitory effect of IL-
1B on insulin secretion [315]. IL-10 has also been shown a paradoxical effect on early initiation of
insulitis and T1D, which required more investigation. Transgenic expression of IL-10 in rodent
pancreatic islets [316] or viral delivery of IL-10 together with IGF-1 to mice at the onset of
diabetes [317] either accelerated autoimmune insulitis and diabetes onset [316] or induced no

significant reduction on insulitis and elevated blood glucose [317].
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Interleukin-22

IL-22 is an anti-inflammatory cytokine, which belongs to the IL-10 cytokine family. IL-22 is
mainly produced by activated T cells such as Th22, Th17 and subset of innate lymphoid cells
[318]. IL-22 requires the presence of two transmembrane receptor subunits, IL-22 receptor
subunit 1 (IL-22R1) and IL-10 receptor subunit 2 (IL-10R2). Binding studies revealed a strong
binding affinity of 1L-22 to IL-22R1, followed by the IL-22 / IL-22R1 complex binding to IL-
10R2. This suggests a two steps cytokine receptor binding to induce signal transduction within the
cell [319, 320]. Despite IL-10, which has receptors on both immune and non-immune cell types to
regulate growth and/or differentiation of both immune and endothelial cells [321], neither of
resting nor activated immune cells express IL-22 receptor. In contrast, skin cells, digestive and
respiratory systems and epithelial cells express IL-22 receptor [322]. This is absolutely an
advantage due to the fact that modulating IL-22 / IL-22R system might not result in some of the
immune-related side effects that could accompany with other cytokines [318]. IL-22 receptor is
highly expressed in hepatocytes and over-expression of IL-22 in transgenic mouse model for liver
injury showed an increase in hepatocyte survival and proliferation compared to their wild type
[323, 324]. The expression of IL-22 receptor was found to up-regulate in mouse model for
alcohol-induced liver injury and administration of exogenous IL-22 to hepatocytes not only down-
regulated pro-inflammatory cytokines and fatty acid protein transports, but also increased
expression of several antioxidants, anti-apoptotic and anti-microbial genes through activation of
transcription factor, STAT3 [325]. IL-22 receptor is also highly expressed in pancreatic islets
evidenced by immunofluorescent staining of pancreatic tissue for IL-22 receptor subunits.
However, neither acinar cells nor duct cells stained positive for IL-22 receptor subunits [326]. IL-
22 was reported to suppress oxidative and ER stress initiated by various pro-inflammatory
cytokines in mouse pancreatic beta cell line and isolated human islets. Administration of this
cytokine to rodent model for obesity modulated oxidative stress regulatory genes, suppressed ER

stress and inflammation and importantly restored glucose stimulated insulin secretion [327].
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Therefore, 1L-22 could have a strong therapeutic advantage on islets exposed to diabetic
environment and also it could induce beneficial effect on preventing islet dysfunction and loss

after isolation and on early phase post transplantation.

1.8.3. The effect of prostaglandins on pancreatic islets

PGs are lipid molecules metabolized from arachidonic acids through COX enzyme activity. COX
is an enzyme catalyzing the first step of PG formation by converting arachidonic acid to PGH,.
This procedure is followed by PGH; conversion to various PGs such as PGD,, PGF,, PGE,, PGl,
and thromboxane A, (TXA;) [328]. While all PG members are synthetized by islets, there is very
little known about the role of PGD,, PGF,, PGI, and TXA; in the context of pancreatic islets.
PGE; is the only PG that has been studied in greatest detail in pancreatic islets. As it is discussed
earlier, the inhibitory effect of PGE, on glucose induced insulin secretion was reported in
pancreatic beta cell lines and human islets [329-331]. PGE; also could affect beta cells function in
vivo as the increase in production of PGE, resulted in hyperglycemia and impaired glucose
metabolism in transgenic mouse model [332]. PGE; could alter several mechanisms responsible
for regulation of beta cell mass and apoptosis [249]. In rat islets, exogenous PGE, treatment
resulted in a reduction in DNA synthesis, suggesting PGE, negative regulatory effect on beta cell
mass [333]. In line with this study, an increase in production of PGE, using transgenic mice over-
expressing COX2  and PGE synthase was found to decrease beta cells ratio per islets [332]. One
possible mechanism for the inhibitory effect of PGE; on insulin secretion and reduction in beta
cell mass could be through activation of forkhead protein box O-1 (FOXO-1) either by activation
of JNK or inhibition of PISBK/AKT signaling pathway [334]. Inactivation of AKT leads to de-
phosphorylation and activation of FOXO-1 followed by its translocation to nucleus, where it
participates in nuclear exclusion of critical transcription factor, PDX-1. This transcription factor is

essential for proper insulin secretion and maintenance of beta cell mass [249, 335-337].

Several lines of evidence indicate that the inhibition of PGE; receptor, EP3 reverses the negative

effect of PGE; on insulin secretion and islet function. Inhibition of EP3 using EP3 antagonist
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reported to increase glucose stimulated insulin secretion in pancreatic islets of T2D mouse model
(BTBR®) and in human islets isolated from donors with T2D [250]. However, due to the fact
that the inhibition of EP3 did not affect insulin secretion in wild-type mice and non-diabetic
human islets, it was suggested that the positive effect of EP3 inhibition might only be observed

when the islet dysfunction is already present [250].

Hyperglycemia and pro-inflammatory cytokines including IL-1p play a crucial role on islet
dysfunction and apoptosis though inducible nitric oxide synthase (iNOS) stimulation and
activation of COX2 enzyme [249, 338, 339]. Over-stimulation of iNOS results in initiation of NO
and COX2 activity, which further leads to production of pro-inflammatory PGs [340, 341].
Therefore, targeting IL-1p production and COX enzyme molecular signaling pathways inducing
PGs are expected to enhance insulin secretion and improve pancreatic beta cell survival.
Preventing IL-1p to up-regulate PGE; receptor and induce COX2 activity in isolated rat islets was
found to improve glucose stimulated insulin secretion [342]. Culturing isolated mouse islets with
IL-1pB and a selective blocker for COX2 not only decreased the production of NO and PGE,, but
also reduced intracellular degradation of insulin [343, 344]. In addition, in vivo administration of
COX2 inhibitor to rodents was reported to reduce hyperglycemia and restore insulin secretion
[345]. Moreover, administration of IL-1 receptor antagonist (IL-1RA) and acetylsalicylic acid
(AsA) that inhibits COX-2 enzyme activity, to the NOD mice transplanted with marginal rat islet
mass alleviated graft dysfunction mainly through reduced intra-islet level of inflammation-related

molecules IL-1f, TNF-a, iNOS, COX2 and chemokines MCP-1 and MIP-3 [346].

GPRA44 receptor on human islets

PGD, was shown to express in pancreatic islets and hyperglycemia was reported to increase the
production of PGD; in cultured rat islets [347, 348]. PGD, could signal through two receptors,
prostaglandin D, receptor 1 (PD1) and PD2, which is also known as G-protein coupled receptor

44 (GPR44) [349]. GPR44 has been reported previously to express in CD4 positive T2 cells,
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basophils and eosinophils during allergic inflammation where it mediates pro-inflammatory
chemotaxin production [350, 351]. Therefore, antagonists for GPR44 receptor are under
development for treatment of allergic reactions and asthma since the receptor is believed to up-
regulate in these conditions [349]. GPR44 is shown to strongly express by pancreatic beta cells
[352], with no or very low expression in other cell types including abdominal organs and
lymphoid tissues [349]. Therefore, GPR44 is discovered recently as a beta cell specific biomarker
using proteomics screening analysis [349, 352] and identified as a promising candidate for
assessment of beta cell mass at the onset and during progression of T1D and T2D using positron
emission tomography (PET) scan [353]. Immunohistochemistry staining of pancreatic tissue
sections obtained from healthy individual and patients with T1D and T2D revealed that insulin-
positive islets express GPR44 receptor [349]. In contrast, insulin-negative islets in patients with
T1D both at new-onset and long-standing disease showed very low or negative GPR44 staining
[349]. The expression of GPR44 on beta cells was reported recently to be species dependent since
the expression of this receptor was presented on human, non-human primate and pig islets but not
on rodent islet cells [354]. Although, GPR44 has been investigated for the purpose of developing

islet-imaging biomarker, the role of PGD,~GPR44 axis in pancreatic islets is still unknown.
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2. Aims of the study

Inflammation and activation of stress signaling pathways contribute to beta cell loss during islet
isolation procedure, culture and post transplantation. In addition, poorly vascularized transplanted
islets in early phase post transplantation experience nutrient deprivation and activation of ER
stress that could further enhance islet cell death and dysfunction. Comprehensive investigation
regarding the activated destructive elements within islets and their signaling pathways will give us
an opportunity to develop strategies for interrupting islet loss in pre- and post-transplant phase.
The purpose of the presented work is to target islet damage due to stress and inflammatory
reactions during islet isolation and transplantation and investigate possible strategies that could

improve islet survival with implication for enhancing success of islet transplantation.
Specific Aims:

Article I: To test whether GDNF could recover isolated human islets from nutrient deprivation

and ER stress induced apoptosis and consequently enhance islet function.

Article 11: To investigate the adverse effect of hyperglycemia in combination with pro-
inflammatory cytokine, LIGHT/TNFSF14 on human islets using in vivo and in vitro approaches
and to test the potential protective effect of the anti-inflammatory cytokine, IL-22 on human

islets.

Article I11: To explore the effect and the potency of GPR44 inhibition on function and survival of
human islets exposed to diabetic micro-environment both in vitro and post transplantation using a
marginal mass islet transplant mouse model. In addition, we further studied the molecular

signaling pathways that could be involved in GPR44 receptor mechanism in human islets.
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3. Ethics

3.1. Human islets
Human islets were obtained from the JDRF award 31-2008-416 (ECIT Islet for Basic Research

program) by the islet isolation facility of the Nordic Network for clinical islet transplantation after
appropriate informed consent from relatives for multi-organ donation and for use in research. All
experiments and methods using human islets were approved by and performed in accordance with
the guidelines and regulations made by regional committee for medical and health research ethics

central in Norway (2011/426).

3.2. Animal welfare

All animal experiment protocols were approved by the Norwegian National Animal Research
Authority project license no FOTS ID 8588 (Article 1), 3017 and 4712 (Article 2), 7005 (Article
3). The animal experiments were performed in accordance to the European Directive 2010/63/EU
and The Guide for the Care and Use of Laboratory Animals, 8th edition (NRC 2011, National

Academic Press).

No more than 5 animals were housed in each cage and they were kept under the 12 hours light /
dark cycle in an approved animal facility. Access to the water was never restricted; but the access
to the food was restricted during the fasting time. In order to minimize the stress response in the
animals, a skilled animal technician handled the animals including the administration of the
treatments, performing the oral glucose tolerance test (OGTT), blood sampling and monitoring

the animal welfare according to the guidelines designed by Oslo University Hospital.
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4. Experimental methods

4.1. Human islet isolation and culture

Human islets were isolated according to semi-automated purification system [355] from 20/19
male/female brain-dead, heart-beating donors with mean age 52 years old (19-70 years old) and
mean BMI 24 kg/m? (22-32kg/m?) provided through the Nordic Network for Clinical Islets
Transplantation (NNCIT) by the islet isolation facility of Uppsala University Hospital, Sweden
and Oslo University Hospital, Norway after appropriate consent were given for multi-organ
donation and for use in research. NNCIT includes the center in University Hospital in
Gothenburg, Malmo, Stockholm and Uppsala in Sweden, University of Helsinki in Finland, Oslo
University Hospital in Norway and Rigshospitalet in Denmark. Islet purity was judged by digital
imaging analysis [356] or dithizone staining and islets with purity between 50-95% was used in
the experiments. Dithizone is a red dye binding to zinc ions in pancreatic beta cells and can be
easily used to distinguish islets from exocrine tissue and determine islet purity after isolation.
Pancreatic islets were isolated with the purpose to use in clinical islet transplantation; but were
released to use in research when their low quantity disqualified them for clinical islet
transplantation. Fresh free floating isolated islets were cultured in CMRL 1066 (Corning,
Manassas, VA, US) containing 10% human ABO-compatible serum and supplements, as it was
published previously [180]. Isolated islets were kept at 37 °C with 5 % CO; first day after
isolation. The entire culture medium was changed every 2-3 days and cells were maintained at 25
°C with 5 % CO, until they were manually handpicked to use in experiments. Handpicked islets
for in vitro experiments were cultured at 37 °C with 5 % CO; during the incubation time in both

control and intervention groups.

4.2. Static glucose stimulated insulin secretion assay

Pancreatic beta cells recognize extracellular glucose concentration and secrete insulin as required

at a given time. Impaired insulin secretion in response to glucose is a key element for beta cell
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dysfunction. Thus, performing glucose stimulated insulin secretion (GSIS) test in vitro gives one

an opportunity to investigate islet function and the ability to control glucose homeostasis.

In order to perform this test, ten equally sized islets were handpicked and transferred into 24-
transwells plate (Corning, NY, US) containing Krebs-Ringer Bicarbonate Buffer (11.5 mM
NaCl;, 0.5mM KCI, 24 mM NaHCO3, 2.2mM CaCl2, 1 mM MgCI2, 20 mM HEPES, and
2 mg/L albumin: all obtained from Sigma-Aldrich) supplemented with 1.67 mM glucose (low
glucose). After 45 min incubation of islets at 37 °C in low glucose contained Krebs Buffer,
transwells were switched to Krebs-Ringer Bicarbonate Buffer containing 20 mM glucose (high
glucose) and incubated for another 45 min at 37 °C. Krebs Buffer supplemented with low and
high glucose levels were harvested for insulin measurement secreted by islets in response to low
(basal insulin) and high (stimulated insulin) glucose levels. Stimulation index (SI) was calculated

as a ratio of stimulated over basal insulin levels.

4.3. Apoptosis detection assays

Apoptosis is a process of programmed cell death occurring in multicellular organism and it is
involved in maintenance of organs and tissue. However, apoptosis is probably the main form of
progressive beta cell death associated in T1D and T2D. Intensive investigations have been
performed over the years using various technical approaches and methods to detect and
understand the mechanism of apoptosis in pancreatic beta cells. Due to the fact that the specific
detection of apoptotic cells is challenging and most of the apoptosis detection assays could also
detect necrotic cells, usually different types of apoptosis detection assay is used in order to get
clear information about the cell viability. Herein, the different methods that we have used for

detection of apoptosis in beta cells are discussed:

Cell death detection ELISA assay: DNA in the nucleosome is tightly bound to the histones and
protected from cleavage by endonucleases. However, apoptosis is associated with cell membrane

disruption, condensation of cytoplasm and activation of endogenous endonucleases that lead to
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the cleavage of double stranded DNA into mono- and oligo-nucleosomes. Herein, we analyzed
apoptosis by detection of DNA-histone fragments in islet lysates using Cell Death Detection
ELISAP-YS kit (Roche Diagnostics, Mannheim, Germany) according to protocol offered and

described by the manufacturer.

TUNEL assay: TUNEL assay detects the fragmented DNA in apoptotic cells by catalytically
incorporating recombinant Terminal Deoxynucleotidyl Transferase (rTdT) to dUTPs presented at
the 3’-hydroxyl (OH) end of fragmented DNA [357]. DeadEndTMFluorometric TUNEL system
(Promega Biotech AB, Stockholm, Sweden) was performed on 60-80 handpicked and dispersed
equally sized human islets according to the manufacturer protocol. A brief description of cell

fixation and preparation has been explained in the method section of each article.

Although, TUNEL staining has been adopted to detect apoptosis, it is important to have in mind
that this method is not limited to the detection of apoptotic cells and could detect all free 3’-OH
DNA fragments regardless of the molecular mechanisms that have led to the development of these
fragmented DNAs [358, 359]. Therefore, TUNEL staining might detect non-apoptotic cells
including necrotic cells and cells undergoing DNA repair [357, 360]. In addition, proper
quantification of the number of dead cells within the islets could be challenging due to the fact
that there is few numbers of cells that stain positive for TUNEL and therefore, a large number of

cells is required in order to get clear data about the viability status of islets.

FDA/PI viability assessment: FDA/PI is a fluorescence-based live / dead cells assay, which can
be used to evaluate the viability of mammalian cells. Fluorescein diacetate (FDA) is a cell
permeant esterase substrate that serves as a viability probe measuring both cell membrane
integrity and enzymatic activity required for activation of FDA dye. Propidium iodide (PI) is a
membrane impermeant dye and generally excludes from viable cells. PI binds to the DNA by
interacting between bases and it is used for detection of dead cells [361]. FDA/PI staining was

performed on handpicked islets using fluorescein diacetate (FDA) 20 pg/ml (Sigma-Aldrich
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Norway AS, Oslo, Norway) and propidium iodide (PI) 100 pg/ml (Thermo Fisher Scientific,

Oslo, Norway) for detection of live vs. dead cells.

Like other apoptosis detection assay, FDA/PI staining also has some limitations regarding the
accuracy in scoring of viable versus damaged/dead cells. The use of high concentration of FDA or
presence of extracellular esterase could generate a high background. The green emission peak of
the FDA fluorescent product, fluorescein could also leak through red region of the spectrum and
generate a false-positive Pl staining. This could be resolved by using a very low final working
concentration of FDA required for detection of live cells [361]. In addition, in this viability assay,
it is assumed that the viable cells have esterase activity within their cytoplasm but dead or dying
cells show little or no esterase activity. However, dead cells could also exhibit residual esterase

activity which makes it complicated to evaluate dead cells [361].

Caspase 3/7 assay: The mechanism of apoptosis is fairly complex involving two distinct
signaling pathways: (i) the extrinsic pathway or activation of death receptor pathways and (ii) the
intrinsic pathway or the mitochondrial pathways [362]. However, there is now evidence showing
both pathways are linked and have the same or execution pathway that initiates by cleavage of
caspase 3 and results in DNA fragmentation [363]. In order to detect caspase 3 activity, the
caspase 3/7 luminescent assay (Promega Biotech AB, NACKA, Sweden) was performed on the
islets. The members of caspase family are cysteine proteases that sequestered in the cytoplasm in
their inactive form and activated when they are cleaved by other caspases [358]. Presence of
caspase 3 in the sample leads to cleavage of DEVD (Aspartate-Glutamate-Valine-Aspartate)
provided in the assay substrate. Cleave of DEVD results in release of luminescence signal that
could determine the amount of caspase 3 activity. To perform the assay, human islets were lysed
and mixed with caspase3/7-Glu reagent at the equal ratio followed by caspase 3/7 measurements
according to the protocol offered and described by the manufacturer. One of the main limitations

that one needs to have in mind when performing this assay is the ability of other caspases than
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caspase 3 to cleave the DEVD reagent [364]. Thus, it is important to use various types of assays

and methods to detect apoptosis in the cells.

Assessment of intrinsic apoptosis signaling pathway: The intrinsic apoptosis signaling pathway
consist of intracellular signals that result in activation of mitochondrial-initiated events [362].
Initiation of mitochondrial events leads to activation of the Bcl-2 family. Bcl-2 family consists of
pro- and anti-apoptotic proteins that could determine whether the cells are committed to apoptosis
or aborted the whole apoptosis process [365]. To date, a total of 25 genes have been identified in
the Bcl-2 family. Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bcl-w and BAG are some of anti-apoptotic
proteins in the Bcl-2 family and the pro-apoptotic proteins include Bcl-10, Bax, Bim, Bad, Bak,
Bik [362]. Herein, Bioplex Pro RBM apoptosis assay (Bioplex, CA, USA) was used to investigate
pro-apoptotic (Bad, Bim) and anti-apoptotic (Bcl-2, Mcl-1) proteins involved in an induction of
intrinsic apoptosis signaling pathway. Multiplex immunoassay system is built upon detection of
fluorescent dyed magnetic microspheres (beads), in which each bead has distinct color code to
permit discrimination of individual molecules. In order to detect the protein level of these factors
in the Bcl-2 family, cytosolic, nuclear and mitochondrial fractions of islets need to be provided.
The islet fraction lysate was prepared using the reagents provided in the kit followed by the
detection of pro- and anti-apoptotic proteins according to the protocol offered by the manufacturer

(Biorad, CA, USA).

4.4. Detection of inflammatory mediators and cell signaling proteins

A multiplex assay has the ability to measure various analytes in one single run of the assay. This
is an attractive rapid method to generate data for large number of analytes and require small
sample volume compared to the measurement of one analyte at a time. Therefore, commercial
multiplex  bead-based luminex = xXMAP  technology (BioRad, CA, USA or
electrochemiluminescence immunoassay on MESO Quick analyzer (Meso Scale Diagnostics,

MD, USA) was used for detection of the various pro-inflammatory cytokines and phospho-
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proteins expression in mice plasma samples, cell-free supernatants or cell lysates according to the

instruction provided by the manufacturer.

4.5. Immunofluorescent staining of human islets

Immunofluorescent staining is a widely used technique for detection of an antigen in cells or
tissue sections. This technique uses specific antibody conjugated to a fluorescent dye in order to
visualize the antigen with fluorescent microscope. In the performed studies included in this thesis,
either handpicked and dispersed human islets or sectioned transplanted human islet grafts were
subjected to labeling with antibodies conjugated to fluorescent dyes for detection of specific
proteins after fixation and permeabilization of cells / tissues using Paraformaldehyde (PFA) and
Triton-X100 respectively. Tissue sections require an additional unmasking step prior to fixation
and permeabilization using antigen retrieval solution (citrate- or EDTA-based buffers) followed
by boiling of the sections to facilitate antibody-antigen binding. Protein block serum free was
used in order to increase the specification of antibodies to antigens and eliminates unspecific
binding of antibody-antigen. List of antibodies as well as a brief description of cells/tissue
preparation for immunofluorescent staining is explained in materials and methods section of each

Article.

Limitations of this method include false negative results due to poor antibody penetration and
binding. Auto-fluorescent property of a tissue could also result in an increase in the image
background and consequently affect the detection of targeted antigen. False positive data induced
by introduced artifacts to samples due to fixation and permeabilizing reagents is also another
drawback for this method that could affect the accuracy and consistency of the protein expression

analysis.

4.6. Protein immunoblot analysis

Protein immunoblotting commonly known as western blot is a method for detection of specific

proteins in a cell and tissue. In this technique, proteins are separated based on their molecular
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weight and produced a band representing each protein through a gel electrophoresis. Proteins are
transferred to a membrane, where they are detected using primary antibodies followed by
detection of the primary antibodies with secondary antibodies conjugated with peroxidase
enzyme. In order to visualize labeled protein bands, membrane is incubated with
chemiluminescent reagent and the peroxidase enzyme attached to the secondary antibody cleaves
the chemiluminescent reagent. This cleavage produces luminescent light that could be detected by
CCD camera. In our studies, human islet cells or transplanted islet grafts were lysed using cell
lysis buffer supplemented with halt protease inhibitor followed by mechanical disruption of
cells/tissue using sonication. Total protein concentrations were determined and equal amounts of
total protein were separated on Biorad precast electrophoresis gels followed by protein band
transfer to PVDF membrane. Unspecific antibody binding was blocked using skim milk or BSA
according to the antibody data sheets. More detained protocol plus a list of primary and secondary

antibodies used in different studies are explained in materials and methods of each Article.

Although, western blotting is one of the most common procedures to detect presence of a target
protein, it is a non-quantitative method, which means it cannot tell researchers how much of the
particular protein is present in a sample. In addition, a western blot can only be performed if a
primary antibody is available against the protein of interest. This method is also highly dependent
on the quality of antibodies and weak antibodies may not be able to detect the presence of a
particular protein in a sample. Moreover, false-negative results could easily happen when large
proteins are not given sufficient time to transfer to the membrane. On the other hand, antibodies
could also generate false-positive results when they react with non-intended protein instead of
binding specifically to the targeted protein. Therefore, choosing proper antibodies could have a

huge impact of the quality and accuracy of western blot data.

Antibodies are available in two forms, polyclonal and monoclonal. Polyclonal antibody represents

a collection of antibodies with the ability to recognize multiple epitopes of one antigen. A
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polyclonal antibody is quick and inexpensive to produce. Since it can recognize multiple epitopes,
it has a high affinity and sensitivity towards an antigen and using these antibodies are
advantageous if particular antigens are present in a very low quantity. However, these antibodies
have a very high potential for cross-reactivity due to the recognition of multiple epitopes. Also,

there could be variations between batches produced in different animals at different times [366].

On the other hand, a monoclonal antibody only recognizes specifically one unique epitope of an
antigen. Therefore, it shows a very low probability of cross-reactivity and batch-to-batch
variability. However, these antibodies are more expensive to produce and small changes in the

epitope make these antibodies enable to detect that particular epitope [366].

Finally, western blot is a costly method, since it requires numbers of equipment for running and
detection of a particular protein. This method also requires precision in every step for proper
identification of a specific protein and a minor error in protein isolation step, preparation of
buffers and samples, running and transferring proteins on membrane, making antibody dilution,

incubation time and condition could destroy the entire process.

4.7. Reverse transcription quantitative PCR (RTg-PCR)

Frozen harvested islet grafts were grinded and total RNA was isolated using Trizol / Chloroform
(Qiagen, CA, USA) for phase separation followed by proceeding to the RNeasy Micro Kit
(Qiagen, Hilden, Germany), which is designed for isolation of total RNA from small number of
cells. Trizol is a monophasic solution of Phenol and Quanidinium Isothiocyanate, which
solubilizes biological material and denatures proteins. Adding Chloroform after solubilization
phase causes phase separation, where proteins are extracted in the organic phase, DNA resolves at
the interface and RNA stays in the aqueous phase [367]. The concentration of total RNA samples
was measured with NanoDrop ND-1000 UV/Vis spectrophotometer (Saveen Werner AB,
Sweden) following by cDNA synthesis using the High-Capacity cDNA Archive Kit (Applied

Biosystems, Forster City, CA, USA). Tagman primers and probes were used for analysis of the
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targeted mRNA expression. Tagman probes are designed to anneal with targeted DNA that is
amplified by the specific sets of primers. These probes consist of a fluorophore reporter and a
quencher. When free-floating probe is not annealed to the template, reporter and quencher are in
close proximity and quencher stops reporter to release fluorophore. After annealing to the
template DNA and when Tagman polymerase extends the primer and synthetizes the nascent
strand, the probe gets degraded from template DNA. Degradation of the reporter probe releases
the fluorophore from it and breaks the inhibitory effect of quencher on reporter. The fluorescent
signal is detected by quantitative PCR thermal cycler machine and it is directly proportional to the

amount of DNA template that is present in PCR reaction [368].

4.8. Islet transplantation in mouse model

Small animal models have contributed greatly to the islet transplantation research. One of the
widely used animal models for islet transplantation is chemical-induced diabetic model with the
use of Alloxan or Streptozotocin (STZ) [369]. Alloxan is a pyrimidine derivative that was
considered as a representative drug for diabetes by inducing necrosis to pancreatic beta cells in
1940s [370, 371]. STZ, which is a convenient drug to induce diabetes, was first used as a
chemotherapeutic agent for cancer, based of its ability to inhibit DNA synthesis [372, 373]. Both
Alloxan and STZ are glucose analogues. They could enter pancreatic beta cells through GLUT2
glucose transporter. GLUT2 is the dominant glucose transporter in rodents. Human islets use
mainly GLUT1 and in less extent, GLUT3 to uptake glucose. Alloxan and STZ induce cell death
in beta cells through different molecular mechanisms. Alloxan generates ROS and induce cell
death due to the beta cell low anti-oxidative defense to defeat against oxidative stress. However,
STZ is taken up by the beta cells and induces DNA fragmentation and cell death through its
alkylating properties [374]. In order to mimic insulin dependent diabetes, we injected mice
intravenously with one dose of 75 mg/kg of Alloxan. This concentration is within the required
dose range to induce diabetes in mice (Alloxan dose range for mice is from 50-200 mg/kg

depending on the mice strain and the route of administration). The definition of diabetes in our
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animal model prior to transplantation is blood glucose > 20 mmol/L for two consecutive days,
which is the commonly reported blood glucose level for diabetic animal models for isle islet

transplantation [375].

Equally sized human islets were handpicked prior to transplantation. Too big or too small islets as
well as necrotic islets with dark core were avoided. The transplantation was performed blinded as
the surgeon only did the operation and did not know the design of each experiment. In order to
avoid autoimmune rejection of human islet grafts, we used either Balb/c Rag 17 or NMRI nu/nu

immunodeficient mouse as a recipient to allow human islet engraftment.

Mouse kidney capsule was chosen as a transplant site for human islets in our studies. Although,
liver has been an approved site for clinical islet transplantation and it is favorable to investigate
the intraportal islet transplantation in experimental rodent models, this transplantation site has
several disadvantages that could have negative impacts on the consistency and quality of in vivo
studies. Intraportal islet infusion requires major operation that carries 20% mortality rate
compared to the kidney capsule with mortality rate around 6.7%. Islet infusion into the liver has a
longer operative time (27.4 min per mouse) compared to the kidney capsule model with mean
operative time of 6 min per mouse. Furthermore, the mean time for each animal to reach
normoglycemic status is longer in intraportal model compared to kidney capsule model.
Moreover, at the termination of study, transplanted grafts are easily accessible by nephrectomy for

both histological analysis and proof of transplanted graft function [375].

In both Article 1 and 3, diabetes was introduced by administration of 75 mg/kg of Alloxan
intravenously two days prior to transplantation of 500-800 human islets under kidney capsule of
Balb/c Rag 1" or NMRI nu/nu immunodeficient mice respectively. Transplanted human islets
were either pre-treated with GDNF prior to transplantation or exposed to GPR44 antagonist by
oral administration of the drug to mouse model started at the day of transplantation and continued

throughout the study.
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In Article 2, first normoglycemia was achieved by transplanting mouse islets under left kidney
capsule of Alloxan-induced diabetic NMRI nu/nu immunodeficient mice (1" graft). Second,
minimal mass of human islets (250 islets) was transplanted under the right kidney capsule of each
mouse (2™ graft) followed by two weeks recovery time for the human islet grafts to revascularize
before the nephrectomy of mouse islet grafts. More detailed explanation of the model is in Article

2.

After human islet transplantation, the recipient animals were followed up according to each study
plan (explained in more detail in each study). Non-fasting blood glucose and animal weight were
measured every second day in order to evaluate the glycemic status of animal post transplantation.
OGTT or IVGTT was performed after 4 hours fasting and blood samples were collected via the
saphenous or tail vein post glucose administration. IVGTT measures the direct effect of glucose
stimulation inducing insulin release in vivo. However, OGTT reflects the effect of incretin
hormones such as GLP-1 from the gut in augmentation of beta cell sensitivity to glucose and
increasing secretion of insulin by pancreatic beta cells [376]. The acceptable amount and the
frequency of blood sampling are dependent on the total blood volume in different species. In
mice, only 0.75 % of total blood volume can be drained in single blood sampling every 24 hours.
This amount will be 7.5 % and 10 % every 7 and 14 days respectively [377]. Therefore, blood
sampling represents a great challenge when it comes to analyzing different parameters using
different assays and molecular biology methods due to small amount of acceptable drained blood

volume in every sampling.

4.9. Statistics analysis

GraphPad Prism software version 6.0 was used for statistical analysis and design of the graphs. In
order to compare the difference between two study groups, either Mann Whitney U-test or
Wilcoxon rank-signed test was used based on experimental design (paired vs. unpaired). One-way
ANOVA with the Bonferroni post hoc test were performed to analyze differences among three

experimental groups and the level of significance was set at p<0.05. In Article 1 and 3, data is
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presented as mean = SD and in Article 2, data is presented as mean + SEM. Although mean + SD
Is the most common descriptive analysis method, in Article 2, mean + SEM was selected due to

the journal style.
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5. Summary of results

Article 1: Glial cell-line derived neurotrophic factor protects human islets from nutrient

deprivation and endoplasmic reticulum stress induced apoptosis.

Although beta cell replacement therapy as islet transplantation is becoming a promising treatment
for patients with brittle T1D, massive beta cell loss during islet isolation and post transplantation
at least partly due to nutrient deprivation and activated ER stress, deteriorate long-term outcome
of this therapy. In the present study, we mimicked nutrient deprivation and activated ER stress by
in vitro culturing of isolated human islets with 0.5 % human serum alone or in combination with
ER stress inducer, Tg and investigated the protective and anti-apoptotic effect of GDNF on

pancreatic islets exposed to this stress environment.

We found a reduction in islet cell apoptosis and improvement in islet function, evidenced by
enhanced insulin secretion in response to stimulated glucose concentration and increased insulin
content in nutrient deprived human islets treated with GDNF. Improvement in insulin synthesis
was at least partly through a reduction in the ratio of proinsulin over insulin in nutrient deprived
human islets treated with GDNF. Moreover, GDNF reversed the elevated protein level of ER
stress mediator, IRE-1a and molecular chaperone, BiP in cultured human islets treated with Tg in
vitro and in human islet grafts transplanted in diabetic mice. Down-regulation in ER stress
markers induced by GDNF was accompanied with elevated plasma level of human specific C-
peptide and increase in the ratio of human C-peptide over fasting blood glucose in transplanted

human islets pre-treated with Tg and GDNF prior to transplantation.

We also explored the molecular mechanisms involved in the beneficial effect of GDNF on human
islets exposed to stress environment. We observed a reduction in phosphorylation of PI3K, AKT
and GSK3p in isolated human islets treated with Tg in vitro. However, this effect was reversed by
GDNF in Tg-treated human islets. Therefore, activation of survival signaling pathway PI3K/AKT

and GSK3p could be at least partly involved in the protective effect of GDNF on human islets
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exposed to nutrient deprivation and activated ER stress milieu. In conclusion, GDNF has the
potential to protect human islets from ER stress responses and nutrient deprivation and
consequently recover human islet function and viability. This data could suggest GDNF to

function as a superior mediator to alleviate stress responses in isolated human islets.
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Article 2: Interleukin-22 reverses human islet dysfunction and apoptosis triggered by
hyperglycemia and LIGHT/TNSFS14.

Prolonged and repeated exposure to elevated level of glucose, defined as hyperglycemia,
contributes to the initiation of stress responses within the islets. This could further result in
activation of inflammatory reactions and induction of islet loss and dysfunction [7]. The
molecular mechanisms involve in beta cell dysfunction and loss due to islet exposure to prolonged
hyperglycemia is not fully understood. We have recently demonstrated the elevation of pro-
inflammatory cytokine, LIGHT, which was correlated with elevated HbA1c in patients with T2D
[378]. In the current study, a double islet transplantation model was used to investigate the effect
of hyperglycemia on expression of LIGTH receptors (lymphotoxin beta receptor (LTBR) and
herpes virus entry mediator (HVEM)) in engrafted human islets. We found that prolonged
hyperglycemia up-regulated the expression of LTBR and HVEM in transplanted human islets. The
adverse effects of prolonged hyperglycemia on transplanted human islets was evidenced by
elevated TUNEL-positive staining within human islet grafts exposed to hyperglycemia as well as
an increase in plasma level of mouse pro-inflammatory cytokines (IL-6, IP-10, MCP-1 and GRO-

a) in these animals compared to the normoglycemic group.

To investigate the effect of combined hyperglycemia and LIGHT on human islets and whether IL-
22 could protect the islets from this stress micro-environment, human islets were treated in vitro
with high level of glucose (HG, 20mM) or human recombinant (hr) LIGHT alone and in
combination with or without hrlL-22 for 48 hours. We confirmed an up-regulation in the protein
levels of LTBR and HVEM in human islets treated with combination of HG and LIGHT. This was
accompanied with an impaired insulin secretion in response to stimulated level of glucose and a
decrease in insulin content in human islets exposed to HG and LIGHT. In this study, the observed
human islet dysfunction could be at least partly due to an increase in secretion of pro-
inflammatory molecules (IL-6, IL-8, IP-10, MCP-1) and TF by islets, activation of ER stress
markers (IRE1l-o and BiP) and elevation of pro- vs. anti- apoptotic mitochondrial signaling
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pathway. Activation of all these stress signaling pathways could be involved in an observed

increase in caspase activity and cell death in human islets.

In the presented study, human islets have been shown to express IL-22 specific receptor subunit,
IL-22R1 and the expression of this receptor subunit increased in human islets exposed to
combination of HG and LIGHT. Supplementing IL-22 to human islets treated with HG and
LIGHT down-regulated the protein level of LTBR and HVEM receptors and enhanced insulin
secretion in response to glucose stimulation. This improvement in human islet function could be
at least partly as a result of IL-22 effect on reducing the level of pro-inflammatory cytokines as
well as down-regulation in the protein expression of ER stress markers IRE1-o and BiP in human
islets. Furthermore, 1L-22 alleviated apoptosis mainly through activation of mitochondrial anti-
apoptotic signaling pathway. Overall, the data suggest 1L-22 as a powerful anti-inflammatory
cytokine that could protect human islets from detrimental effect of hyperglycemia and LIGHT.
Therefore, these results could support the strong beneficial effect of IL-22 on islet function and

survival.
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Article 3: Inhibition of prostaglandin D2-GPR44 axis improves human islet function and

survival.

Prolonged hyperglycemia and elevated pro-inflammatory reactions induce an adverse effect on
pancreatic islet function and survival [379, 380]. Pro-inflammatory cytokine IL-1B has been
reported as one of the main inducers for prostaglandin formation [242, 381]. Pancreatic islets
secrete PGD; and the level of the PGD, formation was found to increase in response to high level

of glucose in rodent islets [382, 383].

We showed that PGD; is as potent as pro-inflammatory cytokines, IL-1p, TNF-a and INF-y in
inducing apoptosis in human islets. However, inhibition of GPR44 receptor using GPR44
antagonist reversed the apoptotic effect of PGD, on human islets. Anti-apoptotic effect of GPR44
antagonist was also observed in human islets exposed to the combination of high level of glucose
(20mM, HG) and IL-1B. Inhibition of GPR44 not only reduced apoptosis, but also improved
insulin secretion in response to glucose in cultured human islets exposed to combination of HG

and IL-1.

By using a diabetic mouse model in which, human islets were transplanted under kidney capsule
and treated with GPR44 antagonist, fasting blood glucose was found to be reduced. This was
accompanied with an improvement in glucose tolerance in mice treated with the GPR44
antagonist. The beneficial effect of GPR44 antagonist on transplanted human islet function was
evidenced by elevated human C-peptide and increase in ratio of human C-peptide to fasting blood
glucose. Interestingly, the beneficial effect of GPR44 antagonist on transplanted human islets was
observed on early phase post transplantation. This was evidenced with an elevation in the levels
of human C-peptide and the protein level of HGF, accompanied with a reduction in ratio of
proinsulin to insulin and a decrease in secreted human pro-inflammatory cytokines, TNF-o and
GRO-a in mice treated with GPR44 antagonist. Analysis of beta cell transcription factors

revealed an up-regulation in the expression of PDX-1 and MAFA in transplanted human islets

65



treated with GPR44 antagonist compare to the untreated islets. Moreover, immunofluorescent
labeling of transplanted human islets for insulin after termination of the study revealed that the

inhibition of GPR44 could preserve transplanted human islets.

Mimicking diabetic micro-environment by in vitro islet culture with combination of HG and IL-
1 showed a reduction in phosphorylation of AKT, GSK3p and FOXO-1, accompanied with a
decrease in protein level of PDX-1. However, administration of GPR44 antagonist increased

activation of AKT / GSK3p survival signaling pathway and elevated protein level of PDX-1.

To sum up, these data could support the beneficial effects of GPR44 inhibition on human islet
function and mass, and could suggest GPR44 antagonist as an intervention to improve islet

transplantation outcome.
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6. Discussion

Diabetes is a chronic metabolic disease characterized by elevated levels of blood glucose, which
as long-term problem causes serious damage to the heart, blood vessels, kidneys, eyes and nerves.
According to the World Health Organization (WHO), the number of individuals with diabetes has
risen from 180 million in 1980 to 422 million in 2014 with the global prevalence of 4.7 % in 1980

t0 8.5 % in 2014 [384].

T1D has been determined to be an autoimmune disease involving the selective destruction of
insulin producing pancreatic beta cells and results in progressive loss of insulin secretion and
impaired glucose metabolism. T2D results in the body ineffective use of insulin due to the long-

term exposure of pancreatic beta cell to elevated glucose, FFAs and low-grade inflammation.

Beta cell replacement therapy as islet transplantation has proven to be less invasive treatment
compared to the whole pancreas transplantation and more effective alternative offering substantial
benefits in (i) lowering daily exogenous insulin requirements, (ii) improving glucose control and
(iii) reducing incidence of unaware hypoglycemia. However, the success rate for islet
transplantation is constrained by limited long-term islet graft survival partly due to islet exposure
to cytotoxic insults during isolation procedure and on early phase post transplantation [385]. In
clinical islet transplantation, the pancreatic islets are directly infused into the portal vein, where
they are exposed to low oxygen tension and nutrient deprivation due to their poor re-
vascularization compared with the native islets in the pancreas. In addition, the transplanted islets
are instantly exposed to blood mediated inflammatory reactions that initiate activation of
complement system, coagulation pathways and induction of pro-inflammatory molecules [386].
Consequently, transplanted islet graft in early phase post transplantation gradually lose their
function and mass due to mainly apoptosis induced by activated stress responses and pro-

inflammatory reactions [118]. Despite all the improvement in islet isolation procedure and clinical
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islet transplantation, this treatment still requires comprehensive research in order to improve

isolated islet quality and reduce cell loss post transplantation.

6.1. Does the use of growth factors improve isolated islet quality and

transplantation outcome?

Isolating islets from the pancreatic tissue opens windows of opportunities for ex vivo manipulation
of islets prior to transplantation in order to prevent cell injury and improve transplantation
outcome. Many research groups have tried to identify different growth factors and intracellular
molecules, which would have the ability to increase islet function and survival prior and post
transplantation. Among different growth factors, HGF and IGF have been shown promising
results on increasing pancreatic islet survival and consequently reducing the number of islets
required for successful transplantation [367, 387, 388]. However, most of these studies are
restricted to rodent islets and more investigation on the effects of these factors on isolated human
islets is required. Human islet isolation and culture deteriorate pancreatic beta cell function at
least partly due to hypoxia, nutrient deprivation and activation of stress and inflammatory
responses as well as activation of apoptotic signaling pathways [117, 151, 185]. Mwangi, et. al
has reported recently the protective effect of GDNF on isolated human islets cultured for up to 10
days [295]. In Article 1, nutrient deprivation and activated ER stress response was mimicked by
culturing human islets under low serum condition and ER stress inducer compound, Tg. Adding
GDNF to this culture condition reduced apoptosis and improved isolated islet function. The
observed protective effect of GDNF was at least partly through activation of survival signaling
pathway, PI3K/AKT and GSK3p and reduction in the expression of ER stress sensor, IRE-10 and
molecular chaperone, BiP. We also showed a decrease in ratio of proinsulin over insulin by
GDNF. This ratio is considered as an evidence for overall improvement in insulin process and

secretion as well as reduction in accumulation of unfolded proteins in isolated human islets.

Different delivery options have been suggested for inducing the expression of growth factors in

pancreatic islet cells. Intraperitoneal administration of HGF to diabetic mice transplanted with
68



syngeneic marginal islet mass showed sustained glycemic control in transplanted animals [389].
However, considering a very short half-life of growth factors [390], which could increase the
chance of their fast clearance from the circulation, continuous administration of growth factors
might be required in order to reach therapeutics concentration. Nevertheless, continuous
administration of growth factors might be not a safe and efficient approach due to the induction of
tumorigenicity that could be associated with the effect of growth factors in various tissue types.
This was evidenced previously by studies showing tumorigenesis in different tissue types in

transgenic mouse model over-expressing growth factors [367, 388].

Pre-culturing islets with growth factors prior to transplantation allow the cells to recover from
isolation procedure. It could also minimize islet loss and increase their survival post
transplantation [295, 367, 388, 391]. As it is shown in Article 1, pre-culturing nutrient-deprived
and ER stress-induced human islets with GDNF improved islet mass and function even 30 days
post transplantation. This in vivo improvement observed in transplanted human islets is partly due

to the overall reduction in activated ER stress responses within the transplanted graft.

Another interesting approach to deliver growth factors to the cells is the use of biomaterials that
are designed to entrap or absorb growth factors to the biological scaffolds and cells [277, 392].
Rat islets seeded in a Polyglycolic Acid (PGA) scaffold and cultured in culture medium
containing EGF, NGF and IGF showed full functioning islets after they were transplanted under
kidney capsule of diabetic mouse model. This was evidenced by transplanted islet ability to
secrete insulin, glucagon and somatostatin and also their ability to return diabetes-induced mice to

the normoglycemic status [393].

Viral and non-viral transduction of isolated islets with growth factors represents another delivery
option to enhance islet survival. The major advantage of non-viral vectors is their safety for
clinical purposes. However, the low-efficiency transduction of non-viral vector is a significant

disadvantage for this method to be used in pancreatic islets [354]. On the other hand, viral vectors
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show high transduction efficiency, but the fact that they could stimulate the immune system
represents a major drawback for this method to be used in clinical islet transplantation [394].
Considering a high amount of islet loss in immediate post transplantation phase mainly due to
apoptosis and necrosis, another advantage of a gene therapy approach is that the islets would have
a continuous production of anti-apoptotic growth factors before and in immediate phase after
transplantation, which could improve their function and viability [277]. Regarding the safety of
viral vectors delivering growth factors to the islets, one would claim that since the isolated islets
are transduced ex vivo and any remaining viral vectors are washed off before transplantation, the
likelihood of viral vectors mediating systemic response would be limited [364]. However, our
knowledge regarding the potential life threatening use of genetically modified cells with viral
vectors as well as continuous presence of a growth factor in islets and their effects on other tissue

types are still limited and require further investigation.

The primary goal for islet transplantation is to achieve long-term normoglycemia in diabetic
patients. One of the barriers that must be overcome in order to accomplish long-term islet graft
survival is to improve isolated islet quality. Growth factors can be considered as promising
candidates due to their ability to enhance function and survival of isolated islets. However,
additional investigations are required regarding the efficiency and safety of using these molecules
in the clinical islet transplantation, as well as optimal delivery approach of these molecules into

islet micro-environment in order to achieve maximal beneficial effect of these factors in islets.

6.2. What are the effects of anti-inflammatory molecules on isolated human

islet survival and function?

Islet injury during isolation and on early phase post transplantation has negative consequences on
long-term transplantation outcome due to activation of pro-inflammatory mediators inducing
detrimental effects on the islets [117-119]. Isolated islets secrete various pro-inflammatory
molecules including IL-6, IL-8, IL-13, MCP-1 and TF. Transplantation of isolated islets

expressing pro-inflammatory molecules could further initiate various inflammatory responses
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including IBMIR reaction, activation of complement system and platelet aggregation and
activation. Therefore, successful clinical islet transplantation is directly related to the expression
of pro-inflammatory mediators [124, 129]. Hyperglycemia and glucose fluctuation have been
reported as an inducer for pro-inflammatory reactions and platelet activation [219, 220]. Thus, not
only presence of TF and pro-inflammatory cytokines but also impaired glucose tolerance, which
could be observed in recipients for islet transplantation, induces platelet activation and
inflammatory reactions. Activated platelets secrete pro-inflammatory molecules including LIGHT
[395]. The level of LIGHT was shown to increase in patients with T2D [378] and therefore
suggested a link between LIGHT and pathogenesis of T2D. In Article 2, prolonged hyperglycemia
was shown to up-regulate the protein level of LIGHT specific receptors. This was also
accompanied with reduced islet function and insulin secretion in response to blood glucose in
human islet grafts transplanted under the kidney capsule of diabetic mouse model. In addition, the
adverse effect of prolonged hyperglycemia on human islets was evidenced by an increase in level
of apoptosis in transplanted human islet grafts exposed to diabetic milieu. Pro-inflammatory
cytokines particularly, IL-1B, INF-y and TNF-a, were previously found to up-regulate LIGHT
receptors in human islets and the combination of these cytokines and LIGHT impaired human
islet response to high level of glucose [378]. Moreover, mimicking diabetic milieu by culturing
isolated human islets with high level of glucose and LIGHT, we show that not only pro-
inflammatory cytokines, but also presence of TF and activation of ER stress responses are

involved in the adverse effect of hyperglycemia and LIGHT inducing islet dysfunction and loss.

Interventional studies targeting different pro-inflammatory molecules and their activated
molecular signaling pathways have been explored and tested over the past years. One approach to
reverse the adverse effects of pro-inflammatory cytokines in pancreatic islets is administration of
specific blocker for particular pro-inflammatory molecules. The therapeutic option of NFxB
inhibitor, Bortezomib was shown to reduce cellular stress responses and apoptosis together with

decreased IP-10 release in isolated mouse islets in vitro [396]. IL-8 has been found to be highly
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expressed by isolated human islets both in culture and in transplanted islet grafts. One approach
on targeting elevated IL-8 is pharmacological inhibition of CXCL1/2 (IL-8 receptor) using
Raparixin. This has been shown previously to improve transplantation outcome in T1D patients
after an islet infusion [119]. The beneficial impact of Raparixin is on the basis of the promising
preclinical results showing improved islet engraftment and delayed graft rejection in mouse model
for intrahepatic islet transplantation [119]. Other pro-inflammatory mediators such as, TNF-a and
IL-1B, are also secreted by the islets in response to stress environment and pro-inflammatory
reactions. Therefore, pharmacological targeting of these pro-inflammatory molecules has also
been investigated in the context of islet transplantation. The application of TNF-a inhibitor,
Etanercept has become integrated into clinical practice for allogeneic islet transplantation.
Therefore, several clinical studies reported insulin independence after single donor marginal islet
mass transplantation when Etanercept was used in combination with T cells depletion agents [251,
397, 398]. Recently, the combination of Etanercept and IL-1p receptor antagonist (Anakinra) has
been proposed to improve islet engraftment in comparison with Etanercept alone in a marginal
mass model for islet transplantation [399]. Although, a combination of Anakinra and Etanercept
plus T-cell depleting agents has been proposed as a safe approach for clinical islet transplantation,
the performed study was limited to the small number of patients from a single institution. Thus,
larger cohorts of patients from various centers would require in order to evaluate the efficacy of

this treatment [399].

Despite the fact that considerable efforts have been invested on characterizing the pro-
inflammatory molecules inducing beta cell loss and developing blockers to reverse their adverse
effects on islets, much less attention has been paid to understand the role of anti-inflammatory
cytokines as the potential cyto-protective agents on islets. Anti-inflammatory cytokines IL-4, IL-
13 and IL-10 were reported to counteract elevation of pro-inflammatory molecules in diabetic
mouse models [304], rat insulinoma-derived cell line [214] and isolated human islets [303].

However, all these anti-inflammatory cytokines and their specific receptors are expressed on both
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endothelial and immune cells. Therefore, activation of their signaling pathways might induce
undesirable immune-related side effects, which are not beneficial for the isolated islet health [316,

321, 400].

IL-22 is a newly discovered member of IL-10 family. IL-22 has been proposed recently as a
suppressor of ER and oxidative stress responses in isolated human islets and mouse beta cell-line
exposed to various pro-inflammatory mediators [327]. In Article 2, we have shown that human
islets express IL-22 receptor, as it has also been previously reported [327]. In this study, the
protective effect of IL-2 2 was observed in isolated human islets exposed to the combination of
hyperglycemia and LIGHT. This was evidenced by not only down-regulation of LIGHT
receptors, but also improvement in insulin secretion in response to glucose stimulation. The
observed effect of 1L-22 was at least partly as a result of a reduction in secreted pro-inflammatory
cytokines and a decrease in activation of ER stress responses leading to the alleviation of islet
loss. One possible mechanism for initiation of apoptosis is an increase in the ratio of pro- over
anti-apoptotic elements in mitochondrial intrinsic pathway [401, 402]. In Article 2, the elevation
of anti- over pro-apoptotic mitochondrial elements was observed upon IL-22 administration to the
isolated human islets. This could explain the molecular mechanism involved in the anti-apoptotic
and survival effects of IL-22 in the islets. One advantage of IL-22 over other anti-inflammatory
cytokines is that IL-22 receptor is specifically expressed by endothelial cells including pancreatic
islets and neither resting nor activated immune cells do not express this receptor [322]. In
addition, 1L-22 gene expression was found to be up-regulated in patients with T1D [403]. This
could suggest IL-22 as a protective cytokine in islets exposed to activated pro-inflammatory and
stress reactions in T1D milieu, however this requires further investigation. Therefore, modulating
IL-22 / 1L-22 receptor system on human islets exposed to stress environment could induce a
strong beneficial effect on islets without undesirable activation of immune reactions [318]. IL-22
has presented a powerful anti-inflammatory and anti-apoptotic effect on islets. Considering the

observed attenuation in pro-inflammatory molecules and TF release by islets upon IL-22
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treatment, further investigations regarding the effect of IL-22 on activated IBMIR reaction during
islet engraftment could open windows of possibilities to improve islet health and prolong graft

survival post transplantation.

6.3. Could modulation of prostaglandin signaling pathway induce beneficial

effects in islet transplantation setting?

PGs are lipid molecules generated by the action of COX enzymes and have an important impact
on impaired islet function. IL-1p has been found to be a leading factor increasing COX enzyme
activity through activation of transcription factor, NFkB. Activated NF«kB translocates to nucleus,
where it transcribes for pro-inflammatory molecules, iNOS and COX enzymes [404]. Therefore,
attempts on ameliorating COX enzyme activity in order to reduce PG formation and improve islet
function have been investigated over the years. Nonsteroidal anti-inflammatory drugs (NSAIDs),
which are the most common drugs for inflammatory diseases, have been studied in the context of
anti-diabetic medication. Aspirin, with the ability to block COX enzymes, has long been
recommended for the diabetic patients with the high risk of cardiovascular disease [405]. Aspirin
treatment was found beneficial for both T1D and T2D patients since it could reduce platelet
activation and aggregation compared to the non-diabetic individuals [406]. Intraperitoneal
administration of Aspirin to T2D rat model reported an improvement in glucose tolerance
associated with increased insulin response in the islets. This effect is partly mediated by the anti-
inflammatory properties of aspirin on reducing low-grade inflammation in T2D [407]. Aspirin has
been reported to inhibit IL-1f from inducing NFkB activity, PGE; receptor (EP3) up-regulation
and an increase in the gene expression of COX2. It is consequently prevented IL-1B from
reducing glucose induced insulin secretion in rodent pancreatic islets [342]. Despite the observed
beneficial effect of COX inhibitors on rodent pancreatic islets, these blockers has been found to
have a number of side effects including reduced renal function, increased liver enzymes and
gastrointestinal erosions in diabetic patients [408] and required further investigation regarding its
beneficial effect on islet transplantation outcome.
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Most of the prostaglandin receptors including EP1-4 (PGE; receptor) and IP (PGI; receptor) are
not specifically expressed by pancreatic islets and has been found to express in liver, kidney,
epididymal fat and muscle tissue [342]. In contrast, PGD, receptor, G-coupled protein GPR44
was recently discovered as a highly expressed receptor on pancreatic beta cells [353] and
therefore identified as a human beta cell specific biomarker through proteomics screening analysis
[352]. However, its molecular mechanism on human islets is still unknown. In Article 3, the
inhibition of GPR44 using a GPR44 antagonist in human islets transplanted under kidney capsule
of diabetic mouse model has been shown to enhance control over blood glucose level and improve
transplanted islet function. Inhibition of GPR44 in transplanted human islets could also preserve
the islet mass exposed to diabetic micro-environment in vivo. The beneficial effect of GPR44
inhibition on transplanted human islets that observed from early phase post transplantation
included not only improvement in the level of C-peptide but also reduction in the ratio of
proinsulin to insulin. A raised ratio of proinsulin to insulin could be a sign of elevated unfolded
proteins as a result of stress environment and it is also considered as an early marker for islet
dysfunction [9, 409]. Therefore, the effect of GPR44 inhibitor on ameliorating proinsulin to
insulin ratio could suggest the beneficial effect of this blocker on transplanted human islet

function and insulin synthesis.

Regarding the molecular mechanisms involved in the beneficial effect of GPR44 inhibition in
human islets, a reduction in secreted human TNF-a and GRO-o was observed in human islets
treated with GPR44 antagonist. It is well-known that enhanced inflammatory process and
elevation of pro-inflammatory cytokines including IL-1B, TNF-a and INF-y after islet
transplantation are involved in cellular injury in the recently transplanted islets [234, 410].
Activation of these pro-inflammatory reactions could be at least partly due to the elevated level of
IL-1pB secreted not only by islets and but also by the activated macrophages [411] and neutrophils
[412]. Elevated level of IL-1B could lead to activation and translocation of transcription factor,

NF-kB to nucleus and result in production of various pro-inflammatory cytokines including TNF-
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a by islets [413]. In addition, secretion of pro-inflammatory cytokine, GRO-a was also found to
increase in isolated human islets [414]. In a study focusing on the effects of IBMIR on loss of
transplanted human islets using a whole blood model for human allo-islet transplantation, GRO-a
was reported to increase in human islets and this was associated with massive infiltration of
neutrophils and monocytes to the transplanted islet graft [386]. In Article 3, the protein level of
HGF was also found to be up-regulated in transplanted human islets treated with GPR44 inhibitor.
Elevation in protein level of HGF was accompanied with an increase in phosphorylation of
AKT/GSK3p, FOXO-1 and elevated proteins level of PDX-1 after administration of GPR44
antagonist to the human islets cultured in diabetic milieu. HGF has been suggested previously as a
protective factor for human islets. This is due to the activation of PISBK/AKT survival signaling
pathway that has been reported in islets upon HGF treatment [367, 368]. Elevated level of HGF
and activation of AKT survival pathway upon GPR44 inhibition in human islets could therefore
explain at least partly the molecular mechanism involved in the protective effect of GPR44
inhibition on human islets. Studies focusing on the role of PGD, on human islets are very limited.
However, PGE, has been shown to alleviate islet function and insulin secretion through
dephosphorylation of FOXO-1 leading to its translocation to nucleus, where it could participate in
nuclear exclusion of beta cell transcription factor, PDX-1 [334-336]. Both PDX-1 and MAFA
transcription factors are not only key factors for insulin secretion in beta cells but also regulate
genes that are required for beta cell function [366, 415, 416]. Therefore, increase in
phosphorylation of FOXO-1 and up-regulation of PDX-1 and MAFA as well as observed
improvement in islet function and insulin secretion after inhibition of PGD,-GPR44 axis in human
islets could support the beneficial effect of GPR44 inhibition and explain its mechanism of action

in human islets.

In islet isolation procedure for clinical islet transplantation, pancreas preservation and perfusion
after organ retrieval play a key role on the quality of isolated islets. Currently, the most widely

used solution for perfusion of the donor pancreas after organ retrieval is direct aortic flush of the
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donor pancreas with cold UW solution [417]. Attempts in supplementing the cold storage solution
with cyto-protective agents have been shown to improve the yield and the quality of isolated islet
and the outcome of islet transplantation [265]. These agents include administration of NA to the
islet culture medium to reduce production of pro-inflammatory molecules [256, 265] or inhibitor
for INK and p38 MAPK to reduce islet apoptosis in immediate phase after isolation [265]. In
Article 3, the beneficial effects of GPR44 inhibition were reported not only on islet function, but
also on preservation of the human islets transplanted into the diabetic mouse model. GPR44 has
been shown to highly express in the endocrine part of the pancreas with almost no expression in
the pancreatic exocrine tissue [353]. Therefore, supplementing the pancreas preservation solution
or islet culture medium with GPR44 inhibitor could have the potential to induce a strong
beneficial effect on isolated islet quality and yield after isolation and reduce stress micro-

environment that islets experience during and after isolation procedure.
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7. Future perspectives for beta cell replacement therapy

Despite impressive advances in the field of islet transplantation, scarcity of suitable donors for
clinical islet transplantation as well as islet loss and dysfunction post transplantation due to
activation of stress and inflammatory responses, hamper the widespread application of this
procedure. In addition, in order to further understand the islet biology, develop treatments for
diabetes and improve the current techniques for islet isolation procedure and transplantation, there
is a need for pancreatic islets to be used in research. Continuous development of new strategies
and improvement of the current procedures for ex vivo manipulation of isolated islets prior to
transplantation have proven to induce beneficial impact on the outcome of islet transplantation.
Improving islet health and function by applying growth factors and/or anti-inflammatory
molecules to the islet culture prior to transplantation could play an essential role on defeating islet
loss and dysfunction. Although, pro-inflammatory signature of islets after isolation has been well-
described and interventional studies targeting these pro-inflammatory molecules have been
reported promising outcome on reducing islet loss, targeting single pro-inflammatory axis seems
not to be sufficient to achieve superior islet engraftment and function [340]. One strategy could be
providing a cocktail of pro-inflammatory blockers and anti-inflammatory molecules that could
target immune responses more efficiently and reduce islet insults post isolation and

transplantation.

In order to target the shortage of pancreatic donors, alternative sources of islets including
differentiation of stem cells and progenitor cells into insulin producing beta cells and the use of
porcine islets for xenotransplantation have been investigated over the years [69]. Generating
functional insulin producing beta cells from iPSC as a source for beta cell replacement therapy
could address most of the limitations that the use of human or animal islets have. This not only
includes shortage of suitable donors for pancreas and islet transplantation, but also life-long use of
immunosuppressive medications as well as costly and intensive work for organ procurement and

islet isolation procedure [418-420]. Unlike islet cells, iPSC could be cryopreserved and directly
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differentiated to beta cells for clinical transplantation when it is needed [418, 419]. Current
strategies are focusing on generating beta cells with the highest possible purity, either by in vivo
approaches to induce terminal differentiation of iPSCs to beta cells [421, 422], or by making fully
differentiated beta cells from iPSCs in vitro prior to transplantation into the animal models [418,
420, 423]. In addition, generation of more complex islet like structures from iPSCs including
IPSC derived alpha cells are also under investigation [424, 425]. However, it remains to be seen if
a beta cell graft derived from iPSCs could replicate the functional capacity of transplanted human
islets or pancreas [426, 427]. iPSC derived beta cells by in vitro differentiation protocols using
small molecules and growth factors have shown to reverse hyperglycemia in diabetic mouse
model and prevent hyperglycemic status in diabetic prone mice. However, the insulin secretion
capacity of these differentiated beta cells in response to glucose did not replicate human islets and
is currently under investigation [420]. Therefore, more information regarding the functionality of
IPSC derived beta cells in larger animals and human is lacking. In addition, the risk of tumor
formation is another issue that needs to be addressed for clinical use of iPSCs derived beta cells.
To explore this issue, iPSCs were encased into micro-encapsulated device and placed
subcutaneously in mouse model, where they show mature beta cells functionality after
transplantation [421, 428, 429]. However, the device acts a diffusion barrier preventing proper
glucose sensing and insulin secretion. Thus, the satisfactory metabolic function of these
differentiated beta cells has yet remained to be demonstrated [420, 426]. Moreover, a common
barrier towards all mode of beta cell replacement therapy in T1D patients is autoimmune attack of
the transplanted cells [142, 430, 431]. Immunomodulation of beta cells derived from iPSCs with
the ability to release insulin in response to blood glucose but not get subjected to autoimmunity in
T1D patients could be one promising approach for the use of these cells in this group of patients

[432].

Another approach to overcome scarcity of donor islets is reprogramming the pancreatic exocrine

tissue (acinar and duct cells) to insulin producing beta cells. Exocrine cells are discarded after
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islet isolation in the current protocol. These cells have shown to have extreme plasticity with a
strong potential to be reprogrammed to insulin producing beta cells [433-435]. However, more
investigation is required for developing multistep protocols with the use of small molecules and

growth factors in order to make this approach feasible and applicable for therapeutic advantages.

Porcine islet transplantation has similarities to allogenic islet transplantation and could benefit
from years of experience in transplantation of allogenic islets into diabetic recipients. The first
attempt for porcine islet transplantation is back to 1994, where the transplanted islets were shown
to produce C-peptide and to survive in human under standard immunosuppression regimen [436].
One advantage of using porcine islets as beta cell replacement therapy is that pigs have a short
gestation and rapid growth rate. Thus, they would facilitate a supply of islets required for islet
transplantation [437]. Furthermore, with only a single amino acid difference, porcine insulin could
bind to human receptors and secrete insulin in response to blood glucose [438]. Porcine islet
transplantation is also facing various drawbacks that hinder the use of these cells for clinical islet
transplantation. IBMIR reaction is one of the main barriers for transplanted porcine islets. This is
due to the high level of endogenous circulating antibodies recognizing carbohydrate antigen that
are present on porcine islets but not on human. Thus, a more aggressive immunosuppression
regimen is required to prevent transplanted porcine islet rejection [127, 439-442]. Encapsulation
of porcine islets is one strategy to avoid immune rejection of transplanted islets and also reduce or
eliminate the use of intensive immunosuppression medications [443-446]. However, the
insufficiency in metabolic function of these encapsulated porcine islets is one of the drawbacks
that need to be addressed [447, 448]. Another strategy to avoid immune-rejection of porcine islets
is to generate multi-transgenic and knock out (KO) pigs with islets that lack all identified
carbohydrate antigens on islets [449, 450]. Nevertheless, creating such a multi-KO pig for all
possible xeno-antigens is an expensive procedure with the use of conventional methods [451-
453]. Although, xeno-islet transplantation is in a strong position to provide a large number of

islets for widespread use of these cells in beta cell replacement therapy, advancement in gene
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editing technologies and strategies to improve encapsulated islet quality are required in order to

translate xeno-islet transplantation into clinical use for diabetic patients.

Since the first attempts of pancreatic islet transplantation on diabetic patients, the technique has
moved forward and proven to be safe and effective treatment option with the ability to improve
patient quality of life, protecting them from hypo- and hyperglycemic episodes and more
importantly having a potential to make them independent of exogenous insulin administration.
The ultimate goal for clinical islet transplantation is to have long-term survival of transplanted
islet graft and make the patients suffering from diabetes independent of exogenous insulin
therapy. However, this technique still facing uncertainties and challenges that needs to be
addressed with the use of novel strategies in order to get maximum effectiveness from this

treatment.
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8. Conclusions

The main conclusions of the presented thesis are extracted as follows:

1.

Nutrient deprivation and activated ER stress are involved in islet loss and dysfunction. By
mimicking these conditions in vitro, GDNF showed improvement in human islet function
accompanied with reduced apoptosis. Pre-treatment with GDNF prior to islet
transplantation into diabetic mouse model enhanced islet graft function post
transplantation. The protective role of GDNF was at least partly through an increase in
phosphorylation of PI3K/AKT/GSK3B and alleviation of ER stress markers, IRE-1a and
BiP (Figure 6, Article 1).

Hyperglycemia alone and in combination with the pro-inflammatory cytokine, LIGHT
up-regulated the expression of LIGHT receptors in human islets. Combination of
hyperglycemia and LIGHT impaired insulin secretion in response to glucose, which was at
least partly as a result of an increase in pro-inflammatory mediators and TF, elevated ER
stress markers, and apoptosis in human islets. Treatment with the anti-inflammatory
cytokine IL-22 showed the capacity to counteract all these deleterious effects. We also
found that human islets express the IL-22 receptor subunit 1 and this receptor subunit was
up-regulated in response to the combination of hyperglycemia and LIGHT (Figure 6,
Article 2).

Inhibition of the GPR44 receptor on human islets exposed to diabetic milieu in vivo using
a mouse model, where minimal mass of human islets were transplanted under kidney
capsule and treated with GPR44 antagonist, revealed improvement in islet function and
preservation of transplanted islet mass. The protective effects of GPR44 inhibition on
human islets include enhanced insulin secretion and reduced production of pro-
inflammatory cytokines. Activation of survival pathway AKT/GSK3p together with up-

regulation of PDX-1 and MAFA through deactivation of FOXO-1 was involved in the
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molecular mechanisms inducing the protective effect of GPR44 inhibition on human islets

(Figure 6, Article 3).

Article 1 Article 2

(-)
\Apoptosi§)

Proinsulin
) Insulin
IREla
BiP

Article 3

‘HGF

Figure 6: Summary of the main conclusions. Human islets are exposed to micro-environmental stress
due to presence of hyperglycemia, ER stress, oxidative stress and pro-inflammatory cytokines. This stress
milieu could deteriorate pancreatic islet health and function, which further leads to reduced islet survival
and engraftment after islet transplantation. Herein, we show that targeting these stressors by treating
human islets with GDNF (Article 1), anti-inflammatory 1L-22 (Article 2) and inhibition of GPR44 using
GPR44 antagonist (Article 3) could enhance isolated islet function and survival both in vitro and in vivo. In
each study, we also investigated the molecular mechanisms that are involved in protecting islets from the
selected stress milieu. We showed that activation of the PI3BK/AKT signaling pathway and a decrease in

production of pro-inflammatory mediators could lead to improvement in islet viability and survival.

84



9. References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Gould, D., Human physiology. From cells to systems, 3rd edition. Journal of Advanced Nursing,
1998. 28: 680-682.

Weir, G.C. and S. Bonnerweir, Islets of Langerhans - the Puzzle of Intraislet Interactions and Their
Relevance to Diabetes. Journal of Clinical Investigation, 1990. 85: 983-987.

Weir, G.C., S. Bonnerweir, and J.L. Leahy, Islet Mass and Function in Diabetes and
Transplantation. Diabetes, 1990. 39: 401-405.

Islam, M.S., The islets of Langerhans. Preface. Adv Exp Med Biol, 2010. 654: vii-viii.

Ebling, F.J., Homage to Paul Langerhans. J Invest Dermatol, 1980. 75: 3-5.

lonescu-Tirgoviste, C., P.A. Gagniuc, E. Gubceac, L. Mardare, I. Popescu, S. Dima, et al., A 3D map
of the islet routes throughout the healthy human pancreas. Sci Rep, 2015. 5: 14634.

Bensellam, M., D.R. Laybutt, and J.C. Jonas, The molecular mechanisms of pancreatic beta-cell
glucotoxicity: recent findings and future research directions. Mol Cell Endocrinol, 2012. 364: 1-27.
Cabrera, 0., D.M. Berman, N.S. Kenyon, C. Ricordi, P.O. Berggrern, and A. Caicedo, The unique
cytoarchitecture of human pancreatic islets has implications for islet cell function. Proceedings of
the National Academy of Sciences of the United States of America, 2006. 103: 2334-2339.

Fu, Z., E.R. Gilbert, and D. Liu, Regulation of insulin synthesis and secretion and pancreatic Beta-
cell dysfunction in diabetes. Curr Diabetes Rev, 2013. 9: 25-53.

Johnson, K.H., T.D. O'Brien, D.W. Hayden, K. Jordan, H.K. Ghobrial, W.C. Mahoney, et al.,
Immunolocalization of islet amyloid polypeptide (IAPP) in pancreatic beta cells by means of
peroxidase-antiperoxidase (PAP) and protein A-gold techniques. Am J Pathol, 1988. 130: 1-8.
Stefan, Y., L. Orci, F. Malaisse-Lagae, A. Perrelet, Y. Patel, and R.H. Unger, Quantitation of
endocrine cell content in the pancreas of nondiabetic and diabetic humans. Diabetes, 1982. 31:
694-700.

Brissova, M., M.J. Fowler, W.E. Nicholson, A. Chu, B. Hirshberg, D.M. Harlan, et al., Assessment of
human pancreatic islet architecture and composition by laser scanning confocal microscopy.
Journal of Histochemistry & Cytochemistry, 2005. 53: 1087-1097.

Grube, D. and R. Bohn, The microanatomy of human islets of Langerhans, with special reference
to somatostatin (D-) cells. Arch Histol Jpn, 1983. 46: 327-53.

Lonovics, J., P. Devitt, L.C. Watson, P.L. Rayford, and J.C. Thompson, Pancreatic polypeptide. A
review. Arch Surg, 1981. 116: 1256-64.

Larsson, L.I., F. Sundler, R. Hakanson, H.G. Pollock, and J.R. Kimmel, Localization of APP, a
postulated new hormone, to a pancreatic endocrine cell type. Histochemistry, 1974. 42: 377-82.
Wierup, N., H. Svensson, H. Mulder, and F. Sundler, The ghrelin cell: a novel developmentally
regulated islet cell in the human pancreas. Regul Pept, 2002. 107: 63-9.

Dixon, G., J. Nolan, N. McClenaghan, P.R. Flatt, and P. Newsholme, A comparative study of amino
acid consumption by rat islet cells and the clonal beta-cell line BRIN-BD11 - the functional
significance of L-alanine. Journal of Endocrinology, 2003. 179: 447-454.

Nolan, C.J., J.L. Leahy, V. Delghingaro-Augusto, J. Moibi, K. Soni, M.L. Peyot, et al., Beta cell
compensation for insulin resistance in Zucker fatty rats: increased lipolysis and fatty acid
signalling. Diabetologia, 2006. 49: 2120-2130.

Prentki, M., E. Joly, W. El-Assaad, and R. Roduit, Malonyl-CoA signaling, lipid partitioning, and
glucolipotoxicity - Role in beta-cell adaptation and failure in the etiology of diabetes. Diabetes,
2002. 51: S405-5413.

MacDonald, P.E., W. El-kholy, M.J. Riedel, A.M.F. Salapatek, P.E. Light, and M.B. Wheeler, The
multiple actions of GLP-1 on the process of glucose-stimulated insulin secretion. Diabetes, 2002.
51:5434-5442.

MacDonald, P.E., A.M.F. Salapatek, and M.B. Wheeler, Glucagon-like peptide-1 receptor
activation antagonizes voltage-dependent repolarizing K+ currents in beta-cells - A possible
glucose-dependent insulinotropic mechanism. Diabetes, 2002. 51: S443-S447.

Suckale, J. and M. Solimena, Pancreas islets in metabolic signaling--focus on the beta-cell. Front
Biosci, 2008. 13: 7156-71.

85



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Maechler, P. and C.B. Wollheim, Mitochondrial glutamate acts as a messenger in glucose-induced
insulin exocytosis. Nature, 1999. 402: 685-689.

Kashyap, S., R. Belfort, A. Gastaldelli, T. Pratipanawatr, R. Berria, W. Pratipanawatr, et al., A
sustained increase in plasma free fatty acids impairs insulin secretion in nondiabetic subjects
genetically predisposed to develop type 2 diabetes. Diabetes, 2003. 52: 2461-2474.

Olofsson, C.S., S.0. Gopel, S. Barg, J. Galvanovskis, X.S. Ma, A. Salehi, et al., Fast insulin secretion
reflects exocytosis of docked granules in mouse pancreatic B-cells. Pflugers Archiv-European
Journal of Physiology, 2002. 444: 43-51.

Daniel, S., M. Noda, S.G. Straub, and G.W.G. Sharp, ldentification of the docked granule pool
responsible for the first phase of glucose-stimulated insulin secretion. Diabetes, 1999. 48: 1686-
1690.

Eliasson, L., X.S. Ma, E. Renstrom, S. Barg, P.O. Berggren, J. Galvanovskis, et al., SUR1 regulates
PKA-independent cAMP-induced granule priming in mouse pancreatic B-cells. Journal of General
Physiology, 2003. 121: 181-197.

Fujimoto, K., T. Shibasaki, N. Yokoi, Y. Kashima, M. Matsumoto, T. Sasaki, et al., Piccolo, a Ca2+
sensor in pancreatic beta-cells. Involvement of cAMP-GEFII.Rim2. Piccolo complex in cAMP-
dependent exocytosis. J Biol Chem, 2002. 277: 50497-502.

Pyne, N.J. and B.L. Furman, Cyclic nucleotide phosphodiesterases in pancreatic islets.
Diabetologia, 2003. 46: 1179-89.

Robertson, R.P., P. Tsai, S.A. Little, H.J. Zhang, and T.F. Walseth, Receptor-mediated adenylate
cyclase-coupled mechanism for PGE2 inhibition of insulin secretion in HIT cells. Diabetes, 1987.
36: 1047-53.

Giugliano, D., P. Di Pinto, R. Torella, N. Frascolla, F. Saccomanno, N. Passariello, et al., A role for
endogenous prostaglandin E in biphasic pattern of insulin release in humans. Am J Physiol, 1983.
245: E591-7.

Sacca, L., G. Perez, F. Rengo, |. Pascucci, and M. Condorelli, Reduction of circulating insulin levels
during the infusion of different prostaglandins in the rat. Acta Endocrinol (Copenh), 1975. 79:
266-74.

Metz, S.A., R.P. Robertson, and W.Y. Fujimoto, Inhibition of Prostaglandin-E Synthesis Augments
Glucose-Induced Insulin-Secretion in Cultured Pancreas. Diabetes, 1981. 30: 551-557.

Wold Health Organization, Diabetes mellitus. 2016.

International Diabetes Federation, DIABETES: FACTS AND FIGURES. 2016.

Cooke, D.W. and L. Plotnick, Type 1 diabetes mellitus in pediatrics. Pediatr Rev, 2008. 29: 374-84;
quiz 385.

Mathis, D., L. Vence, and C. Benoist, beta-Cell death during progression to diabetes. Nature,
2001. 414: 792-8.

Pociot, F., B. Akolkar, P. Concannon, H.A. Erlich, C. Julier, G. Morahan, et al., Genetics of type 1
diabetes: what's next? Diabetes, 2010. 59: 1561-71.

Santin, I. and D.L. Eizirik, Candidate genes for type 1 diabetes modulate pancreatic islet
inflammation and beta-cell apoptosis. Diabetes Obes Metab, 2013. 15 Suppl 3: 71-81.

Yeung, W.C., W.D. Rawlinson, and M.E. Craig, Enterovirus infection and type 1 diabetes mellitus:
systematic review and meta-analysis of observational molecular studies. BMJ, 2011. 342: d35.
Oikarinen, S., M. Martiskainen, S. Tauriainen, H. Huhtala, J. llonen, R. Veijola, et al., Enterovirus
RNA in Blood Is Linked to the Development of Type 1 Diabetes. Diabetes, 2011. 60: 276-279.
Kondrashova, A. and H. Hyoty, Role of Viruses and Other Microbes in the Pathogenesis of Type 1
Diabetes. International Reviews of Immunology, 2014. 33: 284-295.

Cnop, M., N. Welsh, J.C. Jonas, A. Jorns, S. Lenzen, and D.L. Eizirik, Mechanisms of pancreatic
beta-cell death in type 1 and type 2 diabetes: many differences, few similarities. Diabetes, 2005.
54 Suppl 2: S97-107.

Cieslak, M., A. Wojtczak, and M. Cieslak, Role of pro-inflammatory cytokines of pancreatic islets
and prospects of elaboration of new methods for the diabetes treatment. Acta Biochim Pol, 2015.
62:15-21.

86



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

Atkinson, M.A., J.A. Bluestone, G.S. Eisenbarth, M. Hebrok, K.C. Herold, D. Accili, et al., How does
type 1 diabetes develop?: the notion of homicide or beta-cell suicide revisited. Diabetes, 2011.
60: 1370-9.

Roep, B.0O. and M. Peakman, Diabetogenic T lymphocytes in human Type 1 diabetes. Curr Opin
Immunol, 2011. 23: 746-53.

Vives-Pi, M., S. Rodriguez-Fernandez, and I|. Pujol-Autonell, How apoptotic beta-cells direct
immune response to tolerance or to autoimmune diabetes: a review. Apoptosis, 2015. 20: 263-
272.

von Herrath, M., S. Sanda, and K. Herold, Type 1 diabetes as a relapsing-remitting disease?
Nature Reviews Immunology, 2007. 7: 988-994.

Akash, M.S.H., K. Rehman, and S.Q. Chen, Role of inflammatory mechanisms in pathogenesis of
type 2 diabetes mellitus. Journal of Cellular Biochemistry, 2013. 114: 525-531.

Goldfine, A.B., V. Fonseca, and S.E. Shoelson, Therapeutic Approaches to Target Inflammation in
Type 2 Diabetes. Clinical Chemistry, 2011. 57: 162-167.

Quan, W., E.K. Jo, and M.S. Lee, Role of pancreatic beta-cell death and inflammation in diabetes.
Diabetes Obesity & Metabolism, 2013. 15: 141-151.

Keane, K.N., V.F. Cruzat, R. Carlessi, P.I.H. de Bittencourt, and P. Newsholme, Molecular Events
Linking Oxidative Stress and Inflammation to Insulin Resistance and beta-Cell Dysfunction.
Oxidative Medicine and Cellular Longevity, 2015.

Liu, H.,, M.M. Cao, Y. Wang, L.C. Li, L.B. Zhu, G.Y. Xie, et al., Endoplasmic reticulum stress is
involved in the connection between inflammation and autophagy in type 2 diabetes. General and
Comparative Endocrinology, 2015. 210: 124-129.

Itariu, B.K. and T.M. Stulnig, Autoimmune Aspects of Type 2 Diabetes Mellitus - A Mini-Review.
Gerontology, 2014. 60: 189-196.

Butler, A.E., J. Janson, S. Bonner-Weir, R. Ritzel, R.A. Rizza, and P.C. Butler, beta-cell deficit and
increased beta-cell apoptosis in humans with type 2 diabetes. Diabetes, 2003. 52: 102-110.
Talchai, C., S.H. Xuan, H.V. Lin, L. Sussel, and D. Accili, Pancreatic beta Cell Dedifferentiation as a
Mechanism of Diabetic beta Cell Failure. Cell, 2012. 150: 1223-1234.

Sterrett, J.J., S. Bragg, and C.W. Weart, Type 2 Diabetes Medication Review. American Journal of
the Medical Sciences, 2016. 351: 342-355.

Lathief, S. and S.E. Inzucchi, Approach to diabetes management in patients with. CVD. Trends in
Cardiovascular Medicine, 2016. 26: 165-179.

Ludvigsson, J., Therapies to Preserve beta-Cell Function in Type 1 Diabetes. Drugs, 2016. 76: 169-
185.

Melmer, A. and M. Laimer, Treatment Goals in Diabetes. Endocr Dev, 2016. 31: 1-27.

Karamitsos, D.T., The story of insulin discovery. Diabetes Res Clin Pract, 2011. 93 Suppl 1: S2-8.
Steineck, I., J. Cederholm, B. Eliasson, A. Rawshani, K. Eeg-Olofsson, A.M. Svensson, et al., Insulin
pump therapy, multiple daily injections, and cardiovascular mortality in 18,168 people with type
1 diabetes: observational study. BMJ, 2015. 350: h3234.

Jeitler, K., K. Horvath, A. Berghold, T.W. Gratzer, K. Neeser, T.R. Pieber, et al., Continuous
subcutaneous insulin infusion versus multiple daily insulin injections in patients with diabetes
mellitus: systematic review and meta-analysis. Diabetologia, 2008. 51: 941-51.

Plotnick, L.P., L.M. Clark, F.L. Brancati, and T. Erlinger, Safety and effectiveness of insulin pump
therapy in children and adolescents with type 1 diabetes. Diabetes Care, 2003. 26: 1142-6.
Jahansouz, C., S.C. Kumer, M. Ellenbogen, and K.L. Brayman, Evolution of beta-Cell Replacement
Therapy in Diabetes Mellitus: Pancreas Transplantation. Diabetes Technology & Therapeutics,
2011. 13:395-418.

Ramesh, A., P. Chhabra, and K.L. Brayman, Pancreatic islet transplantation in type 1 diabetes
mellitus: an update on recent developments. Curr Diabetes Rev, 2013. 9: 294-311.

Gruessner, A.C., 2011 update on pancreas transplantation: comprehensive trend analysis of
25,000 cases followed up over the course of twenty-four years at the International Pancreas
Transplant Registry (IPTR). Rev Diabet Stud, 2011. 8: 6-16.

87



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Gruessner, A.C. and R.W. Gruessner, Long-term outcome after pancreas transplantation: a
registry analysis. Curr Opin Organ Transplant, 2016. 21: 377-85.

Schuetz, C., T. Anazawa, S.E. Cross, L. Labriola, R.P.H. Meier, R.R. Redfield, 3rd, et al., ss cell
replacement therapy: the next 10 years. Transplantation, 2017.

Gruessner, R.W. and A.C. Gruessner, Pancreas transplant alone: a procedure coming of age.
Diabetes Care, 2013. 36: 2440-7.

Boggi, U., F. Vistoli, F.M. Egidi, P. Marchetti, N. De Lio, V. Perrone, et al., Transplantation of the
Pancreas. Current Diabetes Reports, 2012. 12: 568-579.

Kathrin Ellera, D.K., and Alexander R. Rosenkranza, Preoperative risk evaluation: where is the
limit for recipients of a pancreatic graft? Curr Opin Organ Transplant, 2013.

White, S.A., J.A. Shaw, and D.E. Sutherland, Pancreas transplantation. Lancet, 2009. 373: 1808-17.
Ablorsu, E., A. Ghazanfar, S. Mehra, B. Campbell, H. Riad, R. Pararajasingam, et al., Outcome of
Pancreas Transplantation in Recipients Older Than 50 Years: A Single-Centre Experience.
Transplantation, 2008. 86: 1511-1514.

Redfield, R.R., M.R. Rickels, A. Naji, and J.S. Odorico, Pancreas Transplantation in the Modern Era.
Gastroenterol Clin North Am, 2016. 45: 145-66.

Barton, F.B., M.R. Rickels, R. Alejandro, B.J. Hering, S. Wease, B. Naziruddin, et al., Improvement
in Outcomes of Clinical Islet Transplantation: 1999-2010. Diabetes Care, 2012. 35: 1436-1445.
Jamiolkowski, R.M., L.Y. Guo, Y.R. Li, S.M. Shaffer, and A. Naji, Islet transplantation in type |
diabetes mellitus. Yale J Biol Med, 2012. 85: 37-43.

Shapiro, A.M.J., J.R.T. Lakey, E.A. Ryan, G.S. Korbutt, E. Toth, G.L. Warnock, et al., Islet
transplantation in seven patients with type 1 diabetes mellitus using a glucocorticoid-free
immunosuppressive regimen. New England Journal of Medicine, 2000. 343: 230-238.

Florina, P. and A. Secchi, Pancreatic islet cell transplant for treatment of diabetes. Endocrinology
and Metabolism Clinics of North America, 2007. 36: 999-+.

Ballinger, W.F. and P.E. Lacy, Transplantation of intact pancreatic islets in rats. Surgery, 1972. 72:
175-86.

Najarian, J.S., D.E. Sutherland, A.J. Matas, and F.C. Goetz, Human islet autotransplantation
following pancreatectomy. Transplant Proc, 1979. 11: 336-40.

Ricordi, C., P.E. Lacy, E.H. Finke, B.J. Olack, and D.W. Scharp, Automated method for isolation of
human pancreatic islets. Diabetes, 1988. 37: 413-20.

Farney, A.C., J.S. Najarian, R.E. Nakhleh, G. Lloveras, M.J. Field, P.F. Gores, et al.,
Autotransplantation of dispersed pancreatic islet tissue combined with total or near-total
pancreatectomy for treatment of chronic pancreatitis. Surgery, 1991. 110: 427-37; discussion
437-9.

Ramirez-Dominguez, M., Historical Background of Pancreatic Islet Isolation. Pancreatic Islet
Isolation: From the Mouse to the Clinic, 2016. 938: 1-9.

Tzakis, A.G., C. Ricordi, R. Alejandro, Y. Zeng, J.J. Fung, S. Todo, et al.,, Pancreatic islet
transplantation after upper abdominal exenteration and liver replacement. Lancet, 1990. 336:
402-5.

Ricordi, C., A.G. Tzakis, P.B. Carroll, Y.J. Zeng, H.L. Rilo, R. Alejandro, et al., Human islet isolation
and allotransplantation in 22 consecutive cases. Transplantation, 1992. 53: 407-14.

Hering, B.J., R.G. Bretzel, U.T. Hopt, H. Brandhorst, D. Brandhorst, C.C. Bollen, et al., New protocol
toward prevention of early human islet allograft failure. Transplant Proc, 1994. 26: 570-1.

Bretzel, R.G., D. Brandhorst, H. Brandhorst, M. Eckhard, W. Ernst, S. Friemann, et al., Improved
survival of intraportal pancreatic islet cell allografts in patients with type-1 diabetes mellitus by
refined peritransplant management. J Mol Med (Berl), 1999. 77: 140-3.

Merani, S. and A.M.J. Shapiro, Current status of pancreatic islet transplantation. Clinical Science,
2006. 110: 611-625.

Ryan, E.A., B.W. Paty, P.A. Senior, D. Bigam, E. Alfadhli, N.M. Kneteman, et al., Five-year follow-up
after clinical islet transplantation. Diabetes, 2005. 54: 2060-2069.

88



91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Bramis, K., A.N. Gordon-Weeks, P.J. Friend, E. Bastin, A. Burls, M.A. Silva, et al., Systematic review
of total pancreatectomy and islet autotransplantation for chronic pancreatitis. Br J Surg, 2012.
99: 761-6.

Kocik, M., K. Lipar, F. Saudek, P. Girman, P. Boucek, M. Kucera, et al., Pancreatic islet
autotransplantation after completion pancreatectomy for pancreatic fistula after
hemipancreatoduodenectomy for carcinoma. Transplant Proc, 2014. 46: 1996-8.

Moskalewski, S., Isolation and Culture of the Islets of Langerhans of the Guinea Pig. Gen Comp
Endocrinol, 1965. 5: 342-53.

Gotoh, M., T. Maki, T. Kiyoizumi, S. Satomi, and A.P. Monaco, An improved method for isolation
of mouse pancreatic islets. Transplantation, 1985. 40: 437-8.

Lacy, P.E. and M. Kostianovsky, Method for the isolation of intact islets of Langerhans from the
rat pancreas. Diabetes, 1967. 16: 35-9.

Lindall, A., M. Steffes, and R. Sorenson, Immunoassayable insulin content of subcellular fractions
of rat islets. Endocrinology, 1969. 85: 218-23.

Younoszai, R., R.L. Sorenson, and A.W. Lindall, Homotransplantation of Isolated Pancreatic Islets.
Diabetes, 1970. 19: 406-+.

Lake, S.P., P.D. Bassett, A. Larkins, K. Walczak, J. Chamberlain, G.M. Rumford, et al., Large-Scale
Purification of Human Islets Utilizing a Discontinuous Albumin Gradient on an lbm-2991 Cell
Separator. British Journal of Surgery, 1988. 75: 1229-1229.

Chhabra, P. and K.L. Brayman, Overcoming barriers in clinical islet transplantation: current
limitations and future prospects. Curr Probl Surg, 2014. 51: 49-86.

Preeti Chhabra, C.D.K., Daniel J. Moore and Kenneth L. Brayman,, Present Accomplishments and
Future Prospects of Cell-Based Therapies for Type 1 Diabetes Mellitus, in Type 1 Diabetes -
Pathogenesis, Genetics and Immunotherapy, D. Wagner, Editor. 2011, InTech.

Shapiro, A.M.J., State of the Art of Clinical Islet Transplantation and Novel Protocols of
Immunosuppression. Current Diabetes Reports, 2011. 11: 345-354.

Berney, T., S. Ferrari-Lacraz, L. Buhler, J. Oberholzer, N. Marangon, J. Philippe, et al., Long-Term
Insulin-Independence After Allogeneic Islet Transplantation for Type 1 Diabetes: Over the 10-Year
Mark. American Journal of Transplantation, 2009. 9: 419-423.

Hering, B.J., W.R. Clarke, N.D. Bridges, T.L. Eggerman, R. Alejandro, M.D. Bellin, et al., Phase 3
Trial of Transplantation of Human Islets in Type 1 Diabetes Complicated by Severe Hypoglycemia.
Diabetes Care, 2016. 39: 1230-40.

Gerber, P.A., R. Locher, R.A. Zuellig, O. Tschopp, E. Ajdler-Schaeffler, P. Kron, et al., Glycemia,
Hypoglycemia, and Costs of Simultaneous Islet-Kidney or Islet After Kidney Transplantation
Versus Intensive Insulin Therapy and Waiting List for Islet Transplantation. Transplantation, 2015.
99: 2174-80.

Lablanche, S., S. David-Tchouda, J. Margier, E. Schir, A. Wojtusciszyn, S. Borot, et al., Randomised,
prospective, medico-economic nationwide French study of islet transplantation in patients with
severely unstable type 1 diabetes: the STABILOT study protocol. BMJ Open, 2017. 7: e013434.
Schive, S.W., A. Foss, A. Sahraoui, K. Kloster-Jensen, G. Hafsahl, G. Kvalheim, et al., Cost and
clinical outcome of islet transplantation in Norway 2010-2015. Clin Transplant, 2017. 31.

Chhabra, P., D.E.R. Sutherland, and K.L. Brayman, Overcoming barriers in clinical islet
transplantation: Current limitations and future prospects. Current Problems in Surgery, 2014. 51:
49-86.

Saito, T., M. Gotoh, S. Satomi, S. Uemoto, T. Kenmochi, T. Itoh, et al., Islet Transplantation Using
Donors After Cardiac Death: Report of the Japan Islet Transplantation Registry. Transplantation,
2010. 90: 740-747.

Markmann, J.F., S.P. Deng, N.M. Desai, X.L. Huang, E. Velidedeoglu, A. Frank, et al., The use of
non-heart-beating donors for isolated pancreatic islet transplantation. Transplantation, 2003. 75:
1423-1429.

Matsumoto, S., T. Okitsu, Y. lwanaga, H. Noguchi, H. Nagata, Y. Yonekawa, et al., Follow-up study
of the first successful living donor islet transplantation. Transplantation, 2006. 82: 1629-33.

89



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Matsumoto, S., T. Okitsu, Y. Iwanaga, H. Noguchi, H. Nagata, Y. Yonekawa, et al., Insulin
independence after living-donor distal pancreatectomy and islet allotransplantation. Lancet,
2005. 365: 1642-4.

Weir, G.C. and S. Bonner-Weir, Five stages of evolving beta-cell dysfunction during progression to
diabetes. Diabetes, 2004. 53 Suppl 3: S16-21.

Slezak, L.A. and D.K. Andersen, Pancreatic resection: effects on glucose metabolism. World J Surg,
2001. 25: 452-60.

Huang, X., D.J. Moore, R.J. Ketchum, C.S. Nunemaker, B. Kovatchev, A.L. McCall, et al., Resolving
the conundrum of islet transplantation by linking metabolic dysregulation, inflammation, and
immune regulation. Endocr Rev, 2008. 29: 603-30.

Avlonitis, V.S., C.H. Wigfield, J.A. Kirby, and J.H. Dark, The hemodynamic mechanisms of lung
injury and systemic inflammatory response following brain death in the transplant donor.
American Journal of Transplantation, 2005. 5: 684-693.

Rech, T.H., D. Crispim, J. Rheinheimer, S.S. Barkan, A.B. Osvaldt, T.J.M. Grezzana, et al., Brain
Death-Induced Inflammatory Activity in Human Pancreatic Tissue: A Case-Control Study.
Transplantation, 2014. 97: 212-219.

Negi, S., A. Jetha, R. Aikin, C. Hasilo, R. Sladek, and S. Paraskevas, Analysis of Beta-Cell Gene
Expression Reveals Inflammatory Signaling and Evidence of Dedifferentiation following Human
Islet Isolation and Culture. Plos One, 2012. 7.

Cowley, M.J., A. Weinberg, N.W. Zammit, S.N. Walters, W.J. Hawthorne, T. Loudovaris, et al.,
Human islets express a marked proinflammatory molecular signature prior to transplantation.
Cell Transplant, 2012. 21: 2063-78.

Citro, A., E. Cantarelli, P. Maffi, R. Nano, R. Melzi, A. Mercalli, et al., CXCR1/2 inhibition enhances
pancreatic islet survival after transplantation. Journal of Clinical Investigation, 2012. 122: 3647-
3651.

Cowley, M.J., A. Weinberg, N.W. Zammit, S.N. Walters, W.J. Hawthorne, T. Loudovaris, et al.,
Human Islets Express a Marked Proinflammatory Molecular Signature Prior to Transplantation.
Cell Transplantation, 2012. 21: 2063-2078.

Nilsson, B., K.N. Ekdahl, and O. Korsgren, Control of instant blood-mediated inflammatory
reaction to improve islets of Langerhans engraftment. Current Opinion in Organ Transplantation,
2011. 16: 620-626.

Bennet, W., B. Sundberg, C.G. Groth, M.D. Brendel, D. Brandhorst, H. Brandhorst, et al.,
Incompatibility between human blood and isolated islets of Langerhans - A finding with
implications for clinical intraportal islet transplantation? Diabetes, 1999. 48: 1907-1914.

Moberg, L., O. Korsgren, and B. Nilsson, Neutrophilic granulocytes are the predominant cell type
infiltrating pancreatic islets in contact with ABO-compatible blood. Clinical and Experimental
Immunology, 2005. 142: 125-131.

Moberg, L., H. Johansson, A. Lukinius, C. Berne, A. Foss, R. Kallen, et al., Production of tissue
factor by pancreatic islet cells as a trigger of detrimental thrombotic reactions in clinical islet
transplantation. Lancet, 2002. 360: 2039-2045.

Piemonti, L., B.E. Leone, R. Nano, A. Saccani, P. Monti, P. Maffi, et al., Human pancreatic islets
produce and secrete MCP-1/CCL2: Relevance in human islet transplantation. Diabetes, 2002. 51.:
55-65.

Goto, M., C.G. Groth, B. Nilsson, and O. Korsgren, Intraportal pig islet xenotransplantation into
athymic mice as an in vivo model for the study of the instant blood-mediated inflammatory
reaction. Xenotransplantation, 2004. 11: 195-202.

Bennet, W., B. Sundberg, T. Lundgren, A. Tibell, C.G. Groth, A. Richards, et al., Damage to porcine
islets of langerhans after exposure to human blood in vitro, or after intraportal transplantation to
cynomologus monkeys - Protective effects of sCR1 and heparin. Transplantation, 2000. 69: 711-
719.

Kirchhof, N., S. Shibata, M. Wijkstrom, D.M. Kulick, C.T. Salerno, S.M. Clemmings, et al., Reversal
of diabetes in non-immunosuppressed rhesus macaques by intraportal porcine islet xenografts
precedes acute cellular rejection. Xenotransplantation, 2004. 11: 396-407.

90



129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Johansson, H., A. Lukinius, L. Moberg, T. Lundgren, C. Berne, A. Foss, et al., Tissue factor
produced by the endocrine cells of the islets of Langerhans is associated with a negative outcome
of clinical islet transplantation. Diabetes, 2005. 54: 1755-1762.

Evgenov, N.V., Z. Medarova, J. Pratt, P. Pantazopoulos, S. Leyting, S. Bonner-Weir, et al., In vivo
imaging of immune rejection in transplanted pancreatic islets. Diabetes, 2006. 55: 2419-28.
Morel, P., D.B. Kaufman, M.J. Field, J.K. Lloveras, A.J. Matas, and D.E. Sutherland, Detrimental
effect of prednisone on canine islet autograft function. Transplant Proc, 1992. 24: 1048-50.
Shapiro, A.M., E. Hao, J.R. Lakey, D. Finegood, R.V. Rajotte, and N.M. Kneteman, Diabetogenic
synergism in canine islet autografts from cyclosporine and steroids in combination. Transplant
Proc, 1998. 30: 527.

Chatenoud, L., Chemical immunosuppression in islet transplantation--friend or foe? N Engl J Med,
2008. 358: 1192-3.

Froud, T., D.A. Baidal, G. Ponte, J.V. Ferreira, C. Ricordi, and R. Alejandro, Resolution of
neurotoxicity and beta-cell toxicity in an islet transplant recipient following substitution of
tacrolimus with MMF. Cell Transplant, 2006. 15: 613-20.

Shapiro, A.M.J., Strategies toward single-donor islets of Langerhans transplantation. Current
Opinion in Organ Transplantation, 2011. 16: 627-631.

Bruni, A., B. Gala-Lopez, A.R. Pepper, N.S. Abualhassan, and A.J. Shapiro, Islet cell transplantation
for the treatment of type 1 diabetes: recent advances and future challenges. Diabetes Metab
Syndr Obes, 2014.7: 211-23.

Rossini, A.A., Autoimmune diabetes and the circle of tolerance. Diabetes, 2004. 53: 267-75.
Worcester Human Islet Transplantation, G., V. Sharma, D. Andersen, M. Thompson, B.A. Woda,
J.S. Stoff, et al., Autoimmunity after islet-cell allotransplantation. N Engl J Med, 2006. 355: 1397-
9.

Vendrame, F., A. Pileggi, E. Laughlin, G. Allende, A. Martin-Pagola, R.D. Molano, et al., Recurrence
of Type 1 Diabetes After Simultaneous Pancreas-Kidney Transplantation, Despite
Immunosuppression, Is Associated With Autoantibodies and Pathogenic Autoreactive CD4 T-Cells.
Diabetes, 2010. 59: 947-957.

Piemonti, L., M.. Everly, P. Maffi, M. Scavini, F. Poli, R. Nano, et al.,, Alloantibody and
Autoantibody Monitoring Predicts Islet Transplantation Outcome in Human Type 1 Diabetes.
Diabetes, 2013. 62: 1656-1664.

Monti, P., D. Vignali, and L. Piemonti, Monitoring Inflammation, Humoral and Cell-mediated
Immunity in Pancreas and Islet Transplants. Current Diabetes Reviews, 2015. 11: 135-143.
Huurman, V.A,, R. Hilbrands, G.G. Pinkse, P. Gillard, G. Duinkerken, P. van de Linde, et al., Cellular
islet autoimmunity associates with clinical outcome of islet cell transplantation. PLoS One, 2008.
3:e2435.

Shapiro, A.M.J.,, C. Ricordi, B.J. Hering, H. Auchincloss, R. Lindblad, P. Robertson, et al.,
International trial of the edmonton protocol for islet transplantation. New England Journal of
Medicine, 2006. 355: 1318-1330.

Sutherland, D.E.R., A.C. Gruessner, A.M. Carlson, J.J. Blondet, A.N. Balamurugan, K.F. Reigstad, et
al., Islet Autotransplant Outcomes After Total Pancreatectomy: A Contrast to Islet Allograft
Outcomes. Transplantation, 2008. 86: 1799-1802.

Webb, M.A,, S.C. lllouz, C.A. Pollard, R. Gregory, J.F. Mayberry, S.G. Tordoff, et al., Islet Auto
Transplantation Following Total Pancreatectomy A Long-Term Assessment of Graft Function.
Pancreas, 2008. 37: 282-287.

Potter, K.J., C.Y. Westwell-Roper, A.M. Klimek-Abercrombie, G.L. Warnock, and C.B. Verchere,
Death and dysfunction of transplanted beta-cells: lessons learned from type 2 diabetes?
Diabetes, 2014. 63: 12-9.

Abdelli, S., J. Ansite, R. Roduit, T. Borsello, I. Matsumoto, T. Sawada, et al., Intracellular stress
signaling pathways activated during human islet preparation and following acute cytokine
exposure. Diabetes, 2004. 53: 2815-23.

Paraskevas, S., D. Maysinger, R. Wang, T.P. Duguid, and L. Rosenberg, Cell loss in isolated human
islets occurs by apoptosis. Pancreas, 2000. 20: 270-6.

91



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.
169.

170.

Contreras, J.L., C.A. Smyth, G. Bilbao, C. Eckstein, C.J. Young, J.A. Thompson, et al., Coupling
endoplasmic reticulum stress to cell death program in isolated human pancreatic islets: effects of
gene transfer of Bcl-2. Transpl Int, 2003. 16: 537-42.

Emamaullee, J.A. and A.M. Shapiro, Factors influencing the loss of beta-cell mass in islet
transplantation. Cell Transplant, 2007. 16: 1-8.

Negi, S., S.H. Park, A. Jetha, R. Aikin, M. Trernblay, and S. Paraskevas, Evidence of Endoplasmic
Reticulum Stress Mediating Cell Death in Transplanted Human Islets. Cell Transplantation, 2012.
21: 889-900.

Giuliani, M., W. Moritz, E. Bodmer, D. Dindo, P. Kugelmeier, R. Lehmann, et al., Central necrosis in
isolated hypoxic human pancreatic islets: Evidence for postisolation ischemia. Cell
Transplantation, 2005. 14: 67-76.

Shapiro, A.M., C. Ricordi, B.J. Hering, H. Auchincloss, R. Lindblad, R.P. Robertson, et al.,
International trial of the Edmonton protocol for islet transplantation. N Engl J Med, 2006. 355:
1318-30.

Meier, J.J., . Hong-McAtee, R. Galasso, J.D. Veldhuis, A. Moran, B.J. Hering, et al., Intrahepatic
transplanted islets in humans secrete insulin in a coordinate pulsatile manner directly into the
liver. Diabetes, 2006. 55: 2324-2332.

Jonas, J.C., M. Bensellam, J. Duprez, H. Elouil, Y. Guiot, and S.M.A. Pascal, Glucose regulation of
islet stress responses and beta-cell failure in type 2 diabetes. Diabetes Obesity & Metabolism,
2009. 11: 65-81.

Ehses, J.A., A. Perren, E. Eppler, P. Ribaux, J.A. Pospisilik, R. Maor-Cahn, et al., Increased number
of islet-associated macrophages in type 2 diabetes. Diabetes, 2007. 56: 2356-2370.

Cardozo, AK., P. Proost, C. Gysemans, M.C. Chen, C. Mathieu, and D.L. Eizirik, IL-1beta and IFN-
gamma induce the expression of diverse chemokines and IL-15 in human and rat pancreatic islet
cells, and in islets from pre-diabetic NOD mice. Diabetologia, 2003. 46: 255-66.

Potter, K.J., C.Y. Westwell-Roper, A.M. Klimek-Abercrombie, G.L. Warnock, and C.B. Verchere,
Death and Dysfunction of Transplanted beta-Cells: Lessons Learned From Type 2 Diabetes?
Diabetes, 2014. 63: 12-19.

Kaufman, R.J., Stress signaling from the lumen of the endoplasmic reticulum: coordination of
gene transcriptional and translational controls. Genes Dev, 1999. 13: 1211-33.

Rutkowski, D.T. and R.J. Kaufman, A trip to the ER: coping with stress. Trends Cell Biol, 2004. 14:
20-8.

Schroder, M., The unfolded protein response. Mol Biotechnol, 2006. 34: 279-90.

Pirot, P., N. Naamane, F. Libert, N.E. Magnusson, T.F. Orntoft, A.K. Cardozo, et al., Global profiling
of genes modified by endoplasmic reticulum stress in pancreatic beta cells reveals the early
degradation of insulin mRNAs. Diabetologia, 2007. 50: 1006-14.

Lipson, K.L., R. Ghosh, and F. Urano, The role of IRElalpha in the degradation of insulin mRNA in
pancreatic beta-cells. PLoS One, 2008. 3: e1648.

Eizirik, D.L., A.K. Cardozo, and M. Cnop, The role for endoplasmic reticulum stress in diabetes
mellitus. Endocr Rev, 2008. 29: 42-61.

Laybutt, D.R., A.M. Preston, M.C. Akerfeldt, J.G. Kench, A.K. Busch, A.V. Biankin, et al.,,
Endoplasmic reticulum stress contributes to beta cell apoptosis in type 2 diabetes. Diabetologia,
2007.50: 752-63.

Pi, J., Q. Zhang, J. Fu, C.G. Woods, Y. Hou, B.E. Corkey, et al., ROS signaling, oxidative stress and
Nrf2 in pancreatic beta-cell function. Toxicol Appl Pharmacol, 2010. 244: 77-83.

Robertson, R.P., Chronic oxidative stress as a central mechanism for glucose toxicity in pancreatic
islet beta cells in diabetes. Journal of Biological Chemistry, 2004. 279: 42351-42354.

Turrens, J.F., Mitochondrial formation of reactive oxygen species. J Physiol, 2003. 552: 335-44.
Wang, M., M. Crager, and S. Pugazhenthi, Modulation of apoptosis pathways by oxidative stress
and autophagy in beta cells. Exp Diabetes Res, 2012. 2012: 647914.

Lenzen, S., J. Drinkgern, and M. Tiedge, Low antioxidant enzyme gene expression in pancreatic
islets compared with various other mouse tissues. Free Radical Biology and Medicine, 1996. 20:
463-466.

92



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Tiedge, M., S. Lortz, J. Drinkgern, and S. Lenzen, Relation between antioxidant enzyme gene
expression and antioxidative defense status of insulin-producing cells. Diabetes, 1997. 46: 1733-
1742.

Ceriello, A., New insights on oxidative stress and diabetic complications may lead to a "causal"
antioxidant therapy. Diabetes Care, 2003. 26: 1589-1596.

Evans, J.L., I.D. Goldfine, B.A. Maddux, and G.M. Grodsky, Oxidative stress and stress-activated
signaling pathways: A unifying hypothesis of type 2 diabetes. Endocrine Reviews, 2002. 23: 599-
622.

Son, S.M., Role of vascular reactive oxygen species in development of vascular abnormalities in
diabetes. Diabetes Research and Clinical Practice, 2007. 77: S65-570.

Modak, M.A., P.B. Parab, and S.S. Ghaskadbi, Pancreatic Islets Are Very Poor in Rectifying
Oxidative DNA Damage. Pancreas, 2009. 38: 23-29.

Nomikos, I.N., Y. Wang, and K.J. Lafferty, Involvement of 02 Radicals in Autoimmune Diabetes.
Immunology and Cell Biology, 1989. 67: 85-87.

Stevens, R.B., J.D. Ansite, C.D. Mills, A. Lokeh, T.J. Rossini, M. Saxena, et al., Nitric oxide mediates
early dysfunction of rat and mouse islets after transplantation. Transplantation, 1996. 61: 1740-
1749.

Mohseni Salehi Monfared, S.S., B. Larijani, and M. Abdollahi, Islet transplantation and antioxidant
management: a comprehensive review. World J Gastroenterol, 2009. 15: 1153-61.

Ichii, H., X. Wang, S. Messinger, A. Alvarez, C. Fraker, A. Khan, et al., Improved human islet
isolation using nicotinamide. American Journal of Transplantation, 2006. 6: 2060-2068.

Stahle, M.U., D. Brandhorst, O. Korsgren, and F. Knutson, Pathogen Inactivation of Human Serum
Facilitates its Clinical Use for Islet Cell Culture and Subsequent Transplantation. Cell
Transplantation, 2011. 20: 775-781.

Bonnerweir, S. and L. Orci, New Perspectives on the Microvasculature of the Islets of Langerhans
in the Rat. Diabetes, 1982. 31: 883-889.

Lifson, N., K.G. Kramlinger, R.R. Mayrand, and E.J. Lender, Blood-Flow to the Rabbit Pancreas with
Special Reference to the Islets of Langerhans. Gastroenterology, 1980. 79: 466-473.

Carlsson, P.0O., F. Palm, A. Andersson, and P. Liss, Markedly decreased oxygen tension in
transplanted rat pancreatic islets irrespective of the implantation site. Diabetes, 2001. 50: 489-
495,

Paraskevas, S., D. Maysinger, R.N. Wang, W.P. Duguid, and L. Rosenberg, Cell loss in isolated
human islets occurs by apoptosis. Pancreas, 2000. 20: 270-276.

Campbell, P.D., A. Weinberg, J. Chee, L. Mariana, R. Ayala, W.J. Hawthorne, et al., Expression of
Pro- and Antiapoptotic Molecules of the Bcl-2 Family in Human Islets Postisolation. Cell
Transplantation, 2012. 21: 49-60.

Paredes-Juarez, G.A., N.M. Sahasrabudhe, R.S. Tjoelker, B.J. de Haan, M.A. Engelse, E.J.P. de
Koning, et al., DAMP production by human islets under low oxygen and nutrients in the presence
or absence of an immunoisolating-capsule and necrostatin-1. Scientific Reports, 2015. 5.

Bottino, R., A.N. Balamurugan, H. Tse, C. Thirunavukkarasu, X.H. Ge, J. Profozich, et al., Response
of human islets to isolation stress and the effect of antioxidant treatment. Diabetes, 2004. 53:
2559-2568.

Lablanche, S., C. Cottet-Rousselle, L. Argaud, C. Laporte, F. Lamarche, M.J. Richard, et al.,,
Respective effects of oxygen and energy substrate deprivation on beta cell viability. Biochimica Et
Biophysica Acta-Bioenergetics, 2015. 1847: 629-639.

Fujimoto, K., P.T. Hanson, H. Tran, E.L. Ford, Z.Q. Han, J.D. Johnson, et al., Autophagy Regulates
Pancreatic Beta Cell Death in Response to Pdx1 Deficiency and Nutrient Deprivation. Journal of
Biological Chemistry, 2009. 284: 27664-27673.

Bensellam, M., E.L. Maxwell, J.Y. Chan, J. Luzuriaga, P.K. West, J.C. Jonas, et al., Hypoxia reduces
ER-to-Golgi protein trafficking and increases cell death by inhibiting the adaptive unfolded
protein response in mouse beta cells. Diabetologia, 2016. 59: 1492-1502.

Jansson, L. and P.O. Carlsson, Graft vascular function after transplantation of pancreatic islets.
Diabetologia, 2002. 45: 749-763.

93



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Emamaullee, J.A. and A.M.J. Shapiro, Factors influencing the loss of beta-cell mass in islet
transplantation. Cell Transplantation, 2007. 16: 1-8.

Suszynski, T.M., E.S. Avgoustiniatos, and K.K. Papas, Intraportal islet oxygenation. J Diabetes Sci
Technol, 2014. 8: 575-80.

Sezai, S., S. Sakurabayashi, Y. Yamamoto, T. Morita, M. Hirano, and H. Oka, Hepatic arterial and
portal venous oxygen content and extraction in liver cirrhosis. Liver, 1993. 13: 31-5.

Lukinius, A., L. Jansson, and O. Korsgren, Ultrastructural Evidence for Blood Microvessels Devoid
of an Endothelial-Cell Lining in Transplanted Pancreatic-Islets. American Journal of Pathology,
1995. 146: 429-435.

Pileggi, A., C. Ricordi, M. Alessiani, and L. Inverardi, Factors influencing Islet of Langerhans graft
function and monitoring. Clin Chim Acta, 2001. 310: 3-16.

Carlsson, P.O., F. Palm, and G. Mattsson, Low revascularization of experimentally transplanted
human pancreatic islets. J Clin Endocrinol Metab, 2002. 87: 5418-23.

Liljeback, H., L. Grapensparr, J. Olerud, and P.O. Carlsson, Extensive Loss of Islet Mass Beyond the
First Day After Intraportal Human Islet Transplantation in a Mouse Model. Cell Transplant, 2016.
25: 481-9.

Ling, Z. and D.G. Pipeleers, Prolonged exposure of human beta cells to elevated glucose levels
results in sustained cellular activation leading to a loss of glucose regulation. J Clin Invest, 1996.
98: 2805-12.

Skelly, R.H., G.T. Schuppin, H. Ishihara, Y. Oka, and C.J. Rhodes, Glucose-regulated translational
control of proinsulin biosynthesis with that of the proinsulin endopeptidases PC2 and PC3 in the
insulin-producing MING cell line. Diabetes, 1996. 45: 37-43.

Greenman, |.C.,, E. Gomez, C.E. Moore, and T.P. Herbert, Distinct glucose-dependent stress
responses revealed by translational profiling in pancreatic beta-cells. J Endocrinol, 2007. 192:
179-87.

Ravier, M.A,, D. Daro, L.P. Roma, J.C. Jonas, R. Cheng-Xue, F.C. Schuit, et al., Mechanisms of
control of the free Ca2+ concentration in the endoplasmic reticulum of mouse pancreatic beta-
cells: interplay with cell metabolism and [Ca2+]c and role of SERCA2b and SERCA3. Diabetes,
2011. 60: 2533-45.

Van Lommel, L., K. Janssens, R. Quintens, K. Tsukamoto, D. Vander Mierde, K. Lemaire, et al.,
Probe-independent and direct quantification of insulin mRNA and growth hormone mRNA in
enriched cell preparations. Diabetes, 2006. 55: 3214-20.

Wicksteed, B., C. Alarcon, |. Briaud, M.K. Lingohr, and C.J. Rhodes, Glucose-induced translational
control of proinsulin biosynthesis is proportional to preproinsulin mRNA levels in islet beta-cells
but not regulated via a positive feedback of secreted insulin. Journal of Biological Chemistry,
2003. 278: 42080-42090.

Evans-Molina, C., J.C. Garmey, R. Ketchum, K.L. Brayman, S.P. Deng, and R.G. Mirmira, Glucose
regulation of insulin gene transcription and pre-mRNA processing in human islets. Diabetes, 2007.
56: 827-835.

Andrali, S.S., M.L. Sampley, N.L. Vanderford, and S. Ozcan, Glucose regulation of insulin gene
expression in pancreatic beta-cells. Biochem J, 2008. 415: 1-10.

Unger, R.H. and S. Grundy, Hyperglycaemia as an inducer as well as a consequence of impaired
islet cell function and insulin resistance: implications for the management of diabetes.
Diabetologia, 1985. 28: 119-21.

Bensellam, M., L. Van Lommel, L. Overbergh, F.C. Schuit, and J.C. Jonas, Cluster analysis of rat
pancreatic islet gene mRNA levels after culture in low-, intermediate- and high-glucose
concentrations. Diabetologia, 2009. 52: 463-476.

Biarnes, M., M. Montolio, V. Nacher, M. Raurell, J. Soler, and E. Montanya, beta-cell death and
mass in syngeneically transplanted islets exposed to short- and long-term hyperglycemia.
Diabetes, 2002. 51: 66-72.

King, G.L., The role of inflammatory cytokines in diabetes and its complications. J Periodontol,
2008. 79: 1527-34.

94



211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

Donath, M.Y. and S.E. Shoelson, Type 2 diabetes as an inflammatory disease. Nature Reviews
Immunology, 2011. 11: 98-107.

Eizirik, D.L. and T. Mandrup-Poulsen, A choice of death - the signal-transduction of immune-
mediated beta-cell apoptosis. Diabetologia, 2001. 44: 2115-2133.

Rapoport, M.J.,, A. Mor, P. Vardi, Y. Ramot, R. Winker, A. Hindi, et al., Decreased secretion of Th2
cytokines precedes Up-regulated and delayed secretion of Th1l cytokines in activated peripheral
blood mononuclear cells from patients with insulin-dependent diabetes mellitus. J Autoimmun,
1998. 11: 635-42.

Souza, K.L.A., E. Gurgul-Convey, M. Elsner, and S. Lenzen, Interaction between pro-inflammatory
and anti-inflammatory cytokines in insulin-producing cells. Journal of Endocrinology, 2008. 197:
139-150.

Tschoepe, D., P. Roesen, L. Kaufmann, S. Schauseil, B. Kehrel, H. Ostermann, et al., Evidence for
Abnormal Platelet Glycoprotein Expression in Diabetes-Mellitus. European Journal of Clinical
Investigation, 1990. 20: 166-170.

Ferroni, P., S. Basili, A. Falco, and G. Davi, Platelet activation in type 2 diabetes mellitus. Journal of
Thrombosis and Haemostasis, 2004. 2: 1282-1291.

Coban, E., F. Bostan, and M. Ozdogan, The mean platelet volume in subjects with impaired fasting
glucose. Platelets, 2006. 17: 67-69.

Skibowska, A., A. Raszeja-Specht, and A. Szutowicz, Platelet function and acetyl-coenzyme A
metabolism in type 1 diabetes mellitus. Clinical Chemistry and Laboratory Medicine, 2003. 41:
1136-1143.

Santilli, F.,, G. Formoso, P. Sbraccia, M. Averna, R. Miccoli, P. Di Fulvio, et al., Postprandial
hyperglycemia is a determinant of platelet activation in early type 2 diabetes mellitus. Journal of
Thrombosis and Haemostasis, 2010. 8: 828-837.

Li, Y., V. Woo, and R. Bose, Platelet hyperactivity and abnormal Ca2+ homeostasis in diabetes
mellitus. American Journal of Physiology-Heart and Circulatory Physiology, 2001. 280: H1480-
H1489.

Kolb, H., V. Burkart, B. Appels, H. Hanenberg, G. Kantwerk-Funke, U. Kiesel, et al., Essential
contribution of macrophages to islet cell destruction in vivo and in vitro. J Autoimmun, 1990. 3
Suppl 1: 117-20.

Schwizer, R.W., E.H. Leiter, and R. Evans, Macrophage-mediated cytotoxicity against cultured
pancreatic islet cells. Transplantation, 1984. 37: 539-44.

Ogawa, Y., Y. Noma, A.M. Davalli, Y.J. Wu, B. Thorens, S. Bonner-Weir, et al., Loss of glucose-
induced insulin secretion and GLUT2 expression in transplanted beta-cells. Diabetes, 1995. 44:
75-9.

Laybutt, D.R., Y.C. Hawkins, J. Lock, J. Lebet, A. Sharma, S. Bonner-Weir, et al., Influence of
diabetes on the loss of beta cell differentiation after islet transplantation in rats. Diabetologia,
2007.50: 2117-25.

Jansson, L., D.L. Eizirik, D.G. Pipeleers, L.A.H. Borg, C. Hellerstrom, and A. Andersson, Impairment
of Glucose-Induced Insulin-Secretion in Human Pancreatic-Islets Transplanted to Diabetic Nude-
Mice. Journal of Clinical Investigation, 1995. 96: 721-726.

Flodstrom, M., N. Welsh, and D.L. Eizirik, Cytokines activate the nuclear factor kappa B (NF-kappa
B) and induce nitric oxide production in human pancreatic islets. FEBS Lett, 1996. 385: 4-6.
Westwell-Roper, C., D.L. Dai, G. Soukhatcheva, K.J. Potter, N. van Rooijen, J.A. Ehses, et al., IL-1
blockade attenuates islet amyloid polypeptide-induced proinflammatory cytokine release and
pancreatic islet graft dysfunction. J Immunol, 2011. 187: 2755-65.

Lai, Y., H. Brandhorst, H. Hossain, A. Bierhaus, C. Chen, R.G. Bretzel, et al., Activation of NFkappaB
dependent apoptotic pathway in pancreatic islet cells by hypoxia. Islets, 2009. 1: 19-25.
Mandrup-Poulsen, T., The role of interleukin-1 in the pathogenesis of IDDM. Diabetologia, 1996.
39: 1005-29.

Mandrup-Poulsen, T., K. Bendtzen, J. Nerup, J. Egeberg, and J.H. Nielsen, Mechanisms of
pancreatic islet cell destruction. Dose-dependent cytotoxic effect of soluble blood mononuclear
cell mediators on isolated islets of Langerhans. Allergy, 1986. 41: 250-9.

95



231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

Maedler, K., P. Sergeev, F. Ris, J. Oberholzer, H.l. Joller-Jemelka, G.A. Spinas, et al., Glucose-
induced beta cell production of IL-1beta contributes to glucotoxicity in human pancreatic islets. J
Clin Invest, 2002. 110: 851-60.

Westwell-Roper, C.Y., J.A. Ehses, and C.B. Verchere, Resident Macrophages Mediate Islet Amyloid
Polypeptidelnduced Islet IL-1b Production and b-Cell Dysfunction. Diabetes, 2014. 63: 1698-1711.
Eizirik, D.L., M.L. Colli, and F. Ortis, The role of inflammation in insulitis and beta-cell loss in type 1
diabetes. Nature Reviews Endocrinology, 2009. 5: 219-226.

Bottino, R., L.A. Fernandez, C. Ricordi, R. Lehmann, M.F. Tsan, R. Oliver, et al., Transplantation of
allogeneic islets of Langerhans in the rat liver: effects of macrophage depletion on graft survival
and microenvironment activation. Diabetes, 1998. 47: 316-23.

Burke, S.J., M.R. Goff, B.L. Updegraff, D. Lu, P.L. Brown, S.C. Minkin, Jr., et al., Regulation of the
CCL2 gene in pancreatic beta-cells by IL-1beta and glucocorticoids: role of MKP-1. PLoS One,
2012. 7: e46986.

Grewal, I.S., B.J. Rutledge, J.A. Fiorillo, L. Gu, R.P. Gladue, R.A. Flavell, et al., Transgenic monocyte
chemoattractant protein-1 (MCP-1) in pancreatic islets produces monocyte-rich insulitis without
diabetes - Abrogation by a second transgene expressing systemic MCP-1. Journal of Immunology,
1997. 159: 401-408.

Martin, A.P., S. Rankin, S. Pitchford, I.F. Charo, G.C. Furtado, and S.A. Lira, Increased Expression of
CCL2 in Insulin-Producing Cells of Transgenic Mice Promotes Mobilization of Myeloid Cells From
the Bone Marrow, Marked Insulitis, and Diabetes. Diabetes, 2008. 57: 3025-3033.

Hopfgarten, J., P.A. Stenwall, A. Wiberg, M. Anagandula, S. Ingvast, T. Rosenling, et al., Gene
expression analysis of human islets in a subject at onset of type 1 diabetes. Acta Diabetologica,
2014.51:199-204.

Butcher, M.J., D. Hallinger, E. Garcia, Y. Machida, S. Chakrabarti, J. Nadler, et al., Association of
proinflammatory cytokines and islet resident leucocytes with islet dysfunction in type 2 diabetes.
Diabetologia, 2014. 57: 491-501.

Melzi, R., A. Mercalli, V. Sordi, E. Cantarelli, R. Nano, P. Maffi, et al., Role of CCL2/MCP-1 in Islet
Transplantation. Cell Transplantation, 2010. 19: 1031-1046.

Solomon, M.F., W.A. Kuziel, and C.J. Simeonovic, The contribution of chemokines and chemokine
receptors to the rejection of fetal proislet allografts. Cell Transplantation, 2004. 13: 503-514.
Parazzoli, S., J.S. Harmon, S.N. Vallerie, T. Zhang, H.R. Zhou, and R.P. Robertson, Cyclooxygenase-
2, Not Microsomal Prostaglandin E Synthase-1, Is the Mechanism for Interleukin-1 beta-induced
Prostaglandin E-2 Production and Inhibition of Insulin Secretion in Pancreatic Islets. Journal of
Biological Chemistry, 2012. 287: 32246-32253.

Herschman, H.R., Prostaglandin synthase 2. Biochimica Et Biophysica Acta-Lipids and Lipid
Metabolism, 1996. 1299: 125-140.

Sorli, C.H., H.J. Zhang, M.B. Armstrong, R.V. Rajotte, J. Maclouf, and R.P. Robertson, Basal
expression of cyclooxygenase-2 and nuclear factor-interleukin 6 are dominant and coordinately
regulated by interleukin 1 in the pancreatic islet. Proceedings of the National Academy of
Sciences of the United States of America, 1998. 95: 1788-1793.

Espinoza-limenez, A., A.N. Peon, and L.I. Terrazas, Alternatively Activated Macrophages in Types
1 and 2 Diabetes. Mediators of Inflammation, 2012.

Litherland, S.A., X.T. Xie, A.D. Hutson, C. Wasserfall, D.S. Whittaker, J.X. She, et al., Aberrant
prostaglandin synthase 2 expression defines an antigen-presenting cell defect for insulin-
dependent diabetes mellitus. Journal of Clinical Investigation, 1999. 104: 515-523.

Xie, W.L., J.R. Merrill, W.S. Bradshaw, and D.L. Simmons, Structural Determination and Promoter
Analysis of the Chicken Mitogen-Inducible Prostaglandin G/H Synthase Gene and Genetic-
Mapping of the Murine Homolog. Archives of Biochemistry and Biophysics, 1993. 300: 247-252.
Robertson, R.P., Molecular regulation of prostaglandin synthesis - Implications for endocrine
systems. Trends in Endocrinology and Metabolism, 1995. 6: 293-297.

Carboneau, B.A., R.M. Breyer, and M. Gannon, Regulation of pancreatic beta-cell function and
mass dynamics by prostaglandin signaling. J Cell Commun Signal, 2017. 11: 105-116.

96



250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Kimple, M.E., M.P. Keller, M.R. Rabaglia, R.L. Pasker, J.C. Neuman, N.A. Truchan, et al,,
Prostaglandin E2 receptor, EP3, is induced in diabetic islets and negatively regulates glucose- and
hormone-stimulated insulin secretion. Diabetes, 2013. 62: 1904-12.

Hering, B.J., R. Kandaswamy, J.D. Ansite, P.M. Eckman, M. Nakano, T. Sawada, et al., Single-donor,
marginal-dose islet transplantation in patients with type 1 diabetes. JAMA, 2005. 293: 830-5.
Scharp, D.W., P.E. Lacy, J.V. Santiago, C.S. Mccullough, L.G. Weide, L. Falqui, et al., Insulin
Independence after Islet Transplantation into Type-I Diabetic Patient. Diabetes, 1990. 39: 515-
518.

Friberg, A.S., M. Stahle, H. Brandhorst, O. Korsgren, and D. Brandhorst, Human Islet Separation
Utilizing a Closed Automated Purification System. Cell Transplantation, 2008. 17: 1305-1313.
Noguchi, H., B. Naziruddin, A. Jackson, M. Shimoda, T. Ikemoto, Y. Fujita, et al., Fresh Islets Are
More Effective for Islet Transplantation Than Cultured Islets. Cell Transplantation, 2012. 21: 517-
523.

Noguchi, H., B. Naziruddin, M. Shimoda, Y. Fujita, D. Chujo, M. Takita, et al., Comparison of Fresh
and Cultured Islets From Human and Porcine Pancreata. Transplantation Proceedings, 2010. 42:
2084-2086.

Moberg, L., A. Olsson, C. Berne, M. Felldin, A. Foss, R. Kallen, et al., Nicotinamide inhibits tissue
factor expression in isolated human pancreatic islets: implications for clinical islet
transplantation. Transplantation, 2003. 76: 1285-8.

Paraskevas, S., R. Aikin, D. Maysinger, J.R.T. Lakey, T.J. Cavanagh, B. Hering, et al., Activation and
expression of ERK, JNK, and p38 MAP-kinases in isolated islets of Langerhans: implications for
cultured islet survival. Febs Letters, 1999. 455: 203-208.

Paraskevas, S., R. Aikin, D. Maysinger, J.R.T. Lakey, T.J. Cavanagh, D. Agapitos, et al., Modulation
of JNK and p38 stress activated protein kinases in isolated islets of Langerhans - Insulin as an
autocrine survival signal. Annals of Surgery, 2001. 233: 124-133.

Barbaro, B., J. Kuechle, P. Salehi, L. Rodriguez, M. Qi, A. Gangemi, et al., Increased albumin
concentration reduces apoptosis and improves functionality of human islets. Artif Cells Blood
Substit Immobil Biotechnol, 2008. 36: 74-81.

Kerr-Conte, J., B. Vandewalle, E. Moerman, B. Lukowiak, V. Gmyr, L. Arnalsteen, et al., Upgrading
pretransplant human islet culture technology requires human serum combined with media
renewal. Transplantation, 2010. 89: 1154-60.

Murdoch, T.B., D. McGhee-Wilson, A.M. Shapiro, and J.R. Lakey, Methods of human islet culture
for transplantation. Cell Transplant, 2004. 13: 605-17.

Zucker, P.F., A.D. Bloom, S. Strasser, and R. Alejandro, Successful cold storage preservation of
canine pancreas with UW-1 solution prior to islet isolation. Transplantation, 1989. 48: 168-70.
Lakey, J.R.T., T. Tsujmura, A.M.J. Shapiro, and Y. Kuroda, Preservation of the human pancreas
before islet isolation using a two-layer (UW solution-perfluorochemical) cold storage method.
Transplantation, 2002. 74: 1809-1811.

Tsujimura, T., Y. Kuroda, T. Kin, J.G. Avila, R.V. Rajotte, G.S. Korbutt, et al., Human islet
transplantation from pancreases with prolonged cold ischemia using additional preservation by
the two-layer (UW solution/perfluorochemical) cold-storage method. Transplantation, 2002. 74:
1687-1691.

Iwanaga, Y., D.E. Sutherland, J.V. Harmon, and K.K. Papas, Pancreas preservation for pancreas
and islet transplantation. Curr Opin Organ Transplant, 2008. 13: 445-51.

Goto, T., Y. Tanioka, T. Sakai, S. Terai, Y. Kamoda, S. Li, et al., Application of the two-layer method
on pancreas digestion results in improved islet yield and maintained viability of isolated islets.
Transplantation, 2007. 83: 754-8.

Kin, T., M. Mirbolooki, P. Salehi, M. Tsukada, D. O'Gorman, S. Imes, et al., Islet isolation and
transplantation outcomes of pancreas preserved with University of Wisconsin solution versus
two-layer method using preoxygenated perfluorocarbon. Transplantation, 2006. 82: 1286-1290.
Caballero-Corbalan, J., T. Eich, T. Lundgren, A. Foss, M. Felldin, R. Kallen, et al., No beneficial
effect of two-layer storage compared with UW-storage on human islet isolation and
transplantation. Transplantation, 2007. 84: 864-869.

97



269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

Ono, J., P.E. Lacy, H.E.B. Michael, and M.H. Greider, Studies of the Functional and Morphologic
Status of Islets Maintained at 24-C for 4 Weeks Invitro. American Journal of Pathology, 1979. 97:
489-&.

Ono, J., P.E. Lacy, H.E. Michael, and M.H. Greider, Studies of the functional and morphologic
status of islets maintained at 24 C for four weeks in vitro. Am J Pathol, 1979. 97: 489-503.

llieva, A., S. Yuan, R. Wang, W.P. Duguid, and L. Rosenberg, The structural integrity of the islet in
vitro: the effect of incubation temperature. Pancreas, 1999. 19: 297-303.

Brandhorst, D., H. Brandhorst, B.J. Hering, and R.G. Bretzel, Long-term survival, morphology and
in vitro function of isolated pig islets under different culture conditions. Transplantation, 1999.
67:1533-41.

Escolar, J.C., R. Hoo-Paris, C. Castex, and B.C. Sutter, Effect of low temperatures on glucose-
induced insulin secretion and ionic fluxes in rat pancreatic islets. J Endocrinol, 1987. 115: 225-31.
Fiaschi-Taesch, N.M., D.M. Berman, B.M. Sicari, K.K. Takane, A. Garcia-Ocana, C. Ricordi, et al.,
Hepatocyte growth factor enhances engraftment and function of nonhuman primate islets.
Diabetes, 2008. 57: 2745-54.

Cheng, Y., Y.F. Liu, J.L. Zhang, T.M. Li, and N. Zhao, Elevation of vascular endothelial growth factor
production and its effect on revascularization and function of graft islets in diabetic rats. World J
Gastroenterol, 2007. 13: 2862-6.

Jia, X., K. Cheng, and R.l. Mahato, Coexpression of vascular endothelial growth factor and
interleukin-1 receptor antagonist for improved human islet survival and function. Mol Pharm,
2007. 4: 199-207.

Hughes, A., D. Rojas-Canales, C. Drogemuller, N.H. Voelcker, S.T. Grey, and P.T. Coates, IGF2: an
endocrine hormone to improve islet transplant survival. J Endocrinol, 2014. 221: R41-8.

Kwon, Y.W., K.S. Kwon, H.E. Moon, J.A. Park, K.S. Choi, Y.S. Kim, et al., Insulin-like growth factor-I|
regulates the expression of vascular endothelial growth factor by the human keratinocyte cell line
HaCaT. Journal of Investigative Dermatology, 2004. 123: 152-158.

Liu, W., C. Chin-Chance, E.J. Lee, and W.L. Lowe, Jr., Activation of phosphatidylinositol 3-kinase
contributes to insulin-like growth factor I-mediated inhibition of pancreatic beta-cell death.
Endocrinology, 2002. 143: 3802-12.

Karaoz, E., Z.S. Genc, P.C. Demircan, A. Aksoy, and G. Duruksu, Protection of rat pancreatic islet
function and viability by coculture with rat bone marrow-derived mesenchymal stem cells. Cell
Death Dis, 2010. 1: e36.

Cao, X.K.,, R. Li, W. Sun, Y. Ge, and B.L. Liu, Co-combination of islets with bone marrow
mesenchymal stem cells promotes angiogenesis. Biomed Pharmacother, 2016. 78: 156-64.
Berman, D.M., M.A. Willman, D. Han, G. Kleiner, N.M. Kenyon, O. Cabrera, et al., Mesenchymal
stem cells enhance allogeneic islet engraftment in nonhuman primates. Diabetes, 2010. 59: 2558-
68.

Seaberg, R.M., S.R. Smukler, T.J. Kieffer, G. Enikolopov, Z. Asghar, M.B. Wheeler, et al., Clonal
identification of multipotent precursors from adult mouse pancreas that generate neural and
pancreatic lineages. Nature Biotechnology, 2004. 22: 1115-1124.

Teitelman, G., Y. Guz, S. Ivkovic, and M. Ehrlich, Islet injury induces neurotrophin expression in
pancreatic cells and reactive gliosis of peri-islet Schwann cells. Journal of Neurobiology, 1998. 34:
304-318.

Pierucci, D., S. Cicconi, P. Bonini, F. Ferrelli, D. Pastore, C. Matteucci, et al., NGF-withdrawal
induces apoptosis in pancreatic beta cells in vitro. Diabetologia, 2001. 44: 1281-1295.

Hata, T., N. Sakata, G. Yoshimatsu, H. Tsuchiya, M. Fukase, M. Ishida, et al., Nerve Growth Factor
Improves Survival and Function of Transplanted Islets Via TrkA-mediated beta Cell Proliferation
and Revascularization. Transplantation, 2015. 99: 1132-1143.

Miao, G., J. Mace, M. Kirby, A. Hopper, R. Peverini, R. Chinnock, et al., In vitro and in vivo
improvement of islet survival following treatment with nerve growth factor. Transplantation,
2006. 81: 519-524.

Miao, G., J. Mace, M. Kirby, A. Hopper, R. Peverini, R. Chinnock, et al., Beneficial effects of nerve
growth factor on islet transplantation. Transplantation Proceedings, 2005. 37: 3490-3492.

98



289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

Saito, Y., N.K. Chan, N. Sakata, and E. Hathout, Nerve growth factor is associated with islet graft
failure following intraportal transplantation. Islets, 2012. 4.

Baloh, R.H., H. Enomoto, E.M. Johnson, Jr., and J. Milbrandt, The GDNF family ligands and
receptors - implications for neural development. Curr Opin Neurobiol, 2000. 10: 103-10.
Airaksinen, M.S., A. Titievsky, and M. Saarma, GDNF family neurotrophic factor signaling: four
masters, one servant? Mol Cell Neurosci, 1999. 13: 313-25.

Heuckeroth, R.0O., P.A. Lampe, E.M. Johnson, and J. Milbrandt, Neurturin and GDNF promote
proliferation and survival of enteric neuron and glial progenitors in vitro. Dev Biol, 1998. 200:
116-29.

Airaksinen, M.S. and M. Saarma, The GDNF family: signalling, biological functions and therapeutic
value. Nat Rev Neurosci, 2002. 3: 383-94.

Mwangi, S., M. Anitha, C. Mallikarjun, X. Ding, M. Hara, A. Parsadanian, et al., Glial cell line-
derived neurotrophic factor increases beta-cell mass and improves glucose tolerance.
Gastroenterology, 2008. 134: 727-37.

Mwangi, S.M., Y. Usta, N. Shahnavaz, I. Joseph, J. Avila, J. Cano, et al., Glial cell line-derived
neurotrophic factor enhances human islet posttransplantation survival. Transplantation, 2011.
92: 745-51.

Park, K.S., Y.S. Kim, J.H. Kim, B. Choi, S.H. Kim, A.H. Tan, et al., Trophic molecules derived from
human mesenchymal stem cells enhance survival, function, and angiogenesis of isolated islets
after transplantation. Transplantation, 2010. 89: 509-17.

Zhong, Z., H. Gu, J. Peng, W. Wang, B.H. Johnstone, K.L. March, et al., GDNF secreted from
adipose-derived stem cells stimulates VEGF-independent angiogenesis. Oncotarget, 2016. 7:
36829-36841.

Russell, M.A. and N.G. Morgan, The impact of anti-inflammatory cytokines on the pancreatic
beta-cell. Islets, 2014. 6: e950547.

Berman, M.A,, C.I. Sandborg, Z. Wang, K.L. Imfeld, F. Zaldivar, Jr., V. Dadufalza, et al., Decreased
IL-4 production in new onset type | insulin-dependent diabetes mellitus. J Immunol, 1996. 157:
4690-6.

Szelachowska, M., A. Kretowski, and |. Kinalska, Decreased in vitro IL-4 and IL-10 production by
peripheral blood in first degree relatives at high risk of diabetes type-l (vol 30, pg 526, 1998).
Hormone and Metabolic Research, 1998. 30: 698-698.

Kretowski, A., J. Mysliwiec, and I. Kinalska, In vitro interleukin-13 production by peripheral blood
in patients with newly diagnosed insulin-dependent diabetes mellitus and their first degree
relatives. Scandinavian Journal of Immunology, 2000. 51: 321-325.

Ko, K.S., M. Lee, J.J. Koh, and S.W. Kim, Combined administration of plasmids encoding IL-4 and
IL-10 prevents the development of autoimmune diabetes in nonobese diabetic mice. Molecular
Therapy, 2001. 4: 313-316.

Marselli, L., F. Dotta, S. Piro, C. Santangelo, M. Masini, R. Lupi, et al., Th2 cytokines have a partial,
direct protective effect on the function and survival of isolated human islets exposed to
combined proinflammatory and Th1l cytokines. Journal of Clinical Endocrinology & Metabolism,
2001. 86: 4974-4978.

Zaccone, P., J. Phillips, I. Conget, R. Gomis, K. Haskins, A. Minty, et al., Interleukin-13 prevents
autoimmune diabetes in NOD mice. Diabetes, 1999. 48: 1522-8.

Russell, M.A., A.C. Cooper, S. Dhayal, and N.G. Morgan, Differential effects of interleukin-13 and
interleukin-6 on Jak/STAT signaling and cell viability in pancreatic beta-cells. Islets, 2013. 5: 95-
105.

Sternesjo, J. and S. Sandler, Interleukin-13 counteracts suppression induced by interleukin-1beta
of glucose metabolism but not of insulin secretion in rat pancreatic islets. Autoimmunity, 1997.
26: 153-9.

Shames, B.D., C.H. Selzman, D.R. Meldrum, E.J. Pulido, H.A. Barton, X. Meng, et al., Interleukin-10
stabilizes inhibitory kappaB-alpha in human monocytes. Shock, 1998. 10: 389-94.

Couper, K.N., D.G. Blount, and E.M. Riley, IL-10: the master regulator of immunity to infection. J
Immunol, 2008. 180: 5771-7.

99



309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

Takada, M., H. Toyama, T. Tanaka, Y. Suzuki, and Y. Kuroda, Augmentation of interleukin-10 in
pancreatic islets after brain death. Transplant Proc, 2004. 36: 1534-6.

Battaglia, M., A. Stabilini, E. Draghici, S. Gregori, C. Mocchetti, E. Bonifacio, et al., Rapamycin and
interleukin-10 treatment induces T regulatory type 1 cells that mediate antigen-specific
transplantation tolerance. Diabetes, 2006. 55: 40-49.

Yi, S.N., M. Ji, J.L. Wu, X.Q. Ma, P. Phillips, W.J. Hawthorne, et al., Adoptive Transfer With In Vitro
Expanded Human Regulatory T Cells Protects Against Porcine Islet Xenograft Rejection via
Interleukin-10 in Humanized Mice (vol 61, pg 1180, 2012). Diabetes, 2016. 65: 534-534.

Deng, S., Z.D. Yang, R.J. Ketchum, T. Kucher, M. Weber, A. Shaked, et al., Transfer of genes for IL-
10 and TGF-beta to isolated human pancreatic islets. Transplant Proc, 1997. 29: 2206.

Kuttler, B., H. Wanka, N. Kloting, B. Gerstmayer, H.D. Volk, B. Sawitzki, et al., Ex vivo gene transfer
of viral interleukin-10 to BB rat islets: no protection after transplantation to diabetic BB rats.
Journal of Cellular and Molecular Medicine, 2007. 11: 868-880.

Xu, A.J., W. Zhu, F. Tian, L.H. Yan, and T. Li, Recombinant adenoviral expression of IL-10 protects
beta cell from impairment induced by pro-inflammatory cytokine. Molecular and Cellular
Biochemistry, 2010. 344: 163-171.

Laffranchi, R. and G.A. Spinas, Interleukin 10 inhibits insulin release from and nitric oxide
production in rat pancreatic islets. European Journal of Endocrinology, 1996. 135: 374-378.
Moritani, M., K. Yoshimoto, F. Tashiro, C. Hashimoto, J. Miyazaki, S. li, et al., Transgenic
expression of IL-10 in pancreatic islet A cells accelerates autoimmune insulitis and diabetes in
non-obese diabetic mice. Int Immunol, 1994. 6: 1927-36.

Zhang, L., Y. Chen, C. Li, X. Lin, X. Cheng, and T. Li, Protective effects of combined intervention
with adenovirus vector mediated IL-10 and IGF-1 genes on endogenous islet beta cells in
nonobese diabetes mice with onset of type 1 diabetes mellitus. PLoS One, 2014. 9: €92616.

Sabat, R., W. Ouyang, and K. Wolk, Therapeutic opportunities of the IL-22-IL-22R1 system. Nat
Rev Drug Discov, 2014. 13: 21-38.

Li, J., K.N. Tomkinson, X.Y. Tan, P. Wu, G. Yan, V. Spaulding, et al., Temporal associations between
interleukin 22 and the extracellular domains of I[L-22R and [IL-10R2. International
Immunopharmacology, 2004. 4: 693-708.

Yoon, S.1., B.C. Jones, N.J. Logsdon, B.D. Harris, A. Deshpande, S. Radaeva, et al., Structure and
Mechanism of Receptor Sharing by the IL-10R2 Common Chain. Structure, 2010. 18: 638-648.
Moore, K.W., R.D. Malefyt, R.L. Coffman, and A. O'Garra, Interleukin-10 and the interleukin-10
receptor. Annual Review of Immunology, 2001. 19: 683-765.

Wolk, K., S. Kunz, E. Witte, M. Friedrich, K. Asadullah, and R. Sabat, IL-22 increases the innate
immunity of tissues. Immunity, 2004. 21: 241-254.

Radaeva, S., R. Sun, H.N. Pan, F. Hong, and B. Gao, Interleukin 22 (IL-22) plays a protective role in
T cell-mediated murine hepatitis: IL-22 is a survival factor for hepatocytes via STAT3 activation.
Hepatology, 2004. 39: 1332-1342.

Park, O., H. Wang, H.L. Weng, L. Feigenbaum, H. Li, S. Yin, et al., In Vivo Consequences of Liver-
Specific Interleukin-22 Expression in Mice: Implications for Human Liver Disease Progression.
Hepatology, 2011. 54: 252-261.

Ki, S.H., O. Park, M.Q. Zheng, O. Morales, J. Kolls, R. Bataller, et al., Interleukin-22 Treatment
Ameliorates Alcoholic Liver Injury in a Murine Model of Chronic Plus Binge Ethanol Feeding: Role
of Stat3. Hepatology, 2010. 52: 1115a-1115a.

Shioya, M., A. Andoh, S. Kakinoki, A. Nishida, and Y. Fujiyama, Interleukin 22 receptor 1
expression in pancreas islets. Pancreas, 2008. 36: 197-199.

Hasnain, S.Z., D.J. Borg, B.E. Harcourt, H. Tong, Y.H.H. Sheng, C.P. Ng, et al., Glycemic control in
diabetes is restored by therapeutic manipulation of cytokines that regulate beta cell stress.
Nature Medicine, 2014. 20: 1417-1426.

Smith, W.L., D.L. DeWitt, and R.M. Garavito, Cyclooxygenases: Structural, cellular, and molecular
biology. Annual Review of Biochemistry, 2000. 69: 145-182.

100



329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

Robertson, R.P., P. Tsai, S.A. Little, H.J. Zhang, and T.F. Walseth, Receptor-Mediated Adenylate-
Cyclase Coupled Mechanism for Pge2 Inhibition of Insulin-Secretion in Hit Cells. Diabetes, 1987.
36: 1047-1053.

Seaquist, E.R., T.F. Walseth, D.M. Nelson, and R.P. Robertson, Pertussis Toxin - Sensitive-G
Protein Mediation of Pge2 Inhibition of Camp Metabolism and Phasic Glucose-Induced Insulin-
Secretion in Hit Cells. Diabetes, 1989. 38: 1439-1445.

Giugliano, D., P. Dipinto, R. Torella, N. Frascolla, F. Saccomanno, N. Passariello, et al., A Role for
Endogenous Prostaglandin-E in Biphasic Pattern of Insulin Release in Humans. American Journal
of Physiology, 1983. 245: E591-E597.

Oshima, H., M.M. Taketo, and M. Oshima, Destruction of pancreatic beta-cells by transgenic
induction of prostaglandin E2 in the islets. J Biol Chem, 2006. 281: 29330-6.

Sjoholm, A., Prostaglandins inhibit pancreatic beta-cell replication and long-term insulin secretion
by pertussis toxin-insensitive mechanisms but do not mediate the actions of interleukin-1 beta.
Biochimica Et Biophysica Acta-Molecular Cell Research, 1996. 1313: 106-110.

Meng, Z.X., J.X. Sun, J.J. Ling, J.H. Lv, D.Y. Zhu, Q. Chen, et al., Prostaglandin E2 regulates Foxo
activity via the Akt pathway: implications for pancreatic islet beta cell dysfunction. Diabetologia,
2006. 49: 2959-68.

Meng, Z., J. Lv, Y. Luo, Y. Lin, Y. Zhu, J. Nie, et al., Forkhead box O1/pancreatic and duodenal
homeobox 1 intracellular translocation is regulated by c-Jun N-terminal kinase and involved in
prostaglandin E2-induced pancreatic beta-cell dysfunction. Endocrinology, 2009. 150: 5284-93.
Kitamura, T., J. Nakae, Y. Kitamura, Y. Kido, W.H. Biggs, 3rd, C.V. Wright, et al., The forkhead
transcription factor Foxol links insulin signaling to Pdx1 regulation of pancreatic beta cell growth.
J Clin Invest, 2002. 110: 1839-47.

Ahlgren, U., J. Jonsson, L. Jonsson, K. Simu, and H. Edlund, beta-cell-specific inactivation of the
mouse Ipf1/Pdx1 gene results in loss of the beta-cell phenotype and maturity onset diabetes.
Genes Dev, 1998. 12: 1763-8.

Persaud, S.J., CJ. Burns, V.D. Belin, and P.M. Jones, Glucose-induced regulation of COX-2
expression in human islets of Langerhans. Diabetes, 2004. 53 Suppl 1: S190-2.

Shanmugam, N., L.T. Todorov, I. Nair, K. Omori, M.A. Reddy, and R. Natarajan, Increased
expression of cyclooxygenase-2 in human pancreatic islets treated with high glucose or ligands of
the advanced glycation endproduct-specific receptor (AGER), and in islets from diabetic mice.
Diabetologia, 2006. 49: 100-7.

Citro, A., E. Cantarelli, and L. Piemonti, Anti-inflammatory strategies to enhance islet engraftment
and survival. Curr Diab Rep, 2013. 13: 733-44.

Corbett, J.A., G. Kwon, J. Turk, and M.L. Mcdaniel, ll-1-Beta Induces the Coexpression of Both
Nitric-Oxide Synthase and Cyclooxygenase by Islets of Langerhans - Activation of Cyclooxygenase
by Nitric-Oxide. Biochemistry, 1993. 32: 13767-13770.

Tran, P.O., C.E. Gleason, and R.P. Robertson, Inhibition of interleukin-1beta-induced COX-2 and
EP3 gene expression by sodium salicylate enhances pancreatic islet beta-cell function. Diabetes,
2002.51:1772-8.

Sandberg, M. and L.A. Borg, Intracellular degradation of insulin and crinophagy are maintained by
nitric oxide and cyclo-oxygenase 2 activity in isolated pancreatic islets. Biol Cell, 2006. 98: 307-15.
Luo, C., M. Kallajoki, R. Gross, M. Mulari, T. Teros, L. Ylinen, et al., Cellular distribution and
contribution of cyclooxygenase (COX)-2 to diabetogenesis in NOD mouse. Cell and Tissue
Research, 2002. 310: 169-175.

Fujita, H., M. Kakei, H. Fujishima, T. Morii, Y. Yamada, Z. Qi, et al., Effect of selective
cyclooxygenase-2 (COX-2) inhibitor treatment on glucose-stimulated insulin secretion in C57BL/6
mice. Biochemical and Biophysical Research Communications, 2007. 363: 37-43.

Gysemans, C., K. Stoffels, A. Giulietti, L. Overbergh, M. Waer, M. Lannoo, et al., Prevention of
primary non-function of islet xenografts in autoimmune diabetic NOD mice by anti-inflammatory
agents. Diabetologia, 2003. 46: 1115-23.

Horie, H., S. Narumiya, T. Matsuyama, K. Nonaka, and S. Tarui, Presence of prostaglandin D2, E2
and F2 alpha in rat pancreatic islets. Prostaglandins Leukot Med, 1984. 16: 39-44.

101



348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

Evans, M.H., C.S. Pace, and R.S. Clements, Jr., Endogenous prostaglandin synthesis and glucose-
induced insulin secretion from the adult rat pancreatic islet. Diabetes, 1983. 32: 509-15.

Lindskog, C., O. Korsgren, F. Ponten, J.W. Eriksson, L. Johansson, and A. Danielsson, Novel
pancreatic beta cell-specific proteins: Antibody-based proteomics for identification of new
biomarker candidates. Journal of Proteomics, 2012. 75: 2611-2620.

Marchese, A., M. Sawzdargo, T. Nguyen, R. Cheng, H.H. Heng, T. Nowak, et al., Discovery of three
novel orphan G-protein-coupled receptors. Genomics, 1999. 56: 12-21.

Nagata, K. and H. Hirai, The second PGD(2) receptor CRTH2: structure, properties, and functions
in leukocytes. Prostaglandins Leukotrienes and Essential Fatty Acids, 2003. 69: 169-177.
Hellstrom-Lindahl, E., A. Danielsson, F. Ponten, P. Czernichow, O. Korsgren, L. Johansson, et al.,
GPR44 is a pancreatic protein restricted to the human beta cell. Acta Diabetologica, 2016. 53:
413-421.

Eriksson, O., P. Johnstrom, Z. Cselenyi, M. Jahan, R.K. Selvaraju, M. Jensen-Waern, et al., In Vivo
Visualization of beta-Cells by Targeting of GPR44. Diabetes, 2018. 67: 182-192.

Narang, A.S. and R.l. Mahato, Biological and biomaterial approaches for improved islet
transplantation. Pharmacol Rev, 2006. 58: 194-243.

Friberg, A.S., M. Stahle, H. Brandhorst, O. Korsgren, and D. Brandhorst, Human islet separation
utilizing a closed automated purification system. Cell Transplant, 2008. 17: 1305-13.

Friberg, A.S., H. Brandhorst, P. Buchwald, M. Goto, C. Ricordi, D. Brandhorst, et al., Quantification
of the islet product: presentation of a standardized current good manufacturing practices
compliant system with minimal variability. Transplantation, 2011. 91: 677-83.

Loo, D.T., In situ detection of apoptosis by the TUNEL assay: an overview of techniques. Methods
Mol Biol, 2011. 682: 3-13.

Watanabe, M., M. Hitomi, K. van der Wee, F. Rothenberg, S.A. Fisher, R. Zucker, et al., The pros
and cons of apoptosis assays for use in the study of cells, tissues, and organs. Microscopy and
Microanalysis, 2002. 8: 375-391.

Huerta, S., E.J. Goulet, S. Huerta-Yepez, and E.H. Livingston, Screening and detection of apoptosis.
Journal of Surgical Research, 2007. 139: 143-156.

Ansari, B., P.J. Coates, B.D. Greenstein, and P.A. Hall, In situ end-labelling detects DNA strand
breaks in apoptosis and other physiological and pathological states. J Pathol, 1993. 170: 1-8.
Boyd, V., O.M. Cholewa, and K.K. Papas, Limitations in the Use of Fluorescein
Diacetate/Propidium lodide (FDA/PI) and Cell Permeable Nucleic Acid Stains for Viability
Measurements of Isolated Islets of Langerhans. Curr Trends Biotechnol Pharm, 2008. 2: 66-84.
Elmore, S., Apoptosis: A review of programmed cell death. Toxicologic Pathology, 2007. 35: 495-
516.

Igney, F.H. and P.H. Krammer, Death and anti-death: tumour resistance to apoptosis. Nat Rev
Cancer, 2002. 2: 277-88.

Raper, S.E., N. Chirmule, F.S. Lee, N.A. Wivel, A. Bagg, G.P. Gao, et al.,, Fatal systemic
inflammatory response syndrome in a ornithine transcarbamylase deficient patient following
adenoviral gene transfer. Mol Genet Metab, 2003. 80: 148-58.

Cory, S. and J.M. Adams, The BCL2 family: Regulators of the cellular life-or-death switch. Nature
Reviews Cancer, 2002. 2: 647-656.

Melloul, D., A. Tsur, and D. Zangen, Pancreatic Duodenal Homeobox (PDX-1) in health and
disease. J Pediatr Endocrinol Metab, 2002. 15: 1461-72.

Fiaschi-Taesch, N., A.F. Stewart, and A. Garcia-Ocana, Improving islet transplantation by gene
delivery of hepatocyte growth factor (HGF) and its downstream target, protein kinase B
(PKB)/Akt. Cell Biochemistry and Biophysics, 2007. 48: 191-199.

Mellado-Gil, J., T.C. Rosa, C. Demirci, J.A. Gonzalez-Pertusa, S. Velazquez-Garcia, S. Ernst, et al.,
Disruption of hepatocyte growth factor/c-Met signaling enhances pancreatic beta-cell death and
accelerates the onset of diabetes. Diabetes, 2011. 60: 525-36.

Sakata, N., G. Yoshimatsu, H. Tsuchiya, S. Egawa, and M. Unno, Animal Models of Diabetes
Mellitus for Islet Transplantation. Experimental Diabetes Research, 2012.

102



370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

Dunn, J.S. and N.G.B. McLetchil, Experimental alloxan diabetes in the rat. Lancet, 1943. 2: 384-
387.

Dunn, J.S., J. Kirkpatrick, N.G.B. McLetchie, and S.V. Telfer, Necrosis of the islets of Langerhans
produced experimentally. Journal of Pathology and Bacteriology, 1943. 55: 245-257.

Lenzen, S., The mechanisms of alloxan- and streptozotocin-induced diabetes. Diabetologia, 2008.
51: 216-226.

Rakieten, N., M.L. Rakieten, and M.V. Nadkarni, Studies on the Diabetogenic Action of
Streptozotocin (Nsc-37917). Cancer Chemotherapy Reports, 1963: 91-98.

King, A.J.F., The use of animal models in diabetes research. British Journal of Pharmacology, 2012.
166: 877-894.

Cantarelli, E., A. Citro, S. Marzorati, R. Melzi, M. Scavini, and L. Piemonti, Murine animal models
for preclinical islet transplantation No model fits all (research purposes). Islets, 2013. 5: 79-86.
Pacini, G. and A. Mari, Methods for clinical assessment of insulin sensitivity and beta-cell
function. Best Pract Res Clin Endocrinol Metab, 2003. 17: 305-22.

Hoff, J., Methods of blood collection in the mouse. Lab Animal, 2000. 29: 47-53.

Halvorsen, B., F. Santilli, H. Scholz, A. Sahraoui, H.L. Gulseth, C. Wium, et al., LIGHT/TNFSF14 is
increased in patients with type 2 diabetes mellitus and promotes islet cell dysfunction and
endothelial cell inflammation in vitro. Diabetologia, 2016. 59: 2134-2144.

Remedi, M.S. and C. Emfinger, Pancreatic beta-cell identity in diabetes. Diabetes Obes Metab,
2016. 18 Suppl 1: 110-6.

Donath, M.Y., J. Storling, K. Maedler, and T. Mandrup-Poulsen, Inflammatory mediators and islet
beta-cell failure: a link between type 1 and type 2 diabetes. Journal of Molecular Medicine-Jmm,
2003. 81:455-470.

Kwon, G., J.A. Corbett, S. Hauser, J.R. Hill, J. Turk, and M.L. McDaniel, Evidence for involvement of
the proteasome complex (26S) and NF kappa B in IL-1 beta-induced nitric oxide and prostaglandin
production by rat islets and RINmM5F cells. Diabetes, 1998. 47: 583-591.

Horie, H., S. Narumiya, T. Matsuyama, K. Nonaka, and S. Tarui, Presence of Prostaglandin-D2,
Prostaglandin-E2 and Prostaglandin-F2-Alpha in Rat Pancreatic-Islets. Prostaglandins Leukotrienes
and Medicine, 1984. 16: 39-44.

Evans, M.H., C.S. Pace, and R.S. Clements, Endogenous Prostaglandin Synthesis and Glucose-
Induced Insulin-Secretion from the Adult-Rat Pancreatic-Islet. Diabetes, 1983. 32: 509-515.
Mathers, C.D. and D. Loncar, Projections of global mortality and burden of disease from 2002 to
2030. PLoS Med, 2006. 3: e442.

Robertson, R.P., Medical progress: Islet transplantation as a treatment for diabetes - A work in
progress. New England Journal of Medicine, 2004. 350: 694-705.

Hardstedt, M., S. Lindblom, A. Karlsson-Parra, B. Nilsson, and E. Korsgren, Characterization of
Innate Immunity in an Extended Whole Blood Model of Human Islet Allotransplantation. Cell
Transplantation, 2016. 25: 503-515.

Hughes, A., D. Mohanasundaram, S. Kireta, C.F. Jessup, C.J. Drogemuller, and P.T.H. Coates,
Insulin-Like Growth Factor-Il (IGF-II) Prevents Proinflammatory Cytokine-Induced Apoptosis and
Significantly Improves Islet Survival After Transplantation. Transplantation, 2013. 95: 671-678.
Hughes, A., D. Rojas-Canales, C. Drogemuller, N.H. Voelcker, S.T. Grey, and P.T.H. Coates, IGF2: an
endocrine hormone to improve islet transplant survival. Journal of Endocrinology, 2014. 221: R41-
R48.

Nakano, M., Y. Yasunami, T. Maki, S. Kodama, Y. Ikehara, T. Nakamura, et al., Hepatocyte growth
factor is essential for amelioration of hyperglycemia in streptozotocin-induced diabetic mice
receiving a marginal mass of intrahepatic islet grafts. Transplantation, 2000. 69: 214-221.
McGeachie, J. and M. Tennant, Growth factors and their implications for clinicians: A brief review.
Australian Dental Journal, 1997. 42: 375-380.

llieva, A., S. Yuan, R.N. Wang, D. Agapitos, D.J. Hill, and L. Rosenberg, Pancreatic islet cell survival
following islet isolation: the role of cellular interactions in the pancreas. Journal of Endocrinology,
1999. 161: 357-364.

103



392.

393.

394.

395.

396.

397.

398.

399.

400.
401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.
412.

Hutmacher, D.W. and S. Cool, Concepts of scaffold-based tissue engineering-the rationale to use
solid free-form fabrication techniques. Journal of Cellular and Molecular Medicine, 2007. 11: 654-
669.

Kodama, S., K. Kojima, S. Furuta, M. Chambers, A.C. Paz, and C.A. Vacanti, Engineering functional
islets from cultured cells. Tissue Eng Part A, 2009. 15: 3321-9.

Muruve, D.A., M.J. Barnes, I.E. Stillman, and T.A. Libermann, Adenoviral gene therapy leads to
rapid induction of multiple chemokines and acute neutrophil-dependent hepatic injury in vivo.
Hum Gene Ther, 1999. 10: 965-76.

Otterdal, K., C. Smith, E. Oie, T.M. Pedersen, A. Yndestad, E. Stang, et al., Platelet-derived LIGHT
induces inflammatory responses in endothelial cells and monocytes. Blood, 2006. 108: 928-935.
Eldor, R., R. Abel, D. Sever, G. Sadoun, A. Peled, R. Sionov, et al., Inhibition of nuclear factor-
kappaB activation in pancreatic beta-cells has a protective effect on allogeneic pancreatic islet
graft survival. PLoS One, 2013. 8: e56924.

Bellin, M.D., R. Kandaswamy, J. Parkey, H.J. Zhang, B. Liu, S.H. Ihm, et al., Prolonged insulin
independence after islet allotransplants in recipients with type 1 diabetes. American Journal of
Transplantation, 2008. 8: 2463-2470.

Gangemi, A., P. Salehi, B. Hatipoglu, J. Martellotto, B. Barbaro, J.B. Kuechle, et al., Islet
transplantation for brittle type 1 diabetes: the UIC protocol. Am J Transplant, 2008. 8: 1250-61.
Takita, M., S. Matsumoto, M. Shimoda, D. Chujo, T. Itoh, J.A. Sorelle, et al., Safety and tolerability
of the T-cell depletion protocol coupled with anakinra and etanercept for clinical islet cell
transplantation. Clin Transplant, 2012. 26: E471-84.

Paul, W.E., History of interleukin-4. Cytokine, 2015. 75: 3-7.

Grunnet, L.G.,, R. Aikin, M.F. Tonnesen, S. Paraskevas, L. Blaabjerg, J. Storling, et al,
Proinflammatory cytokines activate the intrinsic apoptotic pathway in beta-cells. Diabetes, 2009.
58: 1807-15.

Tomita, T., Apoptosis in pancreatic beta-islet cells in Type 2 diabetes. Bosn J Basic Med Sci, 2016.
16:162-79.

Kuric, E., P. Seiron, L. Krogvold, B. Edwin, T. Buanes, K.F. Hanssen, et al., Demonstration of Tissue
Resident Memory CD8 T Cells in Insulitic Lesions in Adult Patients with Recent-Onset Type 1
Diabetes. Am J Pathol, 2017. 187: 581-588.

Barshes, N.R., S. Wyllie, and J.A. Goss, Inflammation-mediated dysfunction and apoptosis in
pancreatic islet transplantation: implications for intrahepatic grafts. J Leukoc Biol, 2005. 77: 587-
97.

Aspirin effects on mortality and morbidity in patients with diabetes mellitus. Early Treatment
Diabetic Retinopathy Study report 14. ETDRS Investigators. JAMA, 1992. 268: 1292-300.

Pulcinelli, F.M., L.M. Biasucci, S. Riondino, S. Giubilato, A. Leo, L. Di Renzo, et al., COX-1 sensitivity
and thromboxane A2 production in type 1 and type 2 diabetic patients under chronic aspirin
treatment. Eur Heart J, 2009. 30: 1279-86.

Amiri, L., A. John, J. Shafarin, E. Adeghate, P. Jayaprakash, J. Yasin, et al., Enhanced Glucose
Tolerance and Pancreatic Beta Cell Function by Low Dose Aspirin in Hyperglycemic Insulin-
Resistant Type 2 Diabetic Goto-Kakizaki (GK) Rats. Cell Physiol Biochem, 2015. 36: 1939-50.
Suleyman, H., B. Demircan, and Y. Karagoz, Anti-inflammatory and side effects of cyclooxygenase
inhibitors. Pharmacol Rep, 2007. 59: 247-58.

Roder, M.E., M. Knip, S.G. Hartling, J. Karjalainen, H.K. Akerblom, and C. Binder,
Disproportionately elevated proinsulin levels precede the onset of insulin-dependent diabetes
mellitus in siblings with low first phase insulin responses. The Childhood Diabetes in Finland Study
Group. J Clin Endocrinol Metab, 1994. 79: 1570-5.

van der Torren, C.R., A.A.V. Stuart, D. Lee, J. Meerding, U. van de Velde, D. Pipeleers, et al., Serum
Cytokines as Biomarkers in Islet Cell Transplantation for Type 1 Diabetes. Plos One, 2016. 11.
Nathan, C.F., Secretory products of macrophages. J Clin Invest, 1987. 79: 319-26.

Bendtzen, K., T. Mandrup-Poulsen, J. Nerup, J.H. Nielsen, C.A. Dinarello, and M. Svenson,
Cytotoxicity of human pl 7 interleukin-1 for pancreatic islets of Langerhans. Science, 1986. 232:
1545-7.

104



413.

414,

415.

416.

417.
418.

419.

420.

421.

422.

423.

424,

425.

426.

427.

428.

429.

430.

431.

432.

433.

Grilli, M., J.J. Chiu, and M.). Lenardo, NF-kappa B and Rel: participants in a multiform
transcriptional regulatory system. Int Rev Cytol, 1993. 143: 1-62.

Nano, R., L. Racanicchi, R. Melzi, A. Mercalli, P. Maffi, V. Sordi, et al., Human pancreatic islet
preparations release HMGBL1.: (ir)relevance for graft engraftment. Cell Transplant, 2013. 22: 2175-
86.

Arcidiacono, B., S. liritano, E. Chiefari, F.S. Brunetti, G.Q. Gu, D.P. Foti, et al., Cooperation
between HMGA1, PDX-1, and MafA is essential for glucose-induced insulin transcription in
pancreatic beta cells. Frontiers in Endocrinology, 2015. 5.

Wang, H., T. Brun, K. Kataoka, A.J. Sharma, and C.B. Wollheim, MAFA controls genes implicated in
insulin biosynthesis and secretion. Diabetologia, 2007. 50: 348-58.

Hawthorne, W.J., Necessities for a Clinical Islet Program. Adv Exp Med Biol, 2016. 938: 67-88.
Pagliuca, F.W., J.R. Millman, M. Gurtler, M. Segel, A. Van Dervort, J.H. Ryu, et al., Generation of
functional human pancreatic beta cells in vitro. Cell, 2014. 159: 428-39.

Bruin, J.E., A. Rezania, and T.J. Kieffer, Replacing and safeguarding pancreatic beta cells for
diabetes. Sci Trans/ Med, 2015. 7: 316ps23.

Rezania, A, J.E. Bruin, P. Arora, A. Rubin, I. Batushansky, A. Asadi, et al., Reversal of diabetes with
insulin-producing cells derived in vitro from human pluripotent stem cells. Nature Biotechnology,
2014.32:1121-1133.

Bruin, J.E., A. Rezania, J. Xu, K. Narayan, J.K. Fox, J.J. O'Neil, et al., Maturation and function of
human embryonic stem cell-derived pancreatic progenitors in macroencapsulation devices
following transplant into mice. Diabetologia, 2013. 56: 1987-1998.

Kroon, E., L.A. Martinson, K. Kadoya, A.G. Bang, O.G. Kelly, S. Eliazer, et al., Pancreatic endoderm
derived from human embryonic stem cells generates glucose-responsive insulin-secreting cells in
vivo. Nature Biotechnology, 2008. 26: 443-452.

Millman, J.R., C. Xie, A. Van Dervort, M. Gurtler, F.W. Pagliuca, and D.A. Melton, Generation of
stem cell-derived beta-cells from patients with type 1 diabetes. Nat Commun, 2016. 7: 11463.
Grapin-Botton, A., Three-dimensional pancreas organogenesis models. Diabetes Obes Metab,
2016. 18 Suppl 1: 33-40.

Huch, M., P. Bonfanti, S.F. Boj, T. Sato, C.J.M. Loomans, M. van de Wetering, et al., Unlimited in
vitro expansion of adult bi-potent pancreas progenitors through the Lgr5/R-spondin axis. Embo
Journal, 2013. 32: 2708-2721.

Johnson, J.D., The quest to make fully functional human pancreatic beta cells from embryonic
stem cells: climbing a mountain in the clouds. Diabetologia, 2016. 59: 2047-2057.

Kushner, J.A., P.E. MacDonald, and M.A. Atkinson, Stem cells to insulin secreting cells: two steps
forward and now a time to pause? Cell Stem Cell, 2014. 15: 535-6.

Motte, E., E. Szepessy, K. Suenens, G. Stange, M. Bomans, D. Jacobs-Tulleneers-Thevissen, et al.,
Composition and function of macroencapsulated human embryonic stem cell-derived implants:
comparison with clinical human islet cell grafts. Am J Physiol Endocrinol Metab, 2014. 307: E838-
46.

Agulnick, A.D., D.M. Ambruzs, M.A. Moorman, A. Bhoumik, R.M. Cesario, J.K. Payne, et al.,
Insulin-Producing Endocrine Cells Differentiated In Vitro From Human Embryonic Stem Cells
Function in Macroencapsulation Devices In Vivo. Stem Cells Transl Med, 2015. 4: 1214-22.

van der Torren, C.R., A. Zaldumbide, G. Duinkerken, S.H. Brand-Schaaf, M. Peakman, G. Stange, et
al., Immunogenicity of human embryonic stem cell-derived beta cells. Diabetologia, 2017. 60:
126-133.

Burke, G.W., 3rd, F. Vendrame, A. Pileggi, G. Ciancio, H. Reijonen, and A. Pugliese, Recurrence of
autoimmunity following pancreas transplantation. Curr Diab Rep, 2011. 11: 413-9.

Rong, Z., M. Wang, Z. Hu, M. Stradner, S. Zhu, H. Kong, et al., An effective approach to prevent
immune rejection of human ESC-derived allografts. Cell Stem Cell, 2014. 14: 121-30.

Li, W., M. Nakanishi, A. Zumsteg, M. Shear, C. Wright, D.A. Melton, et al., In vivo reprogramming
of pancreatic acinar cells to three islet endocrine subtypes. Elife, 2014. 3: e01846.

105



434,

435.

436.

437.

438.

439.

440.

441.

442.

443.

444,

445.

446.

447.

448.

449.

450.

451.

452.

453.

Li, W., C. Cavelti-Weder, Y. Zhang, K. Clement, S. Donovan, G. Gonzalez, et al., Corrigendum:
Long-term persistence and development of induced pancreatic beta cells generated by lineage
conversion of acinar cells. Nat Biotechnol, 2015. 33: 882.

Klein, D., S. Alvarez-Cubela, G. Lanzoni, N. Vargas, K.R. Prabakar, M. Boulina, et al., BMP-7 Induces
Adult Human Pancreatic Exocrine-to-Endocrine Conversion. Diabetes, 2015. 64: 4123-4134.
Groth, C.G., A. Andersson, O. Korsgren, A. Tibell, J. Tollemar, M. Kumagai-Braesch, et al.,
Transplantation of porcine fetal islet-like cell clusters into eight diabetic patients. Transplant Proc,
1993. 25: 970.

Sachs, D.H., The Pig as a Potential Xenograft Donor. Veterinary Immunology and
Immunopathology, 1994. 43: 185-191.

Ibrahim, Z., J. Busch, M. Awwad, R. Wagner, K. Wells, and D.K.C. Cooper, Selected physiologic
compatibilities and incompatibilities between human and porcine organ systems.
Xenotransplantation, 2006. 13: 488-499.

Pierson, R.N., A. Dorling, D. Ayares, M.A. Rees, J.D. Seebach, J.A. Fishman, et al., Current status of
xenotransplantation and prospects for clinical application. Xenotransplantation, 2009. 16: 263-
280.

Rodriguez, I.A. and R.M. Welsh, Possible Role of a Cell Surface Carbohydrate in Evolution of
Resistance to Viral Infections in Old World Primates. Journal of Virology, 2013. 87: 8317-8326.
Goto, M., H. Johansson, A. Maeda, G. Elgue, O. Korsgren, and B. Nilsson, Low molecular weight
dextran sulfate prevents the instant blood-mediated inflammatory reaction induced by adult
porcine islets. Transplantation, 2004. 77: 741-747.

van der Windt, D.J., R. Bottino, A. Casu, N. Campanile, and D.K.C. Cooper, Rapid loss of
intraportally transplanted islets: an overview of pathophysiology and preventive strategies.
Xenotransplantation, 2007. 14: 288-297.

Elliott, R.B., L. Escobar, P.L.J. Tan, O. Garkavenko, R. Calafiore, P. Basta, et al., Intraperitoneal
alginate-encapsulated neonatal porcine islets in a placebo-controlled study with 16 diabetic
cynomolgus primates. Transplantation Proceedings, 2005. 37: 3505-3508.

Elliott, R.B., L. Escobar, R. Calafiore, G. Basta, O. Garkavenko, A. Vasconcellos, et al.,
Transplantation of micro- and macroencapsulated piglet islets into mice and monkeys.
Transplantation Proceedings, 2005. 37: 466-469.

Dufrane, D., R.M. Goebbels, A. Saliez, Y. Guiot, and P. Gianello, Six-month survival of
microencapsulated pig islets and alginate biocompatibility in primates: Proof of concept.
Transplantation, 2006. 81: 1345-1353.

Dufrane, D., R.M. Goebbels, and P. Gianello, Alginate Macroencapsulation of Pig Islets Allows
Correction of Streptozotocin-Induced Diabetes in Primates up to 6 Months Without
Immunosuppression. Transplantation, 2010. 90: 1054-1062.

Qi, M., Transplantation of Encapsulated Pancreatic Islets as a Treatment for Patients with Type 1
Diabetes Mellitus. Adv Med, 2014. 2014: 429710.

Scharp, D.W. and P. Marchetti, Encapsulated islets for diabetes therapy: history, current progress,
and critical issues requiring solution. Adv Drug Deliv Rev, 2014. 67-68: 35-73.

McMorrow, .M., C.A. Comrack, D.H. Sachs, and H. DerSimonian, Heterogeneity of human anti-pig
natural antibodies cross-reactive with the Gal(alphal,3)Galactose epitope. Transplantation, 1997.
64: 501-10.

Sachs, D.H., K. Yamada, S.C. Robson, J.A. Fishman, A. Shimizu, R.B. Colvin, et al., GalT-KO pigs: Is
the cup half empty or half full? Transplantation, 2007. 84: 12-14.

Butler, J.R., J.M. Ladowski, G.R. Martens, M. Tector, and A.J. Tector, Recent advances in genome
editing and creation of genetically modified pigs. Int J Surg, 2015. 23: 217-222.

Breimer, M.E., Gal/non-Gal antigens in pig tissues and human non-Gal antibodies in the GalT-KO
era. Xenotransplantation, 2011. 18: 215-28.

Bottino, R., M. Wijkstrom, D.J. van der Windt, H. Hara, M. Ezzelarab, N. Murase, et al., Pig-to-
Monkey Islet Xenotransplantation Using Multi-Transgenic Pigs. American Journal of
Transplantation, 2014. 14: 2275-2287.

106



SCIENTIFIC REPLIRTS

factor protects human islets

from nutrient deprivation and
e endoplasmic reticulum stress
Published online: 08 May 2017 : induced apoptosis

Shadab Abadpour’%*, Sven O. G6pel®, Simen W. Schivel2#, Olle Korsgren®, Aksel Foss'>* &
Hanne Scholz%%*

One of the key limitations to successful human islet transplantation is loss of islets due to stress
responses pre- and post-transplantation. Nutrient deprivation and ER stress have been identified

as important mechanisms leading to apoptosis. Glial Cell-line Derived Neurotrophic Factor (GDNF)

has recently been found to promote islet survival after isolation. However, whether GDNF could

rescue human islets from nutrient deprivation and ER stress-mediated apoptosis is unknown. Herein,
by mimicking those conditions in vitro, we have shown that GDNF significantly improved glucose
stimulated insulin secretion, reduced apoptosis and proinsulin:insulin ratio in nutrient deprived human
islets. Furthermore, GDNF alleviated thapsigargin-induced ER stress evidenced by reduced expressions
of IRE1c and BiP and consequently apoptosis. Importantly, this was associated with an increase in
phosphorylation of PI3K/AKT and GSK3B signaling pathway. Transplantation of ER stressed human
islets pre-treated with GDNF under kidney capsule of diabetic mice resulted in reduced expressions of
IRE1a and BiP in human islet grafts with improved grafts function shown by higher levels of human
C-peptide post-transplantation. We suggest that GDNF has protective and anti-apoptotic effects on
nutrient deprived and ER stress activated human islets and could play a significant role in rescuing
human islets from stress responses.

Type-1 diabetes (T1D) results from autoimmune destruction of insulin producing pancreatic beta cells in islets
of Langerhans, which is largely due to reactive T-cells'. The beta cells main function is to produce and secrete
insulin to regulate the levels of glucose in the blood. Loss of beta cells function and mass increases the workload
on the remaining fully functional beta cells>*. Consequently, these cells are more prone to experience endoplas-
mic reticulum (ER) stress and activation of unfolded protein response (UPR)*. Although short-term and mild
activation of UPR secures proper folding of newly synthetized proteins in beta cells>®, prolonged and unresolved
UPR activation triggers programmed cell death, which is associated with an increase in inflammatory cytokines
and apoptosis through activation of caspase cascades” .
Beta cell replacement by islet transplantation to selected patients suffering from T1D is currently becoming an
. established therapy’. However, its success rate is constrained by limited long-term islets graft survival partly due
© to massive loss of islets caused by hypoxia and nutrient deprivation in poorly vascularized islet grafts and inability
- of the islets to tolerate long-term stress environment!*-!4. The islet isolation procedure itself prior to transplanta-
. tion also destroys cellular and non-cellular compartments of the pancreas, which potentially plays a role in islets
. loss and apoptosis'® '2. Newly isolated islets express high levels of ER stress sensors and activators (BiP, elF2a,
: ATF4, sXPB1) as well as ER stress-associated apoptotic signals (JNK, CHOP, caspase3/7)"*. Inositol-requiring
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Figure 1. GDNF improves human islets function and viability under nutrient deprived culture condition. (a)
Insulin secretion in response to basal (1.67 mM) and stimulated (20 mM) level of glucose (GSIS) (b) calculated
as stimulation index in human islets prior to experiment start (0 hrs, unst islets) and after treatment for 72 hrs
with or without GDNF (200 ng/nl) under nutrient deprived culture condition, n=6. (c) Secreted insulin and
proinsulin in culture medium were measured by EIA and presented as the proinsulin to insulin ratio, n =4. (d)
Apoptosis evaluated by cell death ELISAP'YS in human islets, n = 6. (e) Representative images showing insulin
(red) and TUNEL (green) with DAPI nuclear staining (blue) of dispersed human islets treated with or without
GDNE (f) Ratio of insulin area as well as (g) score of TUNEL™ cells over nuclear staining. Data is presented as a
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fold of vehicle islets, n = 3, Five images were taken from every slide and minimum of 2000 cells were scored. (h)
Representative images showing intact islets stained for PI (red) and FDA (green) prior to islets culture (0 hrs)
and after 72 hrs culture of nutrient deprived islets treated with or without GDNE Statistical analysis: p-values
were analyzed by Wilcoxon matched-pairs test in (a), nonparametric ANOVA with Dunn’s corrections in (b)
(d), Mann-Whitney U-test in (c,f,g). For all analysis, data is presented as mean & SD. *p < 0.05 vs.unst islets,
#0.05, *p < 0.01, **p < 0.001 vs. vehicle islets, *p < 0.05 vs stimulated (20 mM) glucose. Unst: unstarved islets.
The n refers to the number of independent donors used for each experiment.

enzymelo (IREla) is also one of the UPR mediators triggering inflammation and induces transition from phys-
iological to pathological UPR*1¢17. Culturing murine islets with growth factors such as insulin growth factor
(IGF) or nerve growth factor (NGF) reduces ER stress and consequently ER stress induced apoptosis through
activation of the PI3K/AKT signaling pathway'® 1.

Glial cell-line derived neurotrophic factor (GDNF) produced by glial cells plays an important role in the
development of the enteric nerve system*”2'. GDNF signals through binding to GDNF-family receptor o-1
(GFRa-1) followed by GDNF-GFRa-1 complex binding to receptor tyrosine kinase (RET)??-2%. Pancreatic beta
cells share several biological characteristics with neuronal cells such as expression of neuronal transcription fac-
tors® 26 and several findings link GDNF to beta cells survival and maintenance of beta cells function. Increased
expression of GDNF has been reported in the proximity of pancreatic beta cells following islets injury suggesting
involvement of GDNF in islets survival and repair?’. Overexpression of GDNF in glial cells increases beta cell
survival and improves glucose tolerance in transgenic mice®. In vitro pretreatment of human islets for 14 days in
culture medium supplemented with human serum albumin, insulin growth factor -1 (IGF-1) and GDNF has also
been shown to improve glycemic control and islet survival post transplantation in mice*. However, it is unclear
whether or not GDNF can protect human islets against nutrient deprivation and ER stress induced apoptosis,
which is detrimental in early phase after islet transplantation. By combining in vitro and in vivo approaches,
we investigated the potential protective effect of GDNF on low-nutrient culture condition as well as ER stress
induced apoptosis in human islets. Finally, we investigated the molecular signaling pathway by which GDNF
protects against ER stress in human islets.

Results

GDNF improves function and viability of nutrient deprived human islets. In order to investigate
the effect of GDNF on islet function and survival under nutrient deprivation, isolated human islets were cul-
tured for 72 hrs under low concentration of serum (0.5%) with or without GDNF. Unstarved islets cultured in
media supplemented with 10% human serum was also included as control. To evaluate the islet function, we per-
formed GSIS assay, and stimulation index (SI) was calculated as described in methods section. Insulin secretion
in response to stimulated level of glucose was significantly increased for unstarved islets and nutrient deprived
islets treated with GDNE, but not for vehicle (Fig. 1a). Therefore, nutrient deprived islets treated with GDNF
performed significantly better compared to the vehicle (mean SI 4.10 £ 1.20 vs. 2.20 4+ 1.50, p < 0.01) (Fig. 1b). To
further evaluate the protective effect of GDNF on islets dysfunction, we measured the secreted levels of proinsulin
and insulin in GDNF-treated islets compared to vehicle; (proinsulin: 1981 4-247.90 vs. 2562 4+ 413.40 pmol/L,
insulin: 4324 4 64.12 vs. 2381 & 145 pmol/L) that revealed significant reduction in proinsulin to insulin ratio in
GDNF-treated islets compared to vehicle (p < 0.05) (Fig. 1c). The improved functionality by GDNF on nutrient
deprived islets was followed by reduced apoptosis compared to vehicle measured by DNA fragmentation using
Cell Death ELISA™'YS assay (0.74 £ 0.07 vs. 1.83 £0.36, p < 0.01) (Fig. 1d), TUNEL assay (Fig. le,g) and FDA/PI
staining (Fig. 1h). In addition, immunofluorescent analysis showed a 2.0-fold increase of insulin staining in the
GDNF-treated islets compared to vehicle (Fig. 1e,f).

GDNF protects human islets from ER stress and consequently ER stress induced apoptosis. It
is known that ER stress induces activation of UPR signaling pathways. Prolonged and unresolved activation
of UPR leads to apoptosis and loss of beta cells function®?°. Protein folding is highly Ca?*-dependent pro-
cess and depleting the ER-Ca*" stores by blocking sarco/endoplasmic Ca?" -ATPase (SERCA) will thus cause
unfolded proteins to accumulate in the ER and subsequently induces ER stress®”*!. In order to investigate the
effect of GDNF on human islets under ER stress, we cultured nutrient deprived islets with or without GDNF
with the SERCA channel blocker, thapsigargin (Tg) for 48 hrs. Tg significantly increased the expressions of the
UPR-mediators, IREla (3.0 fold of vehicle) and Binding immunoglobulin Protein (BiP) (4.0 fold of vehicle) as
determined by western blotting. Importantly, treatment of Tg+GDNF almost completely blunted the upregu-
lation of IREla (2.0 fold reduction) and BiP (2.5 fold reduction) compared to the islets treated with Tg alone
(Fig. 2a—c). Furthermore, apoptosis measured by DNA fragmentation using Cell Death ELISAP™YS was signif-
icantly reduced in Tg+GDNF compared to Tg alone (1.28 +-0.21vs. 2.3 £0.29, p < 0.05) (Fig. 2d). Similarly,
immunofluorescent double-staining of dispersed islet cells by TUNEL and insulin (Fig. 2e) showed not only less
TUNEL positive cells (Fig. 2e,f), but GDNF also reversed the adverse effect of Tg on insulin staining in human
islets (Fig. 2e,g). Lastly, we performed viability staining (FDA/PI) of intact islets and showed enhanced PI staining
in the Tg treated islets compared to Tg+GDNF (Fig. 2h). Taken together, these results suggest that GDNF pro-
tects human islets from ER stress and consequently ER stress induced apoptosis.

GDNF reduces ER stress in human islets via PI3K/AKT signaling pathway. Since ER stress induced
apoptosis is partly triggered by reduction of the PI3K/AKT/GSK3B signaling pathway'®, we investigated the effect
of GDNF on phosphorylation of these phosphoproteins in ER stress induced human islets using an intracellular
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Figure 2. GDNF reduces ER stress and consequently ER stress induced apoptosis in human islets. (a)
Representative western blot of IRE1o and BiP in human islets treated with Tg (1 um) with or without GDNF
(200 ng/ml) for 48 hrs. (b,c) Quantification of IRE1 and BiP band densities normalized to housekeeping

gene GAPDH. Data is presented as a fold of vehicle islets, n =6. (d) Cell death analysis by cell death ELISAPYS
of human islets treated with Tg with or without GDNF for 48 hrs, n =9. (e) Representative images showing
insulin (red), TUNEL (green) and DAPI (blue) nuclear staining of dispersed human islets treated with Tg with
or without GDNF for 48 hrs. (f) Score of TUNEL cells (g) and measurement of insulin area to DAPI nuclear
staining in dispersed human islets. Data is presented as a fold of vehicle islets. n =3, five images were taken
from each slide and minimum of 2000 cells were scored. (h) Representative images showing intact islets stained
for PI (red) and FDA (green). For all analysis, data is presented as mean £ SD and p-values were analyzed by
nonparametric ANOVA with Dunn’s corrections.*p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle islets, “p < 0.05,
#p <0.01 vs. Tg-treated islets. Tg: Thapsigargin. The n refers to number of independent donors used for each
experiment.

phosphoproteins signaling multiplex assay as described in the methods section. First, Tg treated islets reduced
phosphorylation (p-) of PI3K (Fig. 3a), AKT (Fig. 3b) and GSK3B (Fig. 3¢) compared to vehicle. Importantly,
co-treatment of human islets with Tg+GDNF significantly recovered the levels of p-PI3K, p-AKT, p-GSK3B
compared to Tg alone (Fig. 3), suggesting that GDNF protects human islets from ER-stress via activation of the
PI3K/AKT signaling pathways.

Pre-treatment of ER stress induced human islets with GDNF not only improved islets graft
function but also alleviated ER stress post transplantation. Finally, we investigated the possible
protective effect of GDNF on nutrient deprived and ER stress induced human islets in vivo. Alloxan-induced
diabetic male Ragl~'~ mice were transplanted under kidney capsule with a minimal dose of human islets (800
islets) pre-cultured for 48 hrs under nutrient deprived culture condition with or without GDNF as well as Tg or
Tg+GDNF and followed for 30 days post transplantation. Unstarved islets pre-cultured in complete medium
supplemented with 10% human serum prior to transplantation was also included as control. Random blood glu-
cose profile did not shown statistically significant differences among groups (Fig. 4a). Of the animals transplanted
with unstarved islets or vehicle, 45-50% became euglycemic on day 3 and between days 7-13 respectively post
transplantation. In contrast, none of the diabetic recipient mice transplanted with Tg pre-treated islets reached
euglycemia in the follow-up period (Fig. 4b). However, Tg+GDNF recipients showed approximately 25% eug-
lycemia achievement between day 7-17 post transplantation (Fig. 4b). As such, the levels of plasma C-peptide
(Tg+GDNF: 814.06 & 112.04 vs. Tg: 386.07 £ 60.86 pmol/L, p < 0.01) (Fig. 4c), as well as the ratio of human
C-peptide to fasting blood glucose (Tg+GDNF: 129.06 £ 20.91 vs. Tg: 51.33 +13.70 p < 0.05) (Fig. 4d) were
increased at day 30 post transplantation. In addition, GDNF recipients showed a tendency to increased plasma
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Figure 3. GDNF protective effect on ER stress induced human islets is through activation of PI3K/AKT
signaling pathway. (a-c) Assessment of phosphoproteins in the PI3K/AKT/GSK3B signaling pathway by
multiplex assay in human islets treated with Tg (1 um) with or without GDNF (200 ng/ml) for 48 hrs. Data is
presented as a fold of vehicle islets. n =6. For all analysis, data is presented as mean & SD and p-values were
analyzed by nonparametric ANOVA with Dunn’s corrections. *p < 0.05vs. vehicle islets, p < 0.05, *p < 0.01 vs.
Tg-treated islets. Tg:Thapsigargin. The n refers to number of donors used for each experiment.

human C-peptide (GDNF: 765.05 £ 107.01 vs. vehicle: 490.06 4 69.82 pmol/L, p < 0.07) (Fig. 4c) and human
c-peptide to fasting blood glucose (136.08 £ 12.56 vs. 101.6 & 15.09) (Fig. 4d) compared to the vehicle group. We
further investigated the influence of GDNF on ER stress in transplanted islet grafts at day 30 post transplantation
by immunoblot analysis of ER stress response proteins (Fig. 4e). We found a significantly decrease in protein
expression of IREla (Fig. 4f) and BiP (Fig. 4g) in grafts containing islets pre-treated with Tg+GDNF compared
to Tg alone (2.0 and 3.0 fold reduction, respectively). Taken together, these results suggest that GDNF protects
human islets from ER stress and further contributes to improve islet grafts function post transplantation.

Discussion

In the current study, we have shown that GDNF could reverse the adverse effect of nutrient deprivation and
SERCA channel blocker, Tg by improving human islets function and viability through reduction in ER stress
induced apoptosis and activation of PI3K/p-AKT/p-GSK3B survival pathway. We have also shown that
pre-treatment of nutrient deprived and ER stress induced human islets with GDNF prior to transplantation pro-
tected grafts function and mass through a reduction in expression of ER stress mediators.

Strategies to avoid massive beta-cells loss due to islets exposure to hypoxia, nutrient deprivation and activated
ER stress during isolation as well as pre- and post- islets transplantation'®32-* have been of a great interest. In
the present study, we mimicked nutrient deprivation and ER stress induced apoptosis by culturing islets under
low serum condition and supplementing the ER stress inducer compound, Tg which has been shown previously
to increase apoptosis, necrosis and autophagy in both mice and human islets and decreases beta-cell mass**=.
Although exposure to the low level of Tg mimics mild ER stress and consequently only disturbs ER Ca** filing
but not islets function and insulin secretion®, chronic exposure to elevated level of Tg (1 uM) inhibits insulin
secretion as much as 90% and therefore, alleviates islets functionality*.

Reducing activated ER stress response has been investigated by supplementing growth factors such as IGF,
NGF to islets culture'® %2 or through viral delivery of HGE, VEGF and GDNF to islets?>**-#7. Co-culturing islets
with mesenchymal stem cells which are known as a source of growth factors and cyto-protective elements*®+
have also been studies as a strategy for reducing islets loss. Although elevated islets function and viability as well
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Figure 4. GDNF improves islet grafts function and reduces ER stress post transplantation. (a) Random blood
glucose levels in diabetic mice transplanted with human islets pre-cultured for 48 hrs in complete medium
(unst, n=6), nutrient deprived medium (vehicle, n=11) with GDNF (200 ng/ml, n=6), Tg (1uM, n=8),

or Tg+GDNF(n=8). (b) Percentage of euglycemic mice post transplantation. (c) Circulating levels of hC-
peptide measured by EIA in plasma at day 30 post transplantation (d) and presented as ratio of hC-peptide
over fasting b-glu. (e) Representative western blot for protein expression of IRE1o and BiP in human islet grafts
harvested on day 30 post transplantation. (f,g) Quantification of IRE1cv and BiP bands densities normalized
to housekeeping gene GAPDH. For all analysis, data is presented as mean & SD and p-values were analyzed
by nonparametric ANOVA with Dunn’s corrections or Mann-Whitney U-test. The n refers to number of mice
in each experimental group, *P < 0.05, **p < 0.01 vs. vehicle islets, “p < 0.05, *p < 0.01 vs. Tg-treated islets.
$p < 0.05 vs unstv group. Log-rank (Mantel-Cox) test was used to analyze the difference in percentage of
euglycemic animals post transplantation. Unst: unstarved, Tg: Thapsigargin, B-glu: Blood glucose, hCpeptide:
human C-peptide.

as improved islets graft revascularization have been shown, most studies are restricted to rodent or non-human
primate islets. Recently, a combination of GDNF and IGF have been reported as a beneficial supplement to human
islets transplantation medium for improving islets function and viability in culture as well as post transplanta-
tion®®. However, human islets in that study were not exposed to stress responses that normally islets experience in
the pre and post transplantation phase. In our study, we show that short-time exposure of human islets to GDNF
in culture does not negatively impact human islets viability or functional potency. Importantly, we showed that
GDNEF recovered insulin secretion in response to stimulated level of glucose and increased total insulin content
in nutrient deprived human islets. This was accompanied with a reduction in the ratio of proinsulin to insu-
lin in GDNF-treated human islets. Elevation of proinsulin to insulin ratio reflects failed ER activity in folding
newly synthetized proinsulin and processing to insulin®®>'. Therefore, reduction in this ratio suggests an overall
improvement in insulin process and secretion by GDNF in nutrient deprived islets.

There is a great interest in contribution of ER stress and nutrient deprivation to the failure of functional trans-
planted islets graft on early phase post transplantation as elevation of ER stress mediators have been reported
in isolated and transplanted islets'® !> 2. Herein, we have reported that pre-culturing ER stress-induced human
islets with GDNF increased the percentage of euglycemia achievement in diabetic recipients, which was accompa-
nied with significant improvement in human islets function and mass 30 days post transplantation evidenced by
increased human C-peptide secretion and human C-peptide to fasting blood glucose ratio, respectively. However,
we observed minor protective effect of GDNF compare to vehicle in vivo, which could be due to both milder stress
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response induced by nutrient deprivation alone and shorter culture time in starvation condition prior to trans-
plantation. Improved grafts function post transplantation in animals transplanted with Tg+GDNF pre-treated
human islets was associated with significant reduction in expression of ER stress response proteins IRE1cv and
BiP. Elevations of ER stress sensor, IRE1a and molecular chaperone, BiP have been reported upon ER stress and
in pancreatic islets of both typel and type 2 diabetic patients>**>5% An increase in expression of IREla is cor-
related with degradation of insulin mRNA®>¢. Therefore, observed reduction in protein expressions of BiP and
IRElo associated with recovered islets mass and function suggest a protective role of GDNF through decreasing
protein degradation, reducing ER stress induced apoptosis and also improving ER protein synthesis and folding
efficiency. Recently, GDNF has been found as an angiogenic factor secreted by adipose-derived stem cells, which
works independent of VEGF and mediates endothelial cells formation and angiogenesis*’. This could also explain
the improvement in transplanted graft function 30 days post transplantation found in our study.

The mechanism involves in the effect of GDNF on pancreatic islets under nutrient deprivation and activated
ER stress is not fully understood. Nutrient deprivation induces activation of proinflammatory cytokines in islets.
Increased inflammation results in SERCA Ca”*" channel instability through activation of oxidative stress and NO
production®®°. We induced both nutrient deprivation and ER stress by culturing islets in serum reduced culture
medium together with SERCA channel blocker, Tg. Although, we have shown that GDNF reversed the adverse
effect Tg through reduction in ER stress activity, it is unknown if GDNF could directly interfere with the SERCA
channel or ER Ca?*t filing and we could not rule this out in the current study. In addition, GDNF has also been
reported to induce protective effect on long-term human islets culture, which is a stress condition independent of
nutrient deprivation and inhibition of SERCA channel®.

Previous investigations on survival effect of neurotrophic factors such as NGF and GDNF on islets as well as
enteric neurons, identified activation of survival pathways PI3K/AKT and glycogen synthase kinase-33 (GSK-3(3)
as possible candidates involved in cyto-protective effect of these neurotrophic factors?® 2% ¢!, Elevated PI3K/
AKT correlates with suppression of ASK, its downstream kinase JNK and therefore reduced apoptosis in human
islets®>. We have demonstrated here that supplementing GDNF to ER stress induced human islets recovered phos-
phorylation and activation of PI3K, AKT and GSK3p. Therefore, PI3K/p-AKT/p-GSK3( is a possible signaling
pathway by which GDNF could protect islets from different stress responses.

In conclusion, by mimicking nutrient deprivation and activated ER stress in isolated islets, we have shown
that GDNF could recover human islets function and viability and consequently might be a superior mediator to
alleviate stress responses within isolated islets.

Research Design and Methods

Human islets isolation and culture. Human islets were obtained from the JDRF award 31-2008-416
(ECIT Islet for Basic Research program) and were isolated according to semi-automated purification system®
from male/female 10/8 brain-dead donors with mean age 55 years (19-70 years) provided by the islet isolation
facility of the Nordic Network, Uppsala, Sweden, or Oslo University Hospital, Oslo, Norway after appropriate
informed consent from relatives for multi-organ donation and for use in research. All experiments and methods
using human islets were approved by and performed in accordance with the guidelines and regulations made by
regional committee for medical and health research ethics central in Norway (2011/782). Islets purity was judged
by digital imaging analysis®* or dithizone staining and islets with purity between 50-95% was used in this study.
Fresh free floating isolated islets were cultured in CMRL 1066 (Corning, Manassas, VA, USA) containing 10%
human serum and supplements as previously described®. For experiments, human islets were manually picked
and cultured in Sterilin petri dishes (Sterilin LtD, New Port, UK) with CMRL 1066 medium supplemented with
0.5% human AB-serum, 1% penicillin/streptomycin, 10 mM HEPES (Life Technologies AS, Oslo, Norway), with
or without human recombinant GDNF (200 ng/ml) (a kind gift from Sven O. Gopel, AstraZeneca R&D, Molndal,
Sweden) for 72 hrs at 37°C (5% CO,). In parallel experiments, handpicked human islets were cultured in CMRL
medium supplemented with 0.5% human serum and treated with Thapsigargin (Tg) (1 M) (Sigma Aldrich,
Oslo, Norway) with or without GDNF for 48 hrs. Cells and supernatant were harvested as indicated and stored at
—80°C until further analysis.

Glucose stimulation insulin secretion assay. Ten equally-sized islets were handpicked and transferred
into transwells plate (Corning, NY, USA) containing krebs-ringer bicarbonate buffer (1x stock buffer, 1 M Cacl,,
1M Mgcl,, 1 M HEPES, 200 mg/ml human albumin) supplemented with 1.67 mM glucose and incubated for
45 min at 37 °C. Transwells were switched to krebs-ringer bicarbonate buffer containing 20 mM glucose and incu-
bated for 45 min at 37 °C. Supernatants were harvested for insulin secretion analysis using human insulin ELISA
kit (Mercodia AB, Uppsala, Sweden). Stimulation index (SI) was calculated as a ratio of insulin secreted in high
concentration of glucose (20 mM) to insulin in low concentration of glucose (1.67 mM).

Proinsulin and insulin measurement. Levels of proinsulin and insulin were measured in cell-free super-
natant using human insulin and proinsulin ELISA kit (Mercodia AB, Uppsala, Sweden).

Apoptosis assays. Programmed cell death was analyzed by detection of DNA-histone complexes in the
cytoplasmic fraction of islets lysates using Cell Death Detection ELISAP'US kit (Roche Diagnostics, Mannheim,
Germany) according to protocol offered and described by manufacturer.

TUNEL staining using DeadEndTMFluorometric TUNEL system (Promega Biotech AB, Stockholm, Sweden)
was performed on 60-80 handpicked equally sized islets. Islets were dispersed into single cells using TrypLE
Express (Life Technologies AS, Oslo, Norway) and proceed to universal 320 cyto-centrifuges (Hettich lab technol-
ogy, Tuttlingen, Germany). Cytospin-made slides were fixed and permeabilized by 4% Paraformaldehyde (PFA)
and 0.5% Triton-X100 in PBS respectively. Protein Block Serum Free (DAKO, Oslo, Norway) was used to block
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non-specific staining. Slides were then incubated overnight at 4 °C with polyclonal Guinea Pig Anti-insulin 1:500
(DAKO, Oslo,Norway). After washing with 1x tris buffered saline plus Tween 20 (TBST), slides were incubated
with goat-anti-guinea pig Alexafluor 594 1:300 (Life Technologies AS, Oslo, Norway) for 1hr at room temper-
ature followed by TUNEL staining according to protocol described by manufacturer. Nuclear staining was per-
formed using SlowFade Gold antifade reagent with DAPI (Life Technologies AS, Oslo, Norway). Images were
taken by Axio Observer Inverted Microscope (Carl Ziess AS, Germany) operates by ZEN lite software. Area of
insulin positive cells and total number of TUNEL positive cells and nuclei per each image were measured and
analyzed using Image J software (National Institute for Health, USA). Five images were taken from each slide and
minimum of 2000 cells per slide were scored.

Viability assessment was performed on hand-picked islets using fluorescein diacetate (FDA) 20 pg/ml
(Sigma-Aldrich Norway AS, Oslo, Norway) for detection of live cells and propidium iodide (PI) 100 pg/ml
(Thremo Fisher Scientific, Oslo, Norway) for evaluating the degree of dead cells. Images were taken by Axio
Observer Inverted Microscope (Carl Ziess AS, Germany) operates by ZEN lite software.

Phosphoproteins analysis of PI3K/AKT signaling pathway. 200 handpicked equally sized islets were
collected and lysed using cell lysis buffer (BioRad, CA, USA) supplemented with 2mM PMSF (Sigma Aldrich,
Oslo, Norway). Protein lysate concentration was measured by Pierce BCA protein assay (Life Technologies AS,
Oslo, Norway) and equal amount of protein lysate was added to each well of phosphoproteins Bio-Plex assay
(171V50002M, 171V50007M, 171V500036M). Cell signaling assay was performed according to manufacturer
protocol and analyzed using Bioplex 200 system (BioRad, CA, USA).

Western blot analysis. Cell lysis buffer (RIPA buffer supplemented with Halt protease inhibitor (Thermo
scientific, Oslo, Norway) or tissue lysis buffer (RIPA buffer containing halt protease-phosphatase inhibitors and
1% sodium dodecyl sulfate) was added to human islets pellet (100 islets) or frozen graft-bearing kidney sam-
ples before proceeding to mechanical disruption using sonication. Samples were centrifuged and purified using
QIAshredder purification column (QIAGEN, Hilden, Germany). Total protein concentrations were determined
using Pierce BCA protein assay (Life Technologies AS, Oslo, Norway). Equal amounts of total proteins (20 j.g)
were separated on mini-PROTEIN GTX precast gels followed by proteins bands transfer to PVDF membrane
(Bio-Rad, CA, USA). According to antibodies datasheet provided by manufacturer, membranes were blocked
with 5% skim milk or 5% BSA in 1xXTBST and incubated overnight at 4 °C with primary antibodies, IRE1cx rab-
bit monoclonal antibody 1:1000, BiP rabbit monoclonal antibody 1:1000 (Cell Signaling, MA, USA), GAPDH
goat polyclonal antibody 1:1000 (Santa Cruz Biotechnology, TX, USA). Bound antibodies were labeled with goat
anti-rabbit IgG-HPR 1:10000 and donkey anti-goat IgG-HPR 1:10000 (Santa Cruz Biotechnology, TX, USA).
Protein bands were visualized using clarity western ECL chemiluminescence substrate kit (Biorad, CA, USA) or
super signal west femto (Thermo scientific, Oslo, Norway) followed by semi-quantitative measurement of band
density using chemiDGC touch imaging system, (BioRad, CA, USA).

In vivo experimental model. The experimental protocol was approved by the Norwegian National Animal
Research Authority project license no FOTS id 8588. The animal experiments were performed in accordance
with the European Directive 2010/63/EU and The Guide for the Care and Use of Laboratory Animals, 8th edi-
tion (NRC 2011, National Academic Press). Animals were housed under standard condition in an approved
facility with free access to food and water except fasting time. Male Balb/c Rag 1 -/~ immunodeficient mice
(C.129S7(B6)-Ragl™Mom/] stock 003145, The Jackson Laboratory, Sacramento, California, USA) 8-10weeks old
mice were used as recipients. Diabetes was introduced by one intravenously injection of alloxan (Sigma Aldrich,
St. Louis, Missouri, USA) (75 mg/kg body weight). Mice constantly showing non-fasting blood glucose above
20 mM for two consecutive days measured by glucometer (Accu-Chek Avia Nano, Rouche Diagnostics, Indiana,
USA) were considered diabetic. Mice were divided into five groups and transplanted under kidney capsule with
800 human islets pre-cultured for 48 hrs either in culture medium containing 10% human serum as control (unst)
(n=6), or under nutrient starvation (0.5% human serum)(vehicle)(n=11) with GDNF (200ng/ml) (n=6), Tg
(1uM) (n=38), or Tg-+GDNF (200 ng/ml) (n = 8) as previously described®. Random non-fasting blood glucose
and weight were monitored every third day at 9 am until endpoint. At day 30 post transplantation, mice under
anesthesia were sacrificed by heart puncture for blood samples and the graft-bearing kidney were harvest by snap
frozen in liquid nitrogen. Plasma samples for analysis of human C-peptide (Mercodia, Uppsala, Sweden) together
with harvested graft-bearing kidneys for analysis of ER stress mediators were stored at —80 C until use.

Statistical analysis. Data are presented as means + SD and GraphPad Prism version 6.0. (La Jolla, CA, USA)
was used for data analysis. Differences among three groups were evaluated by non-parametric ANOVA with
Dunn’s corrections. Mann-Whitney U-test and Wilcoxon matched-pairs test were performed based on experi-
mental design (paired vs. unpaired) for difference analysis between two groups. Significance was set at p < 0.05.
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Abstract

GPR44 is a receptor for prostaglandin D, that recently identified to specifically express on human
beta cells, however the function of this receptor has not been studied. Herein, the PGD,-GPR44 axis
was investigated using a selective GPR44 antagonist on human islets in vitro and in vivo by using a
human islet transplantation mouse model. PGD, or pro-inflammatory cytokines (IL-1p, TNF-a, INF-
v) induced apoptosis in human islets and GPR44 inhibition reversed this effect in a dose dependent
manner. Exposing human islets to high glucose plus IL-1p reduced insulin secretion, which was
significantly reversed following the treatment with GPR44 antagonist. Administration of the GPR44
antagonist to diabetic mouse model transplanted with human islets resulted in reduced fasting blood
glucose and enhanced glucose tolerance. Improved islet function was supported by increased hC-
peptide levels compared to the vehicle treated recipients. GPR44 inhibition reduced plasma level of
proinflammatory markers, TNF-a. and GRO-a and increased HGF. GPR44 inhibition in human islets
exposed to diabetic stressors in vitro resulted in activation of the AKT/GSK3p signaling pathway
together with phosphorylation and inactivation of FOXO-1 and up-regulation of PDX-1. In
conclusion, inhibition of GPR44 in human islets has the potential to improve islet function and

survival under inflammatory and metabolic stress.



Introduction

GPR44, also known as DP2 or CRTh2, is a trans-membrane G-coupled protein receptor for
prostaglandin (PG) D, that has recently been identified as a human beta cell specific biomarker
through proteomics screening analysis (1). The expression of GPR44 is highly restricted to human
pancreatic beta cells (2) and the receptor has recently been shown as a useful imaging biomarker for
visualization of the human beta cell mass (3). However, the physiological role of GPR44 on human

islet function and survival in the diabetic milieu remains unknown.

One hallmark of diabetes is the loss of functional beta cells mass, resulting in an insufficient release
of insulin and development of hyperglycemia (4). Prolonged presence of hyperglycemia has an
adverse effect on pancreatic beta cell function and mass due to, at least partly, activation of pro-
inflammatory responses leading to beta cells apoptosis (4-6). Pro-inflammatory PGs are lipid
molecules that derive from arachidonic acid (AA) in cell-membrane phospholipids and inflammatory
molecules trigger their synthesis (7). Interleukin (IL)-1B, a pro-inflammatory cytokine that is known
to induce beta cell injury and loss, has also been found to increase PG production in islets through

activation of NF-xB (8, 9).

PGD; signals through both GPR44 and DP1 (10). However, only GPR44 is highly expressed in
isolated human islets, while DP1 mRNA is barely detectable (1). Although, there is not much known
about the role of PGD; and the regulatory mechanism of PGD,-GPR44 in human islets, it has been
demonstrated recently that the elevated level of glucose and IL-1[3 could increase PGD, synthesis in
vitro in human islets in a similar fashion as previously described for PGE; (11). Furthermore, PGD,
reduces intracellular cAMP and inhibits glucose stimulated insulin secretion via GPR44 in human
islets (7). The protein expression of GPR44 has been reported to significantly reduce in insulin

negative human islets, demonstrated in pancreatic sections from patients with long-standing type 1



diabetes (12). In contrast, the expression of this receptor showed an up-regulation in sections from

patients with type 2 diabetes compared to healthy individuals (12).

In the present study, we aimed to investigate the effect of GPR44 inhibition on the function and
survival of human islets exposed to the diabetic milieu mimicked by high level of glucose and IL-1p.
We used a diabetic immunodeficient human islet transplant mouse model to evaluate the in vivo
effect of GPR44 inhibition. Finally, the molecular mechanisms involved in GPR44 inhibition on

isolated human islets were explored.



Research Design and Methods

All experiments and methods using human islets were approved by and performed in accordance with
the guidelines and regulations made by the regional committee for medical and health research ethics
central in Norway (2011/426). The animal experiments were approved by the Norwegian National
Animal Research Authority (FOTS ID 7005) and were performed in accordance with the European
Directive 2010/63/EU and The Guide for the Care and Use of Laboratory Animals, 8th edition (NRC

2011, National Academic Press).

Compounds and in vitro pharmacology

The GPR44 antagonist, AZ8154 used in the present study is an analogue to the previously published
GPR44 antagonist, AZD1981, which is a 4-(Acetylamino)-3-[(4-Chlorophenyl) Thio]-2-Methyl-1H-
Indole-1-Acetic Acid (13). AZD1981 is a clinical drug candidate intended for treatment of asthma
(14, 15). Both compounds were synthesized by AstraZeneca and came from two neighboring
chemical series. Briefly, human EndoC-pH1 cells were plated in fibronectin- and extracellular
matrix-coated 96-well plates for the in vitro pharmacology analysis including cCAMP measurement
and glucose-stimulated insulin secretion. The dose response curves for the two GPR44 antagonists
were also compared and the IC50 values were found to be equal between the two compounds

(Supplementary materials, Fig.S1 and Table S1).

Human islets culture and experiment condition

Human islets from non-diabetic donors were obtained from Prodo laboratory (Prodo Labs Inc., CA,
USA). The cells were recovered overnight in standard Prodo Islet Media (PIM) (Prodo Labs, CA,
USA) at 37 °C with 5 % CO,. On the day of experiment, islets were dispersed with TrypLE Express
(Gibco, Paisley, UK) and aliquoted into a 96-well plate with 4000 cells/well in 80 pl of PIM before

treatment with compounds. The cells were then incubated for 24 hrs with either a stable PGD,-



analogue, 15(R)-15-methyl-PGD, (Cayman Chemicals, MI, USA) at the concentrations of 1, 10 or
100 nM or with a mix of the cytokines, IL-1f (10 ng/ml), IFNy (50 ng/ml) and TNFa (50 ng/ml)
(R&D systems, MN, USA) with or without addition of GPR44 antagonist (1, 3 or 10 uM) to evaluate

the dose dependent effect of the ligand PGD, and the GPR44 antagonism on islet apoptosis.

For the rest of the experiments, human islets were obtained from the JDRF award 31-2008-416 (ECIT
Islet for Basic Research program) and isolated according to semi-automated purification system (16)
from male/female 7/3 non-diabetic brain dead donors with mean age 55 years (35-58 years) and mean
BMI 24 kg/m? (23-30 kg/m?) provided by the islet isolation facility of the Nordic Network for
Clinical Islet Transplantation (Uppsala, Sweden and Oslo, Norway) after appropriate informed
consent from relatives for multi-organ donation and for use in research. Islets purity was judged by
digital imaging analysis (17) or Dithizone staining and islets with purity > 50% was used in this
study. Fresh free floating isolated islets were cultured in CMRL 1066 (Corning, Manassas, VA, USA)
containing 10 % human AB serum (Milan ANALYTICA AG, Switzerland) and supplements as
previously published (18). Cell culture medium was changed the day after isolation and subsequently
every 2-3 days until use in the experiments. In order to perform in vitro experiment, equally sized
human islets were manually hand-picked and cultured at 37 °C with 5 % CO, for 48 hrs in petri
dishes (Sterilin LtD, New Port, UK) with CMRL 1066 medium supplemented with 2 % human AB
serum (Milan ANALYTICA AG, Switzerland), 1 % penicillin/streptomycin, 10 mM HEPES (Life
Technologies AS, Oslo, Norway) without (untreated islets) or with a combination of high glucose
(HG, 20 mM) and IL-1B (10 ng/ml) (R&D systems, MN, USA) with or without GPR44 antagonist

(10 puMm).



Cell death and apoptosis analysis

Programmed cell death was analyzed by detection of DNA-histone complexes in the cytoplasmic
fraction of islet lysates using Cell Death Detection ELISA”-Y® kit (Roche Diagnostics, Mannheim,

Germany) according to protocol offered and described by the manufacturer.

The level of caspase activity was determined by Caspase-Glo 3/7 assay according to the protocol

provided by the manufacturer (Promega Biotech AB, Nacka, Sweden).

Glucose stimulation insulin secretion assay

20 equally-sized human islets were handpicked and transferred into a transwell plate (Corning, NY,
USA) containing Krebs-Ringer Bicarbonate Buffer (11.5 mM NaCl,, 0.5 mM KCl, 2.4 mM NaHCOs,
22mM CaCl,, 1mM MgCl,, 20mM HEPES, and 2mg/L albumin: all from Sigma-Aldrich)
supplemented with 1.67 mM glucose and incubated for 45 min at 37 °C. Transwells were switched to
Krebs-Ringer Bicarbonate Buffer containing 20 mM glucose and incubated for 45 min at 37 °C.
Supernatants were harvested for analysis of insulin secretion using human insulin ELISA kit
(Mercodia AB, Uppsala, Sweden). Stimulation index (SI) was calculated as a ratio of the insulin
secreted in high concentration of glucose (20 mM) to the insulin secreted in low concentration of

glucose (1.67 mM).

Islet Transplantation

Male NMRI-nude mice (Harlan, IN, USA) 8-10 weeks old were intravenously administered with one
dose of Alloxan Monohydrate 75 mg/kg (Sigma Aldrich, UK) 3 days prior to islet transplantation.
Mice with blood glucose > 20 mmol/L for 2 consecutive days were selected as diabetic recipients.
500 hand-picked human islets were transplanted under left kidney capsules as previously described

(19).



In all experiments, the mice were started on the treatment with GPR44 antagonist one day prior to the
human islet transplantation. In the first cohort, mice transplanted with human islets from one donor
were administered orally twice daily with a high dose (100 mg/kg/day, n=8) (HD100) of GPR44
antagonist up to 16 days after transplantation. Control mice received vehicle, which was 0.5 %

Hydroxypropyl Methyl Cellulose (HPMC, n=8).

In the second cohort, the mice were divided into three groups and a dose response study was
performed with low dose (6 mg/kg/day, n=8) (LD6) and high dose (60 mg/kg/day, n=8) (HD60) of

GPR44 antagonist, or vehicle (HPMC, n=8) until day 16 after transplantation.

In the third cohort, mice transplanted with human islets from two donors were treated with HD60 of
GPR44 antagonist (n=14), or vehicle (n=14). This experiment was terminated 4 days after
transplantation in order to study the early effects of GPR44 inhibition on graft function and to explore
the molecular mechanism of GPR44 receptor in human islets. Fasted (4 hrs) blood samples were
harvested on day 2, 4 and 10 after transplantation from the saphenous vein and on day 16 by hearth
puncture after sacrificing the animals. Blood samples were collected into EDTA-coated or serum
tubes (Becton, Dickinson and Company, Puls A/S, Oslo, Norway). Plasma was separated by
centrifugation at 3000 rpm for 15 min and stored at -70 °C awaiting assessment. The transplanted
human islet grafts were harvested and fixed in 10 % formalin at termination of the second study
cohort on day 16 after transplantation. Harvested grafts were embedded and sectioned for
immunofluorescent staining of insulin. In the third study cohort, human islet grafts were collected at
termination of the study on day 4 after transplantation. Harvested grafts were immediately snap-

frozen in liquid nitrogen and stored at -70 °C until further gene and protein expression analysis.



Glucose Measurements

Random non-fasting blood glucose and body weight were monitored every second day in the morning
until termination of the study. In the second cohort of mice, the islet response to glucose was
investigated with intravenous glucose tolerance test (IVGTT) on day 10, 4 hrs after administration of
the GPR44 antagonist to the animals. Mice were fasted for 4 hrs before an intravenous D-glucose
injection (1 g/kg body weight, Fresenius Kabi, Oslo, Norway) via a tail vein. Blood glucose was
measured before (0), and 1, 5, 15, 45 min after glucose administration using glucometer (Accu-Chek
Aviva Nano, Roche Diagnostics, IN, USA). To exclude the acute effect of the GPR44 antagonist, the

second IVGTT was performed on day 15 without the morning administration of GPR44 antagonist.

Biochemical Measurements

Assessment of human specific C-peptide, proinsulin and insulin in plasma samples were performed
using EIA assays (Mercodia, Uppsala, Sweden) according to the manufacturer protocol. Levels of
pro-inflammatory cytokines, Tumor Necrosis Factor-o. (TNF-a) and (C-XC motif) ligand 1 (CXCL-
1/GRO-0) were measured in plasma samples using U-PLEX electrochemiluminescence immunoassay
on MESO Quick analyzer (Meso Scale Diagnostics, MD, USA). The protein level of Hepatocytes
Growth Factor (HGF), phosphorylated serine/threonine protein kinase B (PKB) AKT and Glycogen
synthase kinase 3 beta (GSK3p) were measured in the human islet lysate utilizing multiplex
immunoassay with magnetic beads and detected with multiplex analyzer (Biorad, CA, USA)

according to the manufacturer instructions.

Immunofluorescent Staining

Tissue sections from paraffin-embedded human islet grafts were stained with guinea pig anti-insulin
polyclonal antibody, 1:500 (DAKO, Oslo, Norway). Donkey-anti-guinea pig Alexafluor 594, 1:300

(Life Technologies AS, Oslo, Norway) was used as secondary antibody to detect expression of



insulin followed by nuclear staining using SlowFade Gold antifade reagent with DAPI (Life
Technologies AS, Oslo, Norway) in transplanted islets. Slides were scanned and images were taken
by slide scanner Axioscan Z1 (Carl Ziess AS, Germany) operated by ZEN lite blue software. Area of

insulin-positive cells was analyzed using Image J software (National Institute for Health, USA).

Real-time qPCR

Frozen harvested islet grafts were grinded and total RNA was isolated using Trizol/Chloroform
(Qiagen, CA, USA) for phase separation followed by proceeding to the RNeasy Micro Kit (Qiagen,
Hilden, Germany) according to the manufacturer guidelines. The concentration of total RNA samples
was measured by NanoDrop ND-1000 UV/Vis spectrophotometer (Saveen Werner AB, Sweden).
Following cDNA synthesis using the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster
City, CA, USA), mRNA expression was analyzed using the following TagMan primers and probes:
human v-maf musculoaponeurotic fibrosarcoma oncogene family, protein A (MAFA)

Hs01651425 s1, human pancreatic and duodenal homeobox 1 (PDX-1) : Hs00426216_m1 with an
ABI 7900HT standard Real-Time PCR System (Applied Biosystems, CA, USA). Results were
normalized to the housekeeping gene human RPL-30: Hs00265497_m1. All primers were provided

from Life Technologies AS, Oslo, Norway.

Western Blot Analysis

Cell lysis buffer (RIPA buffer supplemented with Halt protease inhibitor (Thermo scientific, Oslo,
Norway)) was added to human islets before proceeding to mechanical disruption using sonication.
Samples were centrifuged and purified using QIAshredder purification column (QIAGEN, Hilden,
Germany). Total protein concentration was determined using Pierce BCA protein assay (Life
Technologies AS, Oslo, Norway). Equal amount of total protein (20 pg) were analyzed by

immunoblotting with primary antibodies phosphorylated FOXO-1 and total FOXO-1 rabbit
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polyclonal antibodies (Cell Signaling, MA, USA), PDX-1 rabbit polyclonal antibody (Abcam,
Cambridge, UK), and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) goat polyclonal
antibody (Santa Cruz Biotechnology, TX, USA), all at the concentration of 1:1000. Bound antibodies
were labeled with goat anti-rabbit 1gG-HPR and donkey anti-goat IgG-HPR (Santa Cruz
Biotechnology, TX, USA) 1:10000. Protein bands were visualized using clarity western ECL
chemiluminescence substrate kit (Biorad, CA, USA) or super signal west femto (Thermo scientific,
Oslo, Norway) followed by semi-quantitative measurement of band density using chemiDGC touch
imaging system, (BioRad, CA, USA).

Statistical Analysis

Data are presented as mean = SD. Differences among three groups were evaluated by one-way
ANOVA with Bonferroni corrections. Mann Whitney U-test was performed for difference analysis
between two groups. Significance was set at p < 0.05. Data were analyzed using the GraphPad Prism

software, version 6.0 (La Jolla, CA, USA).
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Results

GPR44 inhibition reduces apoptosis induced by PGD, and protects human islet function under

diabetic stress conditions.

Dispersed human islets treated with the stable PGD, analogue, potently induced apoptosis, where
maximal Caspase 3/7 activity was detected at 1 nM PGD, (Fig. 1A). Addition of the GPR44
antagonist (10uM) significantly reduced the Caspase 3/7 activity back to the basal level in all three
tested concentrations (1, 10, 100 nM) of the PGD, analogue (Fig. 1A). Furthermore, treatment with
GPR44 antagonist significantly reduced Caspase 3/7 activity, induced by the pro-inflammatory
cytokines mix (IL-1p, TNF-a and INFy) in a dose response manner with the highest concentration of
GPR44 antagonist (10uM) as the most potent dose (Fig 1B). Moreover, we showed an increase in cell
death, assessed by cell death detection ELISA™™Y® assay in isolated human islets treated with a
combination of high glucose (HG, 20mM) and IL-1B (10 ng/mL) for 48 hrs (2.30 + 0.23 vs. 1.39 £
0.23, p<0.01) (Fig. 1C). However, GPR44 antagonist (10puM) significantly reduced the level of cell

death induced by HG and IL-1p (1.47 £ 0.10 vs. 2.30 + 0.23, p<0.05) (Fig 1C).

To elucidate the potential functional consequences of GPR44 antagonist on human islets treated with
HG and IL-1B, we examined insulin secretion in response to basal (1.67 mM) and stimulated (20
mM) glucose levels and calculated the SI (Fig. 1D). The impaired SI observed in human islet exposed
to HG and IL-1p compared to untreated islets (0.95 £ 0.06 vs. 1.7 £ 0.21, p<0.01) was reversed by the

GPR44 antagonist (1.76 £ 0.21 vs. 0.95 + 0.06, p<0.05).

In vivo GPR44 inhibition improves glucose tolerance in diabetic mice transplanted with

marginal mass of human islets.

Diabetic mice transplanted with human islets and treated with HD60 of GPR44 antagonist showed
significant improvement in fasting blood glucose measured on day 2 (11.4 £ 2.3 mM vs. 24.1 + 0.9

mM, n=8, p<0.01), day 10 (7.7 + 1.8 mM vs. 24.6 £ 1.4 mM, p<0.001) and day 16 after
12



transplantation (13.8 £ 3.3 mM vs. 27.6 = 1.2 mM, p<0.01) compared to the vehicle (Fig. 2A). In
response to an intravenous glucose challenge examined on day 10, the mice treated with GPR44
antagonist showed a significant improvement in glucose tolerance compared to the vehicle group as
shown by AUC quantitative analysis of the glucose excursion curves (594 + 44 vs. 1387 = 34
mM*min, p<0.001) (Fig. 2B). To exclude the observed acute effect of the GPR44 antagonist on
improved glucose response in islets, IVGTT was performed on day 14 post transplantation after 18
hrs washout period of the GPR44 antagonist. The AUC corresponding to the level of blood glucose
during the IVGTT showed a significant improvement in mice treated with HD60 of GPR44
antagonist compared to the vehicle (Fig. 2C) (767 £ 109 vs. 1449 £ 16 mM*min, p<0.01). The LD6

of GPR44 antagonist had neither effect on fasting blood glucose nor glucose tolerance in the IVGTT

(Fig. 2).

In vivo GPR44 inhibition preserves transplanted human islet grafts.

Blood samples taken on day 2 and 16 after transplantation demonstrated a significant improvement in
islet function evidenced by an increase in the levels of hC-peptide in mice treated with HD100 of
GPR44 antagonist compared to controls (Fig. 3A; Day 2: 378 + 80 vs. 270 + 53, Day 16: 803 + 145
vs. 72 = 28, p<0.0001). In addition, the ratio of hC-peptide/fasting blood glucose was significantly
increased in mice treated with GPR44 antagonist compared to the vehicle (141 + 36 vs. 11 £ 5

pmol*L™**mM, p<0.001) (Fig. 3B).

In the second cohort, human C-peptide levels were measured at day 2 and at the termination of the
study on day 16. We found a significant increase in hC-peptide levels in mice treated with HD60 of
GPR44 antagonist compared to the vehicle (Fig. 3C) calculated as the difference (A value) between
day 2 and day 16 after transplantation. In addition, the ratio of hC-peptide over fasting blood glucose
(Fig. 3D), which has been shown previously to correlate with the beta cell area in human islet (20)

was also increased in mice treated with HD60 of the GPR44 antagonist compared to the vehicle on
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day 16 after transplantation (8.28 + 1.85 vs. 2.81 + 0.22 pmol*L™*mM, p<0.05). The insulin protein
levels by means of immunofluorescence insulin staining analyzed after termination of the study on
day 16 in the human islet grafts (Fig. 3E), revealed a significant increase in insulin positive area in
grafts from mice treated with HD60 of the GPR44 antagonist compared to vehicle (Fig. 3F, 394975 +

37708 vs. 215900 + 17658 um?, p<0.0001).

In vivo GPR44 inhibition protects human islets from inflammatory responses.

We further investigated whether inhibition of GPR44 could induce a beneficial effect on transplanted
human islets exposed to diabetic milieu on early phase after transplantation in severely diabetic mice.
We found an increased level of plasma hC-peptide measured 4 days after transplantation in mice
treated with the HD60 of GPR44 antagonist compared to the vehicle group (781 = 102 vs. 400 + 89
pmol*L?, p<0.01) (Fig. 4A). Increased ratio of proinsulin to insulin has been suggested as an early
marker for islet dysfunction (21, 22). Herein, we showed a decrease in the ratio of proinsulin to
insulin (Fig 4B) in mice treated with HD60 of GPR44 antagonist compared to the vehicle group.
Furthermore, the levels of plasma pro-inflammatory cytokine, GRO-a were significantly reduced in
GPR44 antagonist treated group (Fig. 4C) and this was accompanied with an increase in protein level
of HGF compared to vehicle group (Fig. 4D). Interestingly, we found an increase in the mRNA level
of beta cell specific transcription factors, PDX-1 (Fig. 4E) and MAFA (Fig. 4F) in human islet grafts

from mice treated with HD60 of GPR44 antagonist compared to the vehicle group.

GPR44 inhibition in isolated human islets up-regulates PDX-1 via phosphorylation of
AKT/GSK3p/FOXO-1.

To explore the mechanism involved in the protective effect of GPR44 inhibition in human islets
exposed to a diabetic milieu, we assessed the phosphorylation and activation of the AKT survival
pathway in vitro in isolated human islets treated with a combination of HG (20 mM) and IL-1p (10

ng/ml) with or without the GPR44 antagonist (10 uM) for 48 hrs. We found an approximately 2-fold
14



reduction in phosphorylation of AKT (Fig. 5A) and GSK3p (Fig. 5B) in human islets treated with HG
+ IL-1B compared to the vehicle. Administration of the GPR44 antagonist to HG + IL-1j- treated
human islets significantly increased the phosphorylation of AKT and GSK3p by 2-fold (Fig. 5A-B).
Western blot analysis of islets treated with HG + IL-1p revealed a 2-fold reduction in the
phosphorylation of FOXO-1 (Fig. C, D) and PDX-1 (Fig. C, F) compared to the vehicle, whereas
inhibition of GPR44 diminished these effects (Fig. C, D, and F). Of note, the protein level of total
FOXO-1 stayed unchanged regardless of the treatment in each experimental group (Fig. C, E). These
data suggest that GPR44 inhibition improved human islet function at least partly though activation of

AKT/GSK3p, phosphorylation and inactivation of FOXO-1 and up-regulation of PDX-1.
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Discussion

In the present study, we have demonstrated that specific inhibition of the PGD, receptor, GPR44
improves the survival and function of pancreatic human islets exposed to diabetic conditions. This
involved a decrease in inflammatory status of the transplanted human islet and preserved beta cell
mass, confirmed by using a diabetic mouse model transplanted with marginal mass of human islets
and treated with GPR44 antagonist. The effect of inhibiting the PGD,-GPR44 pathway in diabetic
conditions involved an elevation in phosphorylation of AKT/GSK3p, FOXO1 and an increase in the

expression of the transcription factors that are critical for beta cell maintenance.

Prostaglandins including PGD; are lipid molecules with the ability to regulate pancreatic beta cell
function and insulin secretion (7). Hyperglycemia and systemic inflammation, which are the main
hallmarks of diabetes, induce production of prostaglandin molecules through up-regulation of COX2
enzyme (7, 23-25). PGD; production was found to increase in pancreatic rat islets exposed to high
level of glucose in vitro (26). Herein, we also found that PGD; is as potent as pro-inflammatory
cytokines on inducing cell death in pancreatic human islets (27). By blocking the PGD; receptor,
GPR44, using a specific GPR44 antagonist, the functionality and the survival of human islets were

improved through preservation of the transplanted human islets in the diabetic environment.

PGE; and its G-coupled protein receptors have been studied with the greatest detail compared to the
other members of prostaglandin family (7). In vitro studies in beta cell lines treated with PGE;
demonstrated a reduction in insulin secretion in response to glucose (28). The in vitro data regarding
the effect of PGE; on islets have been mirrored in the in vivo setting. Intravenous administration of
PGE; to animal models or over-expression of PGE; using a transgenic mouse model decreased insulin
secretion in response to glucose and induced hyperglycemic status in animal models (29-31). PGE;

signals through four types of EP receptors (EP1-4), however EP3 has been found as the only PGE;
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receptor that couples to the inhibitory G-protein. PGE,-EP3 reduced insulin secretion in response to
glucose through a reduction in the intracellular cAMP (32, 33). Inhibiting EP3 receptor using EP3
receptor antagonist improved insulin secretion in response to glucose in MIN cell line and rat islets
(34). EP3 inhibition could also enhance insulin secretion in human islets isolated from donors with
type 2 diabetes (33). The PGD, receptor, DP1 was found to couple with the stimulatory G-protein
leading to an increase in the level of intracellular cAMP and insulin secretion, whereas GPR44
couples to the inhibitory G.protein and decreases CAMP and insulin secretion (10). We showed that
the administration of a GPR44 antagonist to Alloxan-induced diabetic mouse model transplanted with
a marginal dose of human islets, improved the transplanted islet response to glucose and enhanced the
plasma level of hC-peptide secreted by transplanted islet. Therefore, one possible hypothesis is that
PGD, signals through the GPR44 receptor and PGD,-GPR44 axis could not only impair insulin
secretion due to the reduced level of CAMP, but also induce apoptotic signals that would damage the
human islets. We confirm here that the in vitro incubation of human islets with PGD, resulted in an
elevated level of apoptosis, to a similar degree as cytokines, and this effect could be blocked by

addition of a GPR44 antagonist.

The ratio of hC-peptide to fasting blood glucose has been found recently to correlate with beta cell
area in human islets (20) and we showed that the inhibition of GPR44 on transplanted human islets
improved this ratio. In addition, insulin positive area evidenced by immunofluorescent labeling of
transplanted human islet grafts for insulin (35) could further suggest a beneficial role of GPR44

inhibition in preserving human islet under diabetic conditions.

It is well known that pro-inflammatory cytokines are involved in pancreatic islet injury and islet graft
destruction after transplantation (25). In particular, elevated level of the pro-inflammatory cytokines,

IL-1B, TNF-a and INF-y observed after islet transplantation and could mediate islet injury in recently

transplanted islets (36). In addition, the production of the pro-inflammatory cytokines, GRO-a
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together with IL-8 and IL-6 were found to increase 6 hrs after human islet transplantation in a whole
blood model simulating allo-islet transplantation (37). This was followed by an increase in the level
of INF-y as well as neutrophil infiltration that could initiate graft loss around 48 hrs post
transplantation (37). In our study, we found reduced plasma level of the human pro-inflammatory
cytokines, GRO-a. in mice treated with GPR44 antagonist, which could support an anti-inflammatory
effect of GPR44 inhibition on human islets exposed to diabetic micro-environment. Moreover, we
also observed a reduction in the ratio of proinsulin to insulin in animals treated with the GPR44
antagonist. Elevated secretion of proinsulin could be due to the presence of stress micro-environment
and failing insulin synthesis (38, 39). Therefore, the effect of GPR44 inhibition on preserving
transplanted human islets in diabetic animals could be as a result of the reduction in inflammatory

reactions and the stress micro-environment within human islets.

To mimic the stress diabetic micro-environment induced by hyperglycemia and pro-inflammatory
molecules and to explore the effect of GPR44 inhibition in this condition, isolated human islets were
exposed to high glucose in combination with the pro-inflammatory cytokine, IL-1B. Herein, the
inhibition of GPR44 receptor revealed an improvement in the function and survival of the human
islets exposed to the diabetic milieu. IL-1B production is triggered by IL-1p itself and also by high
concentration of glucose within islets in diabetic milieu (40). It is well established that the effect of
IL-1B on islet function and insulin secretion is concentration-dependent, as islet culture with high
concentration of IL-1 (5-20 ng/ml) for long period of time (> 24 hrs) has been shown to induce islet

loss through metabolic and endoplasmic reticulum stress (41, 42).

There is lack of knowledge regarding the molecular mechanisms involved in the effect of PGD,-
GPR44 axis on pancreatic islet mass and survival. However, PGE; has been found to decrease DNA

synthesis and islet survival in rat islets (43). This was suggested to be mediated through PGE;
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coupling to the EP3 receptor, leading to dephosphorylation of FOXO-1 either via activation of c-Jun
N-Terminal Kinase (JNK1) or inhibition of phosphatidylinositol 3-Kinase (PI3K)/AKT survival
signaling pathway (44, 45). This resulted in an increase in translocation of FOXO-1 to nucleus, where
it could participate in nuclear exclusion of critical beta cell transcription factors, PDX-1 and MAFA
(44, 46). MAFA and PDX-1 have been previously suggested not only as the key activators for insulin
synthesis, but also master regulators of the genes implicated in the maintenance of beta cell function
(47-49). Here, we found not only an increase in the gene expression of MAFA in transplanted human
islets exposed to the GPR44 antagonist 4 days after transplantation, but we also observed an up-
regulation in protein expression of HGF. HGF is known to improve islet survival and insulin
secretion through mainly activation of PISBK/AKT signaling pathway (50). Secretion of HGF has been
shown to increase in human islets exposed to the pro-inflammatory cytokines in vitro, suggesting a
potential role of HGF in islet health and survival (51). Adenoviral delivery of HGF to non-human
primate islets demonstrated a marked improvement in transplanted islet function and mass (52). This
therefore, could support the protective effect of HGF on islets post transplantation. In the present
study, we demonstrated that the inhibition of GPR44 on human islets could mediate the up-regulation
of PDX-1, increase in phosphorylation of FOXO-1 and activation of AKT/GSK3p signaling pathway.
Having in mind the essential effect of PDX-1 and MAFA on proper insulin secretion and
maintenance of pancreatic beta cells, phosphorylation and deactivation of FOXO-1 accompanied with
the activation of AKT and GSK3p upon GPR44 antagonist treatment could at least partly be involved
in an up-regulation of PDX-1 and MAFA and consequently the improvement in human islet function

and preservation of the transplanted graft mass post transplantation.

A recent investigation on GPR44 receptor as an imaging biomarker for visualization of beta cell mass
has revealed the high selectivity of GPR44 antagonist for pancreatic beta cells. Radiolabeled GPR44

antagonist was shown to bind to insulin-positive islets in pancreatic sections obtained from healthy
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individuals and patients with type 2 diabetes but not the insulin-negative islets in type 1 diabetic
patients (3). Herein, our data support that the inhibition of GPR44 could be beneficial for human islet

function with the possible implication to rescue human islets under diabetic conditions.
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Figure 1: Inhibition of GPR44 results in reduced apoptosis and improved function in human
islets. (A) Caspase 3/7 activity in human islets treated with 15-methyl-15- PGD,; (doses 1, 10 and 100
nM) with or without the GPR44 antag (10uM) for 24 hrs, n=4. (B) Caspase 3/7 activity in human
islets treated with pro-inflammatory cytokines mix (IL-13, TNF-a, and INF-y) with or without the
GPR44 antag in a dose dependent manner (doses 1, 3 and 10 uM) for 24 hrs, n=4. (C) Apoptosis
evaluated in cytoplasmic fraction of isolated human islets treated with either GPR44 antag (10 uM)
or HG (20 mM) + IL-1pB (10 ng/ml) with or without the GPR44 antag (10 uM) for 48 hrs, n=7. (D)
Insulin secretion in response to basal (1.67 mM) and stimulated (20 mM) levels of glucose was
measured by EIA and calculated as stimulation index (SI) for human islets treated with either GPR44
antag (10uM) or HG (20mM) + IL-1B (10 ng/ml) with or without GPR44 antag (10uM) for 48 hrs,
n=7. In all analysis, data is presented as mean £+ SD and analyzed by one-way ANOVA with
Bonferroni corrections. * p<0.05, ** p<0.01, *** p<0.001 vs. vehicle islets, * p<0.05 vs. HG + IL-
1B-treated islets. GPR44 antag: GPR44 antagonist, PCM: pro-inflammatory cytokine mix; HG, high
glucose; n, number of independent donors.

Figure 2: GPR44 inhibition enhances glucose tolerance of human islets transplanted in diabetic
mice. (A) Fasting B-glu was measured on day 2, 10 and 16 in mice transplanted with human islets
and treated with HD60 or LD6 of GPR44 antag or vehicle. B-glu levels during IVGTT and the
corresponding AUC represents the difference in the level of B-glu in mice transplanted with human
islets and treated with HD60 or LD6 of GPR44 antag or vehicle on day 10 after morning
administration of GPR44 antag (B) and on day 14 without morning administration of GPR44 antag
(C). Data is presented as mean = SD. The differences in fasting B-glu and in AUC corresponding to
the glucose levels during IVGTT were analyzed with one-way ANOVA with Bonferroni corrections.
Differences in the level of B-glu were analyzed by IVGTT and calculated using multiple t-tests n=8

mice/each experimental group, ** p<0.01, *** p<0.001 vs. vehicle group. GPR44 antag: GPR44
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antagonist, B-glu: Blood glucose, HD60: High dose 60 mg/kg/day, LD6: Low dose 6 mg/kg/day,

IVGTT: intravenous glucose tolerance test, AUC: area under curve, POD: post operative day.

Figure 3: GPR44 inhibition improves transplanted human islet function and mass post
transplantation. (A) Analysis of hC-peptide levels measured on day 2 and day 16 in mice
transplanted with human islets and treated with HD100 GPR44 antag or vehicle. (B) The ratio of hC-
peptide over fasting B-glu analyzed on day 16 in mice transplanted with human islet grafts and
treated with HD100 of GPR44 antag or vehicle. (C) Assessment of difference (A value) in the level of
plasma hC-peptide measured on day 16 and day 2 in mice transplanted with human islets and treated
with LD6 or HD60 of GPR44 antag or vehicle. (D) The ratio of hC-peptide over fasting B-glu
analyzed on day 16 in mice transplanted with human islet grafts and treated with LD6 and HD60 of
GPR44 antag or vehicle. (E) Representative images showing immunofluorescent staining of insulin
(red) together with DAPI-nuclear staining (blue) on day 16 and (F) quantification of the area of
insulin-positive cells within transplanted islet grafts treated with LD6 and HD60 of GPR44 antag or
vehicle. Magnification 10x with scale bar 200um. In all analysis, data is presented as mean+SD and
analyzed with one-way ANOVA with Bonferroni corrections. n=8 mice/each experimental group. *
p<0.05, *** p<0.001, **** p<0.0001 vs. vehicle group. LD6: low dose 6 mg/kg/day, HD60: high
dose 60 mg/kg/day, HD100: high dose 100 mg/kg/day, GPR44 antag: GPR44 antagonist, hC-peptide:

human C-peptide, B-glu: blood glucose, POD: post operative day.

Figure 4: GPRA44 inhibition improves islet function and ameliorates secretion of pro-
inflammatory cytokines on early phase post transplantation. (A) Assessment of hC-peptide, (B)
the ratio of human proinsulin over insulin and (C) human pro-inflammatory cytokines TNF-o and
GRO-a measured on day 4 in plasma samples of mice transplanted with human islets and treated with
HD60 of GPR44 antag or vehicle. (D) Assessment of HGF protein level and (E) mRNA level of

PDX-1 and (F) MAFA in transplanted human islet lysates treated with HD60 of GPR44 antag or
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vehicle on day4 after transplantation. n=14 mice/each experimental group. In all analysis, data is
presented as mean+SD and analyzed with Mann Whitney U-test. * p<0.05, ** p<0.01 vs. vehicle
group. hC-peptide: human C-peptide, HD60: high dose 60 mg/kg/day, GPR44 antag: GPR44

antagonist.

Figure 5: GPR44 inhibition increases protein level of PDX-1 via AKT/GSK3B/FOXO-1
signaling pathway in isolated human islets. Analyzing the Phosphorylation of (A) AKT and (B)
GSK3p in human islets treated with either GPR44 antag (10puM) alone or HG (20mM) + IL-1pB (10
ng/ml) with or without GPR44 antag (10uM) for 48 hrs. (C) Western blot analysis of phosphorylated
FOXO-1, PDX-1, total FOXO-1 in human islets treated with either GPR44 antag (10puM) alone or
HG (20mM) + IL-1B (10ng/ml) with or without GPR44 antag (10uM) for 48 hrs. Quantification of p-
FOXO-1 (D), total FOXO-1 (E) and PDX-1 (F) band densities normalized to GAPDH and presented
as fold of vehicle islets. For all analysis data is analyzed with one-way ANOVA with Bonferroni
corrections and presented as mean + SD, n=7. * p<0.05 vs. vehicle. * p<0.5, ** p<0.01 vs HG+IL-
1B-treated human islets. HG, high glucose; GPR44 antag: GPR44 antagonist, n, number of

independent donors.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Online Supplemental Materials

Insulin secretion assay with EndoC-pH1 cells

Human EndoC-BHI1 cells were plated and pre-treated as described above for the cAMP
measurements. Glucose-stimulated insulin secretion (GSIS) experiments were performed for 1 hr at
37 °C, 5 % CO, by incubating cells in KREBS buffer containing 0.2 % BSA, 0.5 mM 3-isobutyl-1-
methyl-xanthine (IBMX, a phosphodiesterase inhibitor) and either 2.8 or 11.1 mM glucose, in the
presence of serial dilutions of GPR44 antagonist (AZ8154 and AZD1981) at the concentration range
of 3.81x10™ M to 2.5 x10® M, with or without ECgo (150 pM) of the GPR44 agonist 15(R)-15-
methyl Prostaglandin D,. At the end of the incubation period, cell-culture supernatants were collected
and insulin levels determined by an HTRF®-based insulin assay from Cisbio Bioassays and read on a
Paradigm plate reader (Molecular Devices) at 665 and 620 nm. Insulin standard curve was prepared

according to the Cisbio protocol.

In other experiments, EndoC-BH1 cells were incubated with or without 150 pM 15(R)-15-methyl-
PGD; and 11.1 mM glucose. The effect of the GPR44 antagonist (AZ8154 and AZD1981) on insulin
secretion was determined at high glucose with 150 pM 15(R)-15-methyl- PGD,. After 30 min

incubation, insulin secretion was measured as described above.

CAMP measurements assay with EndoC-pH1 cells

Human EndoC-BHI1 cells were plated in fibronectin- and extracellular matrix-coated 96-well plates at
a density of 5x10° cells per well and cultured for 2 days at 37 °C, 5 % CO,. The maintenance medium
was then replaced with low glucose (2.8 mM) medium and cells were cultured for another 16 hrs.
Before stimulation of cAMP production, a 1 hr pre-incubation in KREBS buffer with 0.2 % BSA and

0.5 mM glucose was performed at 37° C, 5 % CO,. Cyclic AMP experiments were then performed

34



for 30 minutes at 37 °C, 5 % CO, by incubating cells in KREBS buffer containing 0.2 % BSA, 0.5
mM 3-isobutyl-1-methyl-xanthine (IBMX, a phosphodiesterase inhibitor) and either 2.8 or 11.1mM
glucose, in the presence of serial dilutions of the GPR44 antagonist (AZ8154 and AZD1981) at a
concentration range of 3.81x10™M to 2.5 x10°M, with or without ECg (150 pM) of the GPR44
agonist 15(R)-15-methyl Prostaglandin D,. At the end of the incubation period, cells were lysed and
CAMP levels in the cell lysate was measured using an HTRF®-based cAMP assay from Cisbio
Bioassays and read on a Paradigm plate reader (Molecular Devices) at 665 and 620 nm. cAMP

standard curve was prepared according to the Cisbio protocol.
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Supplementary figures

Supplementary figure 1: Both GPR44 antagonists, AZ8154 and AZD1981 were equally potent

in blocking PGD, effects in human beta cells

(A) High glucose (11.1 mM) stimulated insulin secretion in the human beta cells, EndoC-pH, about
2-fold and this effect that was blocked by addition of 150 pM 15(R)-15-methyl- PGD,. Addition of
100 nM AZD1981 or 100 nM AZ8154 completely restored the PGD, blunted GSIS response. (B) The
same effects were observed when measuring the cAMP signal, with a significant inhibition of cAMP

production by PGD, and complete restoration to stimulated levels by both AZD1981 and AZ8154.

The dose response curves for the two GPR44 antagonists were compared and the 1Cso values were
found to be similar between the two compounds with similar effects on GSIS (C) or cAMP
production (D). The potencies of the compounds were measured multiple times and the results are
summarized in Supplementary Table 1. In conclusion, both GPR44 antagonists demonstrated similar
potencies in restoring PGD2-induced inhibition of both cAMP production and GSIS on human beta

cells.

Supplementary Table 1: Potency of AZ8154 and AZD1981 in inhibition of cellular responses
mediated by GPR44 in human EndoC-gH1 cells

Assay readout 1Cs5o AZ8154 1C50 AZD1981
(meanzSEM) (meanzSEM)

cAMP 16+2.1 (n=4) 2148 (n=2)

Insulin secretion 21+5 (n=3) 24+11 (n=3)

36



Supplementary figures 1

* * *k

10_ * % Xk
-
= 81
©
3
> 67
[
= -
£ 4-
>S5
[%2]
e
£ L4
0 T L]
(] (< @ N
N > Oo %cb
2 SN
o Vv x
Ne s o
Qv o
) R
on X2
>

-®- AZD1981
AZ8154

-

Log [compound] M

37

6000 A

* kk

4500 A

35009

2500 4

CAMP (pM)

1500~

-®- AZD1981

- AZ8154

o © N ™
&> P v o2 RS
R )M A°
o ‘v Mg
\2\ Xv 0 G4
Qv )
RO 2
<3 N\
\2\

Log [compound] M



38



	ShadabAbadpour, thesis for print, 121018
	paper 1
	Glial cell-line derived neurotrophic factor protects human islets from nutrient deprivation and endoplasmic reticulum stres ...
	Results

	GDNF improves function and viability of nutrient deprived human islets. 
	GDNF protects human islets from ER stress and consequently ER stress induced apoptosis. 
	GDNF reduces ER stress in human islets via PI3K/AKT signaling pathway. 
	Pre-treatment of ER stress induced human islets with GDNF not only improved islets graft function but also alleviated ER st ...

	Discussion

	Research Design and Methods

	Human islets isolation and culture. 
	Glucose stimulation insulin secretion assay. 
	Proinsulin and insulin measurement. 
	Apoptosis assays. 
	Phosphoproteins analysis of PI3K/AKT signaling pathway. 
	Western blot analysis. 
	In vivo experimental model. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 GDNF improves human islets function and viability under nutrient deprived culture condition.
	Figure 2 GDNF reduces ER stress and consequently ER stress induced apoptosis in human islets.
	Figure 3 GDNF protective effect on ER stress induced human islets is through activation of PI3K/AKT signaling pathway.
	Figure 4 GDNF improves islet grafts function and reduces ER stress post transplantation.


	paper 2
	Abstract
	Introduction
	Materials and methods
	Human islets isolation and culture condition
	Mouse islets isolation and culture condition
	In vivo experimental model
	Immunofluorescent staining of human islets
	Western blot analysis
	Glucose stimulation insulin secretion assay
	Insulin content
	Viability detection and cell death analysis
	Cell death detection
	Multiplex apoptosis assay
	Caspase 3/7 assay
	FDA/PI viability assessment

	Biochemical measurements
	Statistical analysis

	Results
	Prolonged hyperglycemia upregulates the expression of LTβR and HVEM receptors in dysfunctional human islet grafts in vivo
	Human islets express IL-22 receptor
	IL-22 reverses the HG + LIGHT-induced upregulation of LIGHT receptors
	IL-22 reverses the adverse effect of HG + LIGHT on human islets function
	IL-22 could at least partly protect human islets from ER stress induced by HG + LIGHT
	IL-22 reduces the expression of pro-inflammatory cytokines triggered by HG + LIGHT in human islets
	IL-22 ameliorates apoptosis induced by HG + LIGHT in human islets

	Discussion
	Supplementary data
	Declaration of interest
	Funding
	Author contribution statement
	Acknowledgements
	References

	supplementary figures and text , IL22 paper
	Article-3 with all figures and supplementary data for print 040518



