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ABSTRACT

Two major barriers to islet transplantation are the need for an
unlimited source of donor tissue and a safer method of
immunosuppression. These may be overcome by xenotransplantation of
neonatal porcine islets (NPI) along with combined co-transplantation of
neonatal porcine Sertoli cells (SC) and transient use of anti-LFA-1
monoclonal antibody (mADb). In this study we aimed to identify potential
mechanisms responsible for prolonged NPI islet xenograft survival with

our combination therapy.

Our data demonstrates that the combination of anti-LFA-1 mADb
therapy along with the co-transplantation of SC is indeed highly efficacious
in preventing NPI xenograft rejection as 20/27 treated mice achieved and
maintained long-term graft survival. Although it appears that T regulatory
cells are not solely responsible for maintaining long-term xenograft
protection, they are likely important in establishing a Ty2 cell phenotype
and sharing a role with secreted SC products, such as serpina3n, in

prolonging NPI xenograft protection.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 DIABETES MELLITUS

Diabetes mellitus (DM) encompasses a common group of metabolic
disorders, which share the similar quality of hyperglycemia®.
Hyperglycemia may be a result of numerous contributing factors, but all
diabetic states are considered a result of an inadequate supply of insulin
and/or an inadequate response of the tissues towards the actions of
insulin®*3. The patient’s chronic inability to store glucose leads to an
increased circulating glucose concentration, which is connected to
abnormalities in carbohydrate, protein, and fat metabolism, as well as
countless complications, including damage and failure in numerous
organs such as the heart, kidneys, eyes, nerves, and blood vessels®>*,
Persistent hyperglycemia is characterized by several symptoms, most
notably polyuria and polydipsia®®. Other symptoms include polyphagia,
weight loss, fatigue, and blurred vision, while growth impairments and

increased susceptibility to secondary infections may also affect patients

having chronic hyperglycemia®®.

Uncontrolled diabetes may have acute and chronic consequences.
Diabetic ketoacidosis and hyperglycemic hyperosmolar syndrome are two
serious, acute complications associated with uncontrolled diabetes®.
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Chronic consequences of diabetes may include nephropathy leading to
kidney failure, retinopathy with potential vision loss, peripheral neuropathy
causing a need for amputation, and autonomic neuropathy causing
cardiovascular, gastrointestinal, genitourinary symptoms, and sexual
dysfunction®. Patients are also at an increased risk for atherosclerotic

cardiovascular, cerebrovascular, and peripheral arterial disease®.
1.1.1 Impact of Diabetes
1.1.1.1 Personal Burdens

The personal complications associated with diabetes is a large
cause for concern, as patients must be responsible for daily measuring
blood glucose levels, and may potentially be forced to take exogenous
insulin daily in the form of injections?. Diabetics can be further limited in
their lifestyle due to constant fluctuations in blood glucose associated with
such things as food intake, levels of stress, and levels of activity?. Direct
costs a diabetic patient can encounter for medication and supplies may
reach up to $15,000 per year in Canada®. Diabetes can result in
significant morbidity, and numerous secondary complications which can
damage the patient physically, mentally, and psychologically>*®. These
burdens, along with a decreased life expectancy, have the ability to

drastically decrease a diabetic patient’s quality of life™.



1.11.2 Global Burdens

The number of people worldwide currently estimated to have
diabetes is a stunning 285 million®. By the year 2030, that number is
expected to reach 438 million®. In Canada alone, the number of people
with diabetes or prediabetes has reached 9 million in 2011, with 10% of
these patients affected by type 1 diabetes®. Diabetes is the fourth leading
cause of death worldwide, responsible for approximately 3.8 million deaths

per year®’®

. In the United States, DM is the leading cause of lower
extremity amputations, end-stage renal disease, and adult blindness™.
Diabetes also has a major economic impact, evident by the projections
that diabetes will cost the Canadian healthcare system $16.9 billion per

year by 2020°. Global health care expenditures on diabetes prevention

and treatment are estimated to exceed $490 billion US dollars by 2030°.
1.1.2 Classification of Diabetes

The majority of diabetic patients fall under two major categories. As
the understanding for the underlying pathophysiological mechanisms
developed, so did the classifications (Table 1.1). Type 1 DM, formerly
known as insulin-dependent DM or juvenile-onset DM, can also be split
into subcategories based on the presence or absence of autoimmunity®’.
Type lais characterized by a T cell autoimmune attack on the 8 cells in
the islets of Langerhans, leading to the total absence of insulin

secretion®’. Type 1b also includes patients who experience a lack of



insulin secretion due to an absence of 3 cells, however, it is idiopathic in
origin, and may not have an immune-mediated etiology*’. Type 2 DM,
formerly known as non-insulin dependent DM, is characterized by insulin
resistance in combination with reduced insulin secretion, along with an
inadequate compensatory insulin secretory response by body tissues®’.
Although Type 2 DM is much more common, the clinical symptoms are
generally less severe, as most patients do not require insulin injections for
survival*®*. Increased age, obesity, and sedentary lifestyle have been

found to increase the risk of incurring type 2 DM,

Another form of diabetes which occurs in pregnant females is
gestational diabetes. Gestational diabetes is characterized by insulin
resistance, and is found to affect approximately 2-5% of pregnancies*?.
Other forms of DM, often termed secondary diabetes, can result from or
are related to another specific disease process or genetic disorder®’.
Secondary diabetes includes genetic defects in § cell function and insulin
action, exocrine pancreatic diseases, endocrinopathies, drug or chemical
induced diabetes, infections, genetic syndromes associated with diabetes
(i.e. Klinefelter’s syndrome), and other uncommon forms of immune-

mediated diabetes?’.



Classifications of Diabetes

L Type 1 diabetes ([-cell destruction, usually
leading to absolute insulin deficiency)
A Immune mediated
B. Idiopathic
1 Type 2 diabetes (may range from
predominantly insulin resistance with relative
insulin deficiency to a predominantly secretory
defect with insulin resistance)
4 Genetic defects of f-cell function
. Chromosome 12, HNF-1a (MODY3)
. Chromosome 7, glucokinase (MODY?2)
. Chromosome 20, HNF-40 (MODY1)
. Chromosome 13, insulin promoter factor-1
(IPF-1: MODY4)
. Chromosome 17, HNF-1p (MODY5)
. Chromosome 2, NeuroDI1 (MODYG6)
. Mitochondrial DNA
8. Others
B. Genetic defects in insulin action
1. Type A insulin resistance
2. Leprechaunism
3. Rabson-Mendenhall syndrome
4
5

T

&

=

. Lipoatrophic diabetes
. Others
.Diseases of the exocrine pancreas
. Pancreatitis
. Trauma/pancreatectomy
. Neoplasia
. Cystic fibrosis
. Hemochromatosis
. Fibrocalculous pancreatopathy
7. Others
D. Endocrinopathies
1. Acromegaly
2. Cushing’s syndrome
3. Glucagonoma
4
5

o)

[ R S

. Pheochromocytoma
. Hyperthyroidism

6. Somatostatinoma
7. Aldosteronoma
2. Others
E. Drug- or chemical-induced
1. Vacor
2. Pentamidine
3. Nicotinic acid
4. Glucocorticoids
5. Thyroid hormone
6. Diazoxide
7. P-adrenergic agonists
8. Thiazides
0. Dilantin
10.a-Interferon
11.0thers
F. Infections
1. Congenital rubella
2. Cytomegalovirus
3. Others
6. Uncommon forms of immune-mediated
diabetes
1. “Stiff-man” syndrome
2. Anti-insulin receptor antibodies
3. Others
H Other genetic syndromes sometimes
associated with diabetes
. Down’s syndrome
. Klinefelter’s syndrome
. Turner’s syndrome
. Wolfram’s syndrome
. Friedreichs’s ataxia
. Huntington’s chorea
. Laurence-Moon-Bied! syndrome
. Myotonic dystrophy
s. Porphyria
10 Prader-Willi syndrome
11.0thers
m. Gestational diabetes mellitus (GDM)

T = R R N

o

Table 1.1: Etiological classifications of diabetes mellitus. Adapted
from: Diagnosis and classification of diabetes mellitus. Diabetes

Care 27 Suppl 1. S5 - S10 (2004).

1.2 TYPE1DM

Interestingly, type 1 DM is commonly characterized by destruction
of beta cells within the islets of Langerhans, while the other cell types in
the pancreas maintain their function®>. Type 1 DM encompasses roughly

5-10% of diabetic patients®. The majority of these patients are classified
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as type 1a, in which there is a direct evidence of autoimmunity shown to
be responsible for the destruction of the 8 cells in the islets of
Langerhans®’. This autoimmunity, in addition to genetic and
environmental factors, plays a significant role in the development of the
disease®’. Type 1b diabetics consist of the minority of the type 1 diabetic
patients and in contrast to type 1a, autoimmunity is not the suggested
mechanism of (3 cell destruction. Type 1b diabetes is termed idiopathic
due to the episodic nature of ketoacidosis and requirement for insulin
replacement therapy®’. Once again, the result of type 1 DM is an
absence of insulin production, resulting in a potential life-long dependence
on exogenous insulin injections. For many patients, fluctuations in blood
glucose levels are common, in part due to personal responsibilities, as
well as an increase in severe hypoglycemic occurrences associated with
exogenous insulin therapy®*°. Of the most difficult of these patients to
treat, are those who lose their ability to feel prodromal hypoglycemic
symptoms, including sweating, tremors, tachycardia, and anxiety’. These
individuals with brittle type 1 DM have for now become the primary
recipients of islet transplants, an alternative to the sometimes challenging
and dangerous exogenous insulin therapies, which potentially can cause a

coma, seizures, or fatality®°.

1.2.1 Etiology of Type 1 DM

While much has been determined about type 1 DM, a complete

understanding of the etiology of the disease is still desired. Cell-mediated
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autoimmune attack on the B cells of the islets of Langerhans is the main
component of type 1 DM?. Genetic, immunologic, and environmental
factors are believed to contribute in combination to the development of the

disease.
1.2.1.1 Genetic Component

Genetics have been shown to play a role, but evidence has revoked
full responsibility for the onset of the disease. Case in point, an identical
twin is only 25-50% susceptible to the disease when the other sibling has
contracted it, providing evidence that genetics alone do not predispose
one to the disease™*®>. While several genes have been linked to type 1
DM, the HLA genes found on chromosome 6, specifically HLA class |l
alleles or combinations of alleles, appear most strongly connected to the
chances of manifesting the disease®'**®. An example is the strong
correlation seen between the development of diabetes and specific DQA

and DQB genes, along with some DRB genes®*°.

By understanding that
HLA genes encode for MHC complexes, which are imperative for antigen
presentation to CD4" and CD8" T cells, it provides some further support
for their role in the disease, which is a result of dysfunctional cell-mediated

immunological actions™®.
1.2.1.2 Immunological Component

Inflammation of the islets of Langerhans, or insulitis, along with the

presence of circulating autoantibodies that react with islet cell



autoantigens, are the main indication of the existence of autoimmunity in
type 1 DM'®. Insulin, GAD65, as well as certain islet tyrosine
phosphatases (IA2 and I1A2[3 or ICA512) are three of the major identified

autoantigens®*1°

. It is apparent that autoantibodies to at least one of
these autoantigens will be present in approximately 80-90% of recently
diagnosed type 1 DM patients®*'*®. Although autoantibodies themselves
do not appear to cause the disease, the roughly 3.5-4% of individuals
without diabetes who have the autoantibodies are at a high risk of
contracting the disease at a later date™*. This is demonstrated by the fact

that adoptive transfer of the autoantibodies does not result in development

of the disease, while transfer of T lymphocytes does™*.
1.2.1.3 Environmental Component

Although environmental contributions to type 1 DM are not well
characterized, the gap in etiology provided by the contributions of the
other two factors appears to point to some contribution from environment.
Dietary factors, along with viral infections, each have been demonstrated
to play a role in the development of type 1 DM. Coxsackie B4, rubella,
mumps, rotavirus, and cytomegalovirus are all enteroviruses which have

11,17

shown loose association with the disease . It has been shown that

dietary factors such as early exposure to cow milk may increase the
likelihood of developing type 1 DM, while prolonged breast feeding may

decrease the incidence of the disease®**é.



1.2.2 Anatomy and Physiology of the Pancreas

The pancreas can be found in the epigastrium and left
hypochondrium regions of the abdomen (Fig 1-1). The endocrine function
of the pancreas is carried out by roughly one million clusters of islet of
Langerhans, which are spread throughout the pancreas, but focused in
the body and tail*. Primary cells in the islets of Langerhans include the
cells, a cells, 6 cells, € cells, and PP cells, which secrete insulin, glucagon,

somatostatin, ghrelin, and pancreatic polypeptide, respectively®.

The essential, anabolic hormone insulin plays a role in regulating
fuel mobilization and storage, promoting growth, and is a requirement for

achieving metabolic homeostasis™**?

. Postprandial insulin secretion,
responsible for approximately 50% of daily insulin secretion, promotes the
utilization and storage of fuels within the body. This is accomplished by
suppression of hepatic glucose production (gluconeogensis and
glycogenolysis), lipolysis, and proteolysis, stimulation of glycogen
synthesis (glycogenesis), as well as an increased transport of glucose to

myocytes and adipocytes™!*?

. Insulin is synthesized as a preprohormone
in the B cells of the islets of Langerhans, and is converted to the precursor
proinsulin in the rough endoplasmic reticulum of the (3 cells, which is

cleaved to form insulin and C-peptide***

. Insulin and C-peptide are later
secreted in a 1:1 ratio into the hepatic circulation?**. C-peptide, however,
has a half-life at least twice as long as insulin’s, giving a more stable

concentration in the peripheral circulation*>**. The ability of C-peptide to

9



remain in the circulation longer than insulin makes it a stronger tool for

reliable measurements of pancreatic insulin secretion*>.

In the presence of an increased concentration of glucose in the
blood, ATP production in the B cells is stimulated*®**. Consequently,
there is an inhibition of the K*ATP channels, resulting in an influx of Ca**
into the B cells, which activates the voltage gated Ca®* channels®®. The
increased levels of intracellular Ca?* ultimately stimulate exocytosis of

insulin vesicles, releasing insulin and C-peptide into the circulation?*.

Glucagon counteracts the effects of insulin, stimulating the
hydrolysis of glycogen by the liver, thus elevating blood glucose levels in
the body. Somatostatin inhibits both insulin and glucagon secretion, while

the function of pancreatic polypeptide remains undetermined®.
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Figure 1.1: A detailed perspective of the pancreas, including an islet
of Langerhans. Adapted from: Encyclopedia Britannica Online,
http://www.britannica.com/EBchecked/media/68636/Structures-of-the-
pancreas-Acinar-cells-produce-digestive-enzymes-which

1.2.2.1  Challenges in Metabolic Regulation in Type 1 DM

Destruction of insulin-producing B cells in individuals of type 1 DM
leaves patients with an absence of insulin circulating throughout the
blood®. As most of the body’s cells require insulin to utilize the glucose
from the blood, the body will continue to increase glucose production by
breaking down fats and proteins, acting as if in a state of starvation®.
Compounding the problem, continued production of glucagon and growth

11



hormone will lead to further endogenous glucose production®. Because
most of this excess glucose is not taken up by the cells, the majority is

excreted through urination®.

Previously it was noted that one of the roles of insulin was inhibiting
lipolysis. Therefore, in type 1 DM patients, lipolysis will not be suppressed
due to the prolonged absence of insulin secretion, leading to an increase
in the amount of free fatty acids. This can be quite detrimental, as
increased ketogenesis eventually will cause ketoacidosis, which is a major
cause of morbidity and mortality in type 1 DM patients®. Acidosis can be
fatal as it interferes with enzymatic processes, and enhances circulatory
failure, amongst other complications®. Similarly, the lack of insulin
production prevents inhibition of proteolysis, which leads to muscle

atrophy and fatigue®.
1.2.3 Clinical Features and Diagnosis for Type 1 DM

Although it can present itself at any age, type 1 DM often affects
patients before the age of 30>***. The clinical symptoms, once again,
include polyuria, polydipsia, polyphagia, weight loss, fatigue, blurred
vision, and persistent hyperglycemia®®. Beyond display of these
symptoms, diagnosis of diabetes includes a fasting plasma glucose level
(no caloric intake for duration of 8 hours prior to testing) exceeding 7.0
mmol/L, along with a random glucose level above 11.1 mmol/L*. A very

powerful method for distinguishing type 1 DM from type 2 DM is the C-
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peptide assay, a technique which measures only endogenous insulin due
to the absence of C-peptide in the exogenous form of the hormone*?*
Another tool, which can be used to verify prolonged hyperglycemia, is

elevated glycated hemoglobin A1C levels™.
1.2.4 Treatments for Type 1 DM

Exogenous insulin is a necessity for type 1 DM patients, as
insulinopenia is the dominant trait associated with the disease. For this
reason, the discovery of insulin by Banting and Best in 1921 has been
paramount in changing the outcome of the disease, from a previously fatal
condition to a chronic one®. Exogenous insulin therapy continues to
remain the optimum treatment for type 1 DM patients, and combined with
patient education, a controlled diet, and continuous monitoring of blood
glucose levels, it has been effective in lowering blood glucose levels,
reversing acute complications associated with the disease, as well as
improving both fat storage and muscle building'®. The specificity of
treatment and greater control of blood glucose levels have become a
byproduct of the advancements in not only the types of insulin, but also
the delivery systems. Blood glucose levels for bolus and maintenance
requirements have been afforded more accurate regulation thanks in part
to short-acting insulin analogues such as Novorapid, Humalog, and
Aprida, as well as long-acting options such as Levemir and Lantus®®. A
major limitation still exists with this treatment, even with the improvements,

as exogenous insulin is still inferior to functional islets in its ability to
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strictly regulate a patient’s blood glucose levels. A study carried out by
the Diabetes Control and Complications Trial Research Group
demonstrated that intensive therapy focused on strict regulation of
glycemic levels significantly decreased the development and progression
of secondary complications associated with type 1 DM including
neuropathy, nephropathy, and retinopathy?. This intensive insulin therapy
has its drawbacks for patients as well, increasing severe hypoglycemia by
three times, potentially leading to a coma, seizures, or death®®. The risk is
further intensified for individuals with type 1 DM who already have an
increased risk of hypoglycemic episodes, as well as for patients who
experience poor control of glucose levels despite being treated with insulin
therapy. These potential future complications thus eliminate intensive
insulin therapy as a suitable treatment for some patients with type 1 DM.
On the whole, while insulin therapy provides a viable option for many type
1 DM patients, in hopes of preventing future complications, future
research is being chiefly focused on more physiologic solutions, including

improving protocols for the transplantation of functional islet tissue.
1.3 ISLET TRANSPLANTATION
1.3.1 History of Islet Transplantation

In 1889, von Mering and Minkowski were able to establish a
connection between the disease diabetes and the pancreas®’. This

linkage was discovered when polyuria and glycosuria were noted as
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consequences of the surgical removal of a dog’s pancreas®’. Their
discovery played a role in clinical transplantation of insulin producing
tissue being practiced before insulin was known. In 1892, Minkowski
attempted to reverse diabetes in diabetic dogs by subcutaneous,
autologous transplantation of pancreatic fragments?. The following year,
Watson-Williams and Harsant would attempt a procedure of similar nature
clinically. They tried to treat a fifteen year old male patient with fatal
ketoacidosis by transplanting whole fragments of sheep pancreas
subcutaneously, having short term success in improving the boy’s
condition®®. However, the lack of knowledge about xenorejection led to
the eventual failure of the experiment, as the absence of
immunosuppression was ultimately responsible for graft rejection, and the

death of the boy three days later?®,

Improvements in islet isolation techniques allowed for the more
practical transplantation of islets, as opposed to pancreatic fragments.
Claus Hellerstrom led the charge, using free-hand microdissection to
isolate rodent islets in 1964%*. Islet yield was subsequently improved by
Moskalewski the following year, who was first to combine bacterial
collagenase with mechanical disruption of the pancreas®. Lacy and
Kostianovsky were able to further improve this digestion method, and
were able to isolate 300 islets by cannulating the common bile duct and
distending the pancreas with Hanks media before using collagenase to

mechanically and enzymatically digest rat pancreases®. This enabled

15



them to demonstrate for the first time that a sufficient amount of viable
islets could be isolated for transplantation purposes. Lindall, Steffes, and
Sorenson, later used differential density elutriation with Ficoll to improve

islet purity, while continuing to preserve the function of the islets?’.

The improvements in islet isolation technique allowed for
experimentation in islet transplantation to begin taking place in rodent
models. Although only temporary success was achieved controlling blood
glucose levels, Younoszai and colleagues were the first group
acknowledged to successfully transplant rodent islets into a diabetic rat
model in 1970%. In 1972, Ballinger and Lacy found that transplanting 400-
600 syngeneic islets into the thigh muscle or peritoneal cavity led to
significant improvement of numerous diabetic complications in
streptozotocin induced diabetic rats, including sustained reversal of
chemically induced diabetes never seen before?®. They went on to
demonstrate that removal of the islet isograft returned the rats to a state of
hyperglycemia®. Furthermore, azathioprine treated diabetic rats showed
a reduction in the severe diabetic state for significant periods following
transplantation of islet allografts®. Injection of 800-1200 islets into the
intraperitoneal cavity of hyperglycemic rats was shown by Reckard,
Ziegler, and Barker to completely reverse the diabetic state, an
achievement never accomplished previously®. Further development of
numerous new islet isolation techniques followed as digestion of the

pancreata of larger animals often produced poor yields and viability.
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Refinements included intraductal infusion of Liberase, the development of
a semi-automated dissociation chamber, and the utilization of a COBE cell
processor for islet purification®'. These improvements allowed for the
acquisition of viable islets with increased purity and improved
reproducibility, promoting large-scale isolation and strengthening the

clinical applicability of the procedure®.

Due to the morbidity and mortality linked to whole pancreas
transplants, it was hoped that the improvements in islet isolation and the
success in animal models would allow for islet transplantation to take
over®. Variable results were reported for the 56 attempts at clinical islet
transplantation that took place between 1977 and 1989%. In 1980,
Largiader et al. reported a single instance which insulin therapy was
stopped in a patient receiving a synchronous kidney-islet transplant®*®.
Nine years later, Warnock and colleagues were able to demonstrate
sustained C-peptide secretion after a synchronous implantation of islets
into the portal vein, as well as a kidney from the same donor®>. They then
found success by increasing the marginal mass of islets transplanted by
augmenting freshly isolated islets with cryopreserved islets from additional
donors, citing the first patient to achieve insulin independence for an entire
year post-transplantation®’’. Amongst the successes, prolonged insulin
independence and reproducibility were two things that continued to evade

researchers as only 8.2% of the 267 islet transplant patients in the 1990’s

maintained normoglycemia for one year without dependence for insulin®:,
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Due to the success of prednisone, azothioprine, and cyclosporine in whole
organ transplantation, a similar immunosuppressive regimen was
generally utilized in islet transplantations often performed alongside kidney
transplantation. Glucocorticoid based immunosuppressive regimens were
then discovered to be toxic to the transplanted islets, limiting further

success of islet transplantation®**?*2,

In 2000, a group at the University of Alberta was able to change all
of this by successfully transplanting islets to seven out of seven patients
resulting in insulin independence for greater than one year post
transplant®. They accomplished this by utilizing a mean of 11,547 islet
equivalents per kilogram of recipient’s body weight with a glucocorticoid-
free immunosuppressive regimen consisting of sirolimus, tacrolimus, and
daclizumab®:. The study, later coined the Edmonton Protocol, was able
to demonstrate that patients experienced excellent glycemic control and
witnessed an end to hypoglycemic episodes following transplantation®33.
Furthermore, the study was able to display islet transplantation as a
reproducible, minimal risk procedure capable of sustaining the freedom of
insulin independence, providing a realistic treatment option for patients

with type 1 DM333,
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1.3.2 Major Barriers to Widespread Application of Islet

Transplantation

Several challenges are met with the attempt to make islet
transplantation a viable, widespread mode of treatment for type 1 DM
patients. Current barriers include a shortage of donor islets, selection of
an optimum site for transplant, the need for continuous use of
immunosuppressive drugs prevent immune mediated rejection of the islet

graft, as well as the potential relapse of autoimmunity.

It is very difficult to meet the demands for pancreatic tissue needed
for islet transplants into patients with diabetes, but compounding the
problem, it has been shown that often patients will require a second or
third transplant in order to sustain insulin independence®*3*. A five-year
follow up study to the Edmonton Protocol displayed that while 80% of
patients had C-peptide present, roughly only 10% maintained insulin
independence®. While future studies must be completed, potential
sources for defects in insulin secretion may include an inadequate islet
mass, increased insulin resistance in the patients, or impaired graft
function potentially caused by immune mediated rejection or the
deleterious effects of the immunosuppressive drugs®*. Another stress on
the shortage of donor tissue includes the potential for a lack of proper
engraftment in islet transplantations. One of the leading causes
commonly linked to insufficient islet engraftment is the instant blood

mediated inflammatory reaction (IBMIR), a thrombotic and inflammatory

19



process. When islets are infused into the recipient, a clotting reaction
(IBMIR) is triggered by MCP-1, a tissue factor expressed by the islets,
resulting in encapsulation of the islets by a fibrin clot, along with infiltration
of granulocytes and monocytes®>’. Antigen presentation is amplified by
IBMIR, evoking an immune response directed towards the islet graft,
ultimately disrupting its function. A byproduct of the clotting involved in
this reaction is that access to blood vessels is prevented, further inhibiting
the proper engraftment of the islet tissue®. Researchers have tried
several methods to combat this, including the use of heparin®, low
molecular weight dextran sulfate®®, compstatin®®, and thrombin inhibitor*.
One recently investigated option though, using genetically modified donor
pigs, has added appeal due to its potential use as part of islet
xenotransplantation in an effort to overcome the shortage in donor

tissues*?*,

While it appears approximately 90% of clinical islet transplantations
are infusions into the hepatic portal vein, subsequently followed by
embolization in the liver, it is not considered as an optimal site**. A
number of alternative sites have been investigated, including the spleen,
pancreas, kidney capsule, peritoneum, and omental pouch with varying
degrees of success*’. Although transplantation into the portal vein
provides some advantages, including the fact that a relatively low amount
of islet tissue is required to achieve insulin independence as opposed to

other attempted transplant regions, there are still several complications
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associated with it**. Not only is the liver site coupled with procedural
complications, including severe bleeding and thrombosis, but due to the
introduction of the islets into the portal circulation, the islets are subject to
IBMIR, leading to consequent losses in engrafted tissue***>“®. After
removal from the liver, intrahepatic islets often show signs of functional
irregularities that have been suggested to be attributable to the exposure
in the liver to high concentrations of glucagon, diabetogenic
immunosuppressive drugs, and toxins from the gastrointestinal tract®.
Along with this, biopsies needed for the examination of the graft can be
difficult and present some risk. These complications associated with
infusion of islets into the hepatic portal vein create a desire to attempt to
discover a safer and more reliable transplantation site for clinical islet

transplantation.

In order to overcome immune mediated destruction of the islet graft,
recipients are subject to continual use of toxic immunosuppressive drugs,
exposing them to potentially harmful side effects and limiting the potential
recipients of an islet transplant. Side effects of the immunosuppressive
drugs reported in the five-year follow up of the islet transplant patients
under the Edmonton Protocol include diarrhea, ovarian cysts, mouth
ulcers, acne, anemia, edema, and pneumonia®*. Due to the harmful
nature of the immunosuppressive protocols on islet transplant recipients,
research is currently focused on developing new anti-rejection therapies,

including attempting to promote graft tolerance as opposed to targeting
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immune suppression. However, preventing graft rejection becomes
irrelevant if the transplanted islets are subject to the recurrence of
autoimmune attack, posing another barrier to islet transplantation. It has
been reported that diabetic patients indefinitely retain auto reactive T cells,
indicating that there is the potential for continual autoimmune attack of
islet graft tissue*’. Recent studies show that there is promise for the
potential use of regulatory T cell therapy to provide protection against
autoimmunity in islet transplantation, citing the immunosuppressive

properties of the secreted cytokines IL-10 and TGF-B*%.

1.4 POTENTIALSOLUTIONS TO OVERCOME MAJOR BARRIERS IN

ISLET TRANSPLANTATION
1.4.1 Xenotransplantation of Neonatal Islets

While xenotransplantation appears to be a current potential aid in
overcoming the shortage in donor islet tissue, it was interestingly
implemented well before the discovery of insulin by Watson-Williams and
Harsant in 1893, when they utilized sheep pancreatic fragments for
transplantation into a boy with fatal ketoacidosis?®. Numerous other
xenogeneic sources of islet tissue have been attempted in islet

4951 and fish Brockmann bodies®*

transplantations including bovine islets
>4 Along with these, the source that has perhaps shown the most promise

clinically is porcine islets, due to the high degree of similarity
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559 " Furthermore, the

physiologically and morphologically to humans
structural similarity shared amongst human and porcine insulin has been
exploited clinically for years, treating patients with type 1 DM successfully
with insulin from pigs®®>°. Other benefits of using porcine tissue for
xenotransplantation are the potential for rapid breeding, due to short
gestation times as well as large litter sizes, along with the ability to house
pigs in pathogen-free environments®*°. Finally, porcine islet tissue can

be made safer for transplantation through genetic modification of pig

donors*.
1.4.1.1 Optimum Age for Porcine Islets for Xenotransplantation

While the use of porcine islets has been investigated by numerous
groups, there has yet to be agreement on whether fetal, neonatal, or adult

porcine islets will maximize the benefit of the transplanted tissue.
14111 Fetal Porcine Islets

Compared to adult porcine islets, fetal porcine islets, as well as
neonatal porcine islets, are considered to have greater viability and are
less prone to damage at the culture and cryopreservation stages®®. Fetal
islets have the ability to be cultured for up to 30 days, allowing the islets
time to mature, and thus increase insulin production®®. Approximately
10,000 islets can be isolated from a fetal pig, which has been
demonstrated to be sufficient for achieving normoglycemia in alloxan

induced diabetic mice in a two month time frame post transplant®°.
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Additionally, a 1994 study by a group in Uppsala, Sweden, showed that
fetal porcine tissue was able to survive in the human body, transplanting
ten patients with type 1 DM®®, However, while C-peptide was secreted in
the urine by four of the patients for 200-400 days, none of the patients

reversed their dependence on insulin®,

Fetal porcine islets also have many disadvantages, including the
decreased number of isolated islets compared to the neonatal and adult
pigs, consequently resulting in an increased number of fetal pigs
necessary for a sufficient number of islet clusters. This is best
demonstrated by the Uppsala group above, which required 39-100 pig
fetuses in order to obtain an adequate number of islets per patient®®. A
couple major limitations of fetal porcine islets stem from their immaturity
and response to glucose. Even though they demonstrate the ability to
proliferate, fetal porcine islets often take months to reverse hyperglycemia
in animal models, and steadily provide a relatively low secretory response
towards glucose. Fetal porcine islets also contain the terminal
carbohydrate epitope Gala(1,3)Gal, an antigen which appears to be a
major target of the human immune system, leading to potential hyperacute

rejection post transplantation®*°®.

141.1.2 Neonatal Porcine Islets
Neonatal porcine islets provide several advantages above and

beyond some of the beneficial characteristics shared with fetal porcine
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islets. Neonatal porcine islets are similarly easy to isolate and maintain in
culture, while they provide suitable insulin secretion in response to
glucose, and also consist of endocrine precursor cells that possess the
potential to proliferate and differentiate into insulin producing cells

following the transplant®®*°®’

. Neonatal pigs also require significantly less
care time than adult pigs, reducing resources utilized to house and
maintain the animals in a pathogen free environment prior to
transplantation®®. Another important advantage of neonatal pigs is the
ability to isolate higher yields than from fetal pigs. Pancreatic tissue from
neonatal pigs tends to be less fibrous, allowing for a more reproducible
procedure, yielding typically 50,000 islet cell clusters per pig>®®’. Although
requiring up to eight weeks, it has been demonstrated that in alloxan-
induced diabetic nude mice, 2,000 neonatal porcine islets were sufficient
to reverse hyperglycemia®’. In pre-clinical trials with non-human primates,
Rhesus macaque monkeys have been used to demonstrate the ability of
neonatal porcine islet transplants to reverse the diabetic state for
prolonged periods, providing further evidence of the potential applicability
of this procedure clinically in the future®. Although a recent clinical trial
transplanting neonatal porcine islets in combination with Sertoli cells has
been done in Mexico, reporting 6 of 12 patients achieving a decreased
insulin dependence for as long as four years, the results have been
disputed internationally, still leaving uncertainty in potential success

clinically®°.
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While neonatal porcine islets appear very appealing to future
clinical success in xenotransplantation, there are some drawbacks along
with the delayed in vivo function of the islet transplant. Like fetal porcine
islets, neonatal islets also express the antigen Gala(1,3)Gal, making these

172 1t has been

transplants potentially susceptible to hyperacute rejection
demonstrated, however, that this is not likely the only xenoantigen playing
arole in rejection’. Finally, the amount of donor pigs required and the

intensive work involved in preparing these neonatal porcine islets for

transplant places further limitations in their future applicability.
1.4.1.1.3 Adult Porcine Islets

Ricordi and colleagues were able to isolate 255,000 islets from an
adult pig source, with an islet purity of 85-90%, utilizing a modified version
of the automated human islet isolation protocol”. These adult porcine
islets were determined to be capable of reversing hyperglycemia in
diabetic nude mice’. The major advantages of adult porcine islets were
witnessed in their experiment, including a much larger number of isolated
islet clusters, reducing the number of pigs necessary for potential
xenotransplantation, as well as the ability to isolate mature islet cells that
increase the likelihood of optimal engraftment and provide immediate
functionality upon transplantation”>’*. Hering and colleagues were also
able to demonstrate the ability of adult porcine islets to function in non-

human primate pre-clinical trials, reporting that 12 cynomolgus macaques
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transplanted intraportally with adult porcine islets were all able to achieve

insulin independence after transplant”.

Adult porcine islets, however, have disadvantages as well. For
example, isolated adult islet clusters are very fragile, and it is very difficult
to culture them in preparation for cryopreservation or in attempt to reduce
immunogenicity”®’®. The potential for increased immunogenicity may also
increase the need for immunosuppressive measures, something that
current research is attempting to avoid’’. In addition, because islet yield
depends on so many factors, including the breed and age of the pig, organ
quality, as well as the activity and lot of the collagenase used, there can
be significant variability experienced in the isolation protocol’®®°. As
mentioned previously, it would be very costly to maintain the pigs in a
pathogen free environment for the required period prior to transplant, as
well as very difficult to have pigs of the proper age available for transplant

if long wait periods precede islet isolation®®.

While it appears that many researchers are beginning to agree that
neonatal and/or adult porcine islets appear to be the best choice moving
forward with clinical application, several believe that all three have

strengths important to the future of clinical islet xenotransplantation %,
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1.4.2 Other Challenges Progressing with Clinical

Xenotransplantation of Porcine Islets
1.4.2.1 Transmission of Pathogens and Viruses

One major concern when considering xenotransplantation is the
prevention of xenozoonosis. Recipients of islet transplants may incur the
risk of inheriting a transmissible pathogen or virus from the xenogeneic
donor tissue®'. Even worse, some of these pathogens or viruses may also
have the ability to be transmitted across human cell lines, putting further
human population at risk®'. Although attempts can be made to ensure
breeding occurs in pathogen free environments, some endogenous
viruses, including the Porcine Endogenous Retrovirus (PERV), can be
very difficult to screen out®. Even though xenotransplantation of porcine
tissue has not appeared to yield any cases of long-term infections of
transplant recipients with PERYV, including patients under
immunosuppressive regimens, the ability of PERV to infect human kidney

cell lines in vitro demonstrates the potential risk involved®’#%%°,

1.4.2.2 Xenograft Rejection of Porcine Islets

Another major challenge moving forward with xenotransplantation
of porcine tissue is the immune response mounted against xenogeneic
tissue. In order to increase clinical applicability, obtaining methods to
evade the potent immune response aside from immunosuppressive

therapies is of the utmost importance. First, the mechanisms by which

28



xenografts are rejected must be understood. Innate, antibody, and cellular
mediated immune responses, along with IBMIR, each play a role in

rejection of xenogeneic tissue.

Instant blood-mediated inflammatory reaction has the ability to
destroy functionality of the islet graft immediately after coming into contact
with host blood without the assistance of the adaptive immune response,
potentially destroying up to 73% of the transplanted xenogeneic tissue
within the first day post transplant®®. Thus, in order to achieve prolonged
insulin independence, there must be a significant increase in the number
of transplanted islets®®. The presence of the Gala(1,3)Gal epitope on
porcine tissue appears to amplify the effects of IBMIR when dealing with
xeno- as opposed to allotransplantation, due to pre-formed antibodies and
complement towards this common mammalian antigen’*"2. The effects of
IBMIR have also been shown to include other immunological pathways
aside from the complement component, as IBMIR was still a factor in
xenograft destruction, albeit reduced, under complement inhibition by
cobra venom factor®’. The IBMIR presents an ongoing challenge striving

for clinical application of porcine islet xenotransplantation.

The innate immune response is also apparent in porcine islet
xenograft rejection and it has been determined that this innate immune
response is governed by natural killer cells, macrophages, and
eosinophils®®®. While it seems they all have their importance in xenograft

rejection, studies appear to show that specifically the depletion of
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macrophages has the strongest relationship with prolonged graft survival,
and that macrophages are capable of effectively causing rejection by

damaging xenogeneic tissue® .

Transplanted tissue is subject to two different pathways of T cell
mediated rejection. In the direct pathway, host T cells recognize antigens
apparent on the surface of donor antigen presenting cells (APC)®. In the
indirect pathway, host T cells recognize antigens, which are processed
and presented by host APC®. Along with this interaction between T cell
and the antigen, a second co-stimulatory signal provides further
amplification, stimulating activation of the T cell. Both pathways are
capable of undergoing T cell activation, leading to an immune response
capable of being responsible for the destruction of transplanted tissue.
While allograft rejection is dominantly subject to the direct pathway, Rayat
and Gill showed that the importance or role of the indirect pathway of
antigen recognition increased as the phylogenetic disparity between host
and donor increased®. Differing evolutionary relationships thus have an
effect on the type of T cell mediated response effectively responsible for
rejection of the xenograft. Targeting the indirect pathway in discordant
porcine islet transplants into recipient mice has been shown to be effective
at reducing the rejection of xenograft tissue®*. While knowledge of the
importance of CD4" T lymphocytes and the indirect antigen recognition
pathway in a discordant relationship between donor and recipient may not

translate ideally when interchanging species, understanding the

30



mechanisms behind xenograft rejection and targeting such potential
systems is important in moving forward with the clinical application of
porcine islet xenotransplantation in type 1 DM patients. Furthermore,
discovering methods to induce tolerance in transplanted xenogeneic
tissue will significantly reduce complications associated with long-term use

of immunosuppressive drugs.

1.4.2.3 Preventing Recurring Autoimmune Attack on Islet

Xenograft Tissue

Due to the fact the main recipients of islet transplants are patients
with a previous autoimmune disorder, a major concern looming with
xenotransplantation is whether these patients will have a recurring
autoimmune attack towards the new islet xenograft®®®’. Studies appear to
demonstrate some partial species specificity in regards to autoimmune
response®®’. While the extent of specificity is undetermined, it has been
demonstrated that if autoimmune cells and antibodies are capable of
targeting xenogeneic tissue, it may be destroyed by the host immune

system®,

Studies have shown that strategies effective in preventing xenograft
rejection in chemically induced diabetic mice cannot be similarly
efficacious in a spontaneously diabetic non-obese diabetic mouse
autoimmune model***. The short-term administration of anti-LFA-1 and

anti-CD154 monoclonal antibodies was a highly effective strategy in
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inducing tolerance to neonatal porcine islet xenografts in B6 mice, but
failed to promote similar xenograft protection in NOD mice?**. However,
subsequent addition of a CD4" T cell depleting monoclonal antibody
promoted xenograft survival in nine of 12 NOD mice, including long-term
graft survival of greater than 100 days in 2 mice®*. It has also been
shown that adult porcine islet xenograft survival could be prolonged in

h2*®. It was also

NOD mice by a CD4" T cell depleting approac
demonstrated that efficacy was not improved by further depletion of CD8"
T cells. Supplementary studies, which treated NOD mice with
streptozotocin to chemically induce diabetes and bypass the autoimmune
response prevented rejection of islet isografts in NOD mice. CD4" T cell
depletion yielded similar results in graft survival of adult porcine islets
transplanted in streptozotocin treated and spontaneously diabetic NOD

mice??®

. While these results appear to indicate that recurrent
autoimmunity may not be a major contributor to xenograft rejection, it must
be noted that autoreactive CD4" T cells may be suppressed by the
monoclonal antibody therapies, and that the inability to achieve indefinite

graft survival may be due to recuperation of the CD4" T cell population®*®.
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1.5 STRATEGIES IN PREVENTING THE REJECTION OF PORCINE

ISLETS

1.5.1 Monoclonal Antibodies: Anti-LFA-1 Monoclonal Antibody

Therapy

As mentioned previously, two signals are necessary and important
for T cell activation, including antigen recognition by the T cell, and the
secondary co-stimulatory interaction. The activation of T cells leads to a
production of cytokines, as well as proliferation and differentiation of
effector cells, causing an immune reaction®®%. This makes the T cell
activation pathway, along with co-stimulatory molecules excellent targets
for monoclonal antibody therapy, in attempt to prevent an immune

response ultimately causing xenograft rejection®.

Leukocyte function associated antigen-1 (LFA-1) is an important
adhesion molecule expressed on a number of different hematopoietic cells
including macrophages, monocytes, granulocytes, natural killer cells, and
T and B lymphocytes'®*%®, Primary ligands of LFA-1 are ICAM-1 and
ICAM-2 on endothelial cells, ICAM-1 and ICAM-3 on APC, and JAM-1
which is present on tight junctions of epithelial and endothelial cells***1%,

This adhesion molecule has several roles, which may provide a beneficial

target for a therapy combating immune rejection of xenograft tissue.

LFA-1 plays the role of an integrin, responsible for binding to ICAM-

1 in order to arrest rolling leukocytes on the endothelial wall. As activated
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T cells migrate along the endothelial surface, the firm interaction between
LFA-1 and ICAM-1 prevents further rolling, allowing the leukocytes to
migrate through the endothelial wall to the site of inflammation*°®.
Antibodies to LFA-1 subsequently prevent this interaction with ICAM-1,

preventing the leukocytes from arresting their movement*®.

Another role of LFA-1 is that it seems to provide additional signals,
which lowers T cell activation thresholds. It also appears to contribute
functionally to effector cell differentiation, polarizing T cells towards T11".
When LFA-1 interacts with ICAM-2, phosphorylation of the 2 chain of
LFA-1 occurs, resulting in c-Jun phosphorylation and stimulation of
interleukin-2 production'®*%°. Antibodies to LFA-1 thus block the
interaction between LFA-1 and ICAM-2, interfering with the
phosphorylation of LFA-1, and preventing co-stimulation. By decreasing
possible LFA-1 mediated co-stimulation signals, anti-LFA-1 monoclonal

antibody has the ability to potentially prevent the activation of T cells**°.

The role of LFA-1 at the boundary between APC and T cells has
also been researched as a potential target for therapy preventing graft
rejection. While the T cell receptor binds to a specific antigen presenting
MHC molecule, in order for T cells to be sufficiently activated to carry out
further functions, prolonged periods of engagement are essential. These
lengthy interactions are not achieved strictly through the binding of T cell
receptors to MHC molecules due to steric hindrance, low affinity between

T cell receptors and MHC molecules, and low numbers of antigen
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complexes available for binding*'!. Consequently, adhesion molecules
are necessary in addition to stabilize and prolong the interaction**.
Abraham and colleagues demonstrated this when they found that a
10,000 fold increase in T cell receptor ligand from what would cause
proliferation in the presence of the interaction between ICAM-1 and LFA-1,
would still not cause proliferation in the absence of the interaction,
confirming the importance of this adhesion molecule in T cell activation**2.
A recent discovery suggests that the interaction of ICAM-1 with LFA-1 in
combination with T cell receptor signaling augments Ras activation, a
component important in regulating T cell development, proliferation, and
homeostasis'*®. These interactions involving LFA-1 all appear to produce
a decrease in the T cell activation threshold, which can be a useful target

for attempting to find a beneficial therapy to prevent xenograft rejection***,
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Figure 1.2: The interaction between LFA-1 and ICAM-1 aids in T cell
activation. Image courtesy of R&D Systems:
http://www.rndsystems.com/mini_review_detail_objectname_MRO05_Cytol
yticGranule.aspx

Several studies have shown that antibodies targeting LFA-1 have
the ability to inhibit T cell mediated killing through a number of different
mechanisms, ultimately providing protection for the transplanted tissue,
improving graft survival*®***>, Mixed lymphocyte reactions, which are in
vitro proliferation assays, have demonstrated the ability of anti-LFA-1
monoclonal antibody to inhibit the proliferation of lymphocytes towards
allo- as well as xenoantigens*****>. Anti-LFA-1 monoclonal antibody
therapy has also been shown to be efficacious in several transplant
models including tracheal and cardiac models*****°. The ability of anti-
LFA-1 monoclonal antibody to provide protection to islet allografts appears

to be highly dependent on the strain of recipient mouse, as 89% of CBA
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mice receiving BALB/c islets achieved long term allograft survival (>100
days), while only 39% of C57BL/6 mice receiving BALB/c islets had the
same success™'®. Another interesting point in the study was that anti-LFA-
1 monoclonal antibody induced allograft acceptance was able to be
adoptively transferred into immune deficient mice which had received islet
allografts. This demonstrated the ability of anti-LFA-1 monoclonal
antibody to induce donor-specific tolerance™*®. Immunization of donor-
type B6 spleen cells into BALB/c recipients with B6 islet grafts was
performed in order to remove doubt that tolerance was the basis for
protection, and not immunologic ignorance®®. Anti-donor proliferative
responses, cytotoxic reactivity, and cytokine release were also assessed
in vitro, confirming that anti-donor reactivity was present in tolerant
immune cells, and determining that the mechanism of anti-LFA-1
monoclonal antibody tolerance induction was not by clonal deletion or
anergy™'®. Studies have shown that in allotransplantation models, anti-
LFA-1 monoclonal antibody therapy alone is inadequate to sustain islet

14 In combination

graft survival in autoimmune non-obese diabetic mice
with anti-CD154 monoclonal antibody therapy, however, anti-LFA-1
monoclonal antibody is able to provide a significant increase in allograft
survival*'®. Prevention and reversal of diabetes has remarkably been
demonstrated by targeting the interaction between LFA-1 and ICAM-1 in

both autoimmune and chemically induced diabetic models*?°*22,
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Anti-LFA-1 monoclonal antibody therapy has also been shown to be
effective in both concordant and discordant islet xenograft models.
Tredget and colleagues showed that in a rat to mouse islet transplant
model, short-term administration of anti-LFA-1 monoclonal antibody
therapy was sufficient to prevent islet xenograft rejection for greater than

100 days in 27 of the 28 rat recipients™®

. In a contrasting discordant
xenograft model, where neonatal porcine islets were transplanted into
C57BL/6 diabetic mouse recipients, only seven of the 15 mice achieved
sustained normoglycemia, while only six of these seven prevented
xenograft rejection for longer than 100 days*'°. The combination of anti-
LFA-1 monoclonal antibody with anti-CD154 extended this protection
however, as 12 out of 14 mouse recipients of neonatal porcine islets
achieved long-term xenograft survival'*®. Furthermore, it was later
demonstrated that the combination of these two monoclonal antibodies
was inducing tolerance to neonatal porcine xenografts by a T regulatory
cell mediated mechanism??2. For porcine to mouse discordant model, it

appears necessary that complementary therapies are found to enhance

the benefits experienced with anti-LFA-1 monoclonal antibody therapy.

Efalizumab is a humanized version of anti-LFA-1 monoclonal
antibody therapy currently tried on humans which targets the CD11a a
chain and has provided somewhat efficacious results for the treatment of
psoriasis, although dependable effectiveness is still something that is

strived for'!. Treatment with Efalizumab has led to some acute side
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effects including headache, chills, fever, nausea, and myalgia'?®. Higher
doses have even been demonstrated to increase the likelihood of
developing lymphoproliferative disease’®*. While anti-LFA-1 monoclonal
antibody therapy appears to be potentially beneficial to
xenotransplantation, more work needs to be done determining effective
doses, and the potential side effects still present additional complications
to patients. Even if Efalizumab is not deemed clinically safe, deeper
understanding of the mechanisms responsible for the benefits of anti-LFA-
1 monoclonal antibody therapy could provide insight on potential new

targets focused on preventing xenograft rejection.

1.5.2 Immunological Protection and Co-transplantation with Sertoli

Cells

Several locations in the human body have been coined with the
term immune privileged, providing local tissues with a degree of protection
against the immune system. Consequently, it has been demonstrated that
transplanting in these immune privileged sites has had a positive effect on
prolonging graft survival*?®>. Such determined immune privileged locations
include the brain, placenta, anterior chamber of the eye, as well as the
testes'?. After understanding the significance of potential damage to
some of these regions, including impaired capacity to function or
reproduce, it can be seen how this immune privileged feature would be
advantageous to retain as generations accumulate. The testis have

become an area of great interest due to an ability to prevent immune

39



rejection of post-meiotic germ cells capable of evoking an immune
response because of their unique surface antigens, along with being able
to prevent inflammation reactions which would encourage bystander
killing'?’. Although it was previously believed that segregation from the
immune system was responsible for this immune protection, new
information has changed thoughts, indicating that ignorance on the part of
the immune system is not the only factor involved in enabling the testis to
maintain an environment providing protection from attack by host
immunity*?”*#, Contributing evidence to this claim includes regions such
as the rete testis, where the blood-testis barrier experiences incomplete
permeability, providing an opportunity for T cells to enter and for soluble
sperm cells to exit. Furthermore, despite lymphatic drainage commonly
taking place in the testis, they are still able to provide protection to
autoantigenic tissue™*’*?®. While much debate still exists over immune
privilege, the ability of the testis to provide a degree of protection against

the host immune system is an intriguing thought for islet transplantation.

A subsequent method of transplantation has evolved from these
findings, co-transplanting islets with Sertoli cells in an effort to provide the
islet graft with immunological protection and trophic support*****. Enrico

531 Sertoli

Sertoli was responsible for the discovery of Sertoli cells in 186
cells are found in the testis, and make up a section of the seminiferous
tubules. Along with being responsible for forming the blood-testis barrier

through tight junctions, Sertoli cells also nurture developing germ cells,
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secrete numerous hormones and growth factors, and play a role in
preventing germ cells from being attacked by the immune system®3**32,
Sertoli cells are known to provide an immunosuppressed environment
somewhat due to the nature of secreted products, which have a deterring
effect on the inflammatory response. These products have demonstrated
an ability to reduce proliferation of lymphocytes as well as decrease the
production of IL-2 in vitro, arresting cells in the G1 phase of the cell
cycle’®. Sertoli cell-conditioned media is also able to prevent exogenous
IL-2 from stimulating the proliferation of lymphocytes, while also
significantly reducing cytotoxic T cell mediated killing and DNA
fragmentation of target cells by inhibition of granzyme B***'®. Studies
have also shown the ability of Sertoli cells to secrete products which inhibit
cell destruction via the complement system and prevent assembling of the
membrane attack complex, demonstrating a capability in vitro to avoid

6

human antibody-mediated lysis**®. Four products of Sertoli cells which are

thought of to be responsible for their immunosuppressive properties
include clusterin, TGF-B, FasL, and serine protease inhibitors**>37:138,
Research performed by Ramji and colleagues found that 7 out of 7
C57BL/6 diabetic mice achieved prolonged normoglycemia (>100 days)
when neonatal porcine islets were co-transplanted with Sertoli cells and
treated with anti-LFA-1 monoclonal antibody therapy, indicating that this

combination therapy was capable of preventing immune mediated graft

destruction™®°. Further research elucidating the mechanism for this
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protection granted to the islet graft by co-transplantation of islets with
Sertoli cells will allow for subsequent movement towards clinical
applicability of xenotransplantation, potentially stimulating new research

focused on these developments.
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Figure 1.3: Depiction of Sertoli cells within the seminiferous tubule.
Adapted from: Vanderbilt University Medical Center,
http://www.mc.vanderbilt.edu/histology/labmanual2002/labsection3/Testes
andSperm03.htm

1.5.3 Immune Mediated Tolerance

Immune mediated tolerance is witnessed when the immune system
has no response towards an antigen in question. While the immune
response still engages the majority of antigens, tolerance is defined as
unresponsiveness to specific antigens associated with the donor graft
when considering tissue transplantation'*°. The ability of the immune

system to continue to evoke responses towards natural antigens is an
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empowering trait of tolerance, providing a significant advantage over the
harsh nonspecific immunosuppressive regimens which are used to
prevent graft rejection in a clinical setting and are associated with several
complications including increased risk of infection. Billingham and
colleagues are the first group credited with reporting about inducing
immunological tolerance in mouse models more than 50 years ago, and
since there has been continued intense research on the topic'**. While
considerable research has focused on inducing tolerance experimentally
in small and large animal models, there remains several hurdles in
applying these findings into humans. However, many things that have
hindered the widespread clinical application of islet transplantation,
including the use of immunosuppressive drugs, chronic rejection of the
islet graft, as well as a shortage of donor tissue, can be potentially solved
by understanding principles of immune mediated tolerance and applying
them to transplantation of xenograft tissue. Tolerance may be realized
through two different mechanisms known as central tolerance and

peripheral tolerance.
1.5.3.1 Central Tolerance

Central tolerance is tolerance induced in the thymus during
lymphocyte development. Essentially, lymphocytes that respond to self-
MHC molecules are physically or functionally removed following their
development, inducing self-tolerance in the process of shaping the T cell

repertoire. These lymphocytes undergoing development and maturation
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in the thymus undergo positive and negative selection, with a significant
proportion of cells not making it through the selection process**?.
Negative selection is especially important, as this is where T cells in the
thymus which have high avidity towards self-MHC molecules are removed
from the repertoire, preventing further autoreactivity in the periphery. The
autoimmune regulator transcription factor Aire is responsible for providing
a source of peripheral tissue specific antigen in the thymus, and although
studies on Aire have favored central tolerance as the only necessary
mechanism for tolerance induction, they have not ignored the potential for
the peripheral mechanism playing a role***%¢. Expression of peripheral
antigens by heterogeneous medullary thymic epithelial cells is restricted to
not only scattered single cells, but also to the number of antigens these
cells are capable of presenting*’. It has also been demonstrated that
other transcription factors aid Aire in presenting these tissue restricted
antigens from the periphery™*®. Although it is still unknown, in order for
this to be the exclusive mechanism in inducing tolerance, transcription
factors controlling thymic expression of peripheral tissue specific antigens
must be able to regulate the expression of all antigens associated with the
transplant, allowing T cells to recognize these antigens during
development and be negatively selected for in the thymus. Generation of
self-tolerance in T cells therefore is occurring in the thymus during
lymphocyte development, as well as potentially in the periphery post

development.
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1.5.3.2 Peripheral Tolerance

Peripheral tolerance is tolerance induced after lymphocytes have
developed and matured in the thymus and subsequently entered the
periphery. Acceptance of allogeneic grafts of peripheral tissue in some
transplantation studies, as previously talked about, has provided the
support for peripheral tolerance. It is imperative to note though, that a
mechanism for this tolerance induction to a peripheral tissue specific
antigen has yet to be elucidated. Once again it should be stated that
developing an understanding of this peripheral self-tolerance mechanism
has potential to provide a new therapy strong enough to open the doors to
widespread clinical application of islet xenotransplantation. Because
CD4" T cells play an important role governing the reactivity of B cells and
CD8" T cells, it will be important to understand the mechanisms behind
CD4"* mediated tolerance in order to understand tolerance as a whole'*®
151 An interesting challenge is encountered when considering peripheral
tolerance in CD4" T cells, as under normal conditions, CD4" T cells only
recognize antigens presented on a few cell types that express MHC class
II, and the antigens they recognize are peptides which are the product of
the endocytic pathway instead of proteins manufactured in the cell. There
are numerous models attempting to provide general rules for deciphering

peripheral CD4" tolerance from immunity, along with the specific

mechanisms of tolerance involved.
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1533 Mechanisms of T-cell Mediated Tolerance

There are four major mechanisms of T-cell mediated tolerance
which are recognized, including clonal deletion, anergy, ignorance, and
suppression or regulation. Each of these methods may act individually or

in combination with others to achieve tolerance.
1.5.3.3.1 Clonal Deletion

In the context of transplantation, clonal deletion would infer an
elimination of T cells which have receptors that are capable of recognizing
antigens expressed by donor tissue. Studies dictate that clonal deletion
appears to be the major mechanism of inducing self-tolerance in the
thymus during lymphocyte development**?*>*, Due to their ability to
escape clonal deletion, T cell receptors with lower avidity for donor antigen
complexes require alternate mechanisms to achieve tolerance, especially

155157 It has also

during periods of inflammation and antigen upregulation
been demonstrated that under certain conditions, mature T lymphocytes
can be deleted in the periphery. For example, clonal deletion can occur
as a result of mature T cells being exposed to antigen in the peripheral
lymphoid tissues™®. Secondly, under non-inflammatory conditions,
dendritic cells of the lymph node can cross-present self-antigens leading
to deletion of tissue antigen-specific cytotoxic CD8"* T cells**.

Furthermore, the potential for deletion of CD8" T cells exists by exhaustion

of the CD8" T cell receptors by a large presence of antigen*®®. Recent

46



studies have also gone on to show that CD4'CD8" regulatory T cells are
capable of deleting CD8" alloreactive T cells with the same specificity as

the regulatory cells*®*.

1.5.3.3.2 Anergy

Anergy refers to the inability of the immune system to respond to an
antigen. More specifically, it is defined as an induction of tolerance due to
an inability of T cells to proliferate and produce IL-2 in response to a
recognized antigen, which is typically a self-antigen. Anergy can develop
when T cells receive the first necessary signal through an interaction with
the MHC complex, but lack an adequate co-stimulatory second signal
which is needed for a response®®®. Another situation which may be
deemed anergy is when T cells interact with peptide ligands that they have

a low affinity for, preventing an immune response®?,

Depending on the
level and process of maturity, some antigen presenting cells such as
macrophages and dendritic cells have the ability to induce anergy in T
cells, somewhat in response to secretion of cytokines and an inadequate
co-stimulatory signal*®**®*. Anergy is typically associated with T cell
receptor down-modulation, as well as altered signaling and tyrosine
phosphorylation patterns, and it can be often overcome by the addition of
exogenous |L-21621%>189 " Because of the reversible state anergy finds
itself under conditions favoring inflammation, other mechanisms must be

relied on to provide support in order to maintain tolerance'’®*"*. It has

been demonstrated in some studies that in the presence of continual
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antigen, the induction of anergy in T cells is followed by clonal deletion*’*
173 Research has also demonstrated that T cells in a state of anergy have
the potential to suppress activity of other T cells, serving the function of
regulatory T cells. It appears these anergic cells may condition antigen
presenting cells such as dendritic cells to tolerize T cells that have the
same or different specificity, thus preventing the dendritic cells from
presenting antigens’*. Furthermore, regulatory T cells share biochemical
characteristics with anergic T cells, properties which potentially play a role

in the ability of these regulatory T cells to induce anergy in other T cells*”™

176

1.5.3.3.3 Ilgnorance

Ignorance is a mechanism of tolerance in which T cell or B cell receptors
recognize an antigen, but simply ignore it, consequently avoiding an
immune response®®®””. A potential cause of ignorance is the inability of
the T cell to be activated due to an inadequate interaction with non-
professional antigen presenting cells, which do not constitutively express
MHC proteins required for this interaction'’®. Furthermore, it has been
demonstrated in murine solid tumor models that ignorance may also be
due to a failure of the T cells to migrate to the tissue expressing the
antigen®’®. There are numerous factors which appear to contribute to the
state of the T cell, such as how much time has passed since the T cell left
the thymus and entered the periphery, the degree of antigen expression,

and whether co-stimulatory molecules or proinflammatory cytokines are
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present or absent in the tissues of the periphery'®*"*18  studies have
shown that tolerance, in the form of ignorance, appears to be a state of
uneasiness, overturned by immunological responses due to inflammation
caused by infection, as well as antigen presentation by professional

antigen presenting cel|gl40.181-182

15334 Suppression of T-cell Response

Suppression of the T cell response, sometimes referred to as
regulation, consists of a cell population actively decreasing the reactivity of
T cells. This is the final major mechanism of inducing self-tolerance, and
has been found a contributor to tolerance in recent rodent transplantation
tolerance models. Several mechanisms are known to down regulate an
immune response once it has begun, and it is the net outcome between
the combination of activating and suppressing actions that determines the
nature of the immune response. Such mechanisms responsible for
suppression of the immune response include the cytotoxic killing of
antigen presenting cells, the inhibitory effects of cytokines, as well as
activation-induced death. While research as far back as the 1970’s
implicated the potential for T cells to be actively responsible for
suppression of the immune response, it was not until recently that
identified molecular markers of regulatory T cells have allowed for
suppressive T cell populations to be isolated, cultured in vitro, and

adoptively transferred’40:152155183-184
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Numerous transplantation models have demonstrated the
importance of regulatory T cells in generating and maintaining tolerance,
while different protocols have successfully induced tolerance to islet
allografts with simultaneous transplantation of CD4"CD25" regulatory T
cells’®18  Several studies have strongly indicated that suppressive
CD4'CD25" regulatory T cells are important for induction and
maintenance of self-tolerance. Hall and colleagues were the first to report
CD4'CD25" regulatory T cells as a suppressive population of cells in rat
recipients of cardiac allografts, and since regulatory T cells have been
implicated in reported cases of accepted allografts in rodents receiving an

19019 |t has been

initial, short term immunosuppressive regimen
demonstrated in xenogeneic models that CD4"CD25" regulatory T cells
appear responsible for suppressed IL-2 and inflammatory cytokines, along
with a reduced cytotoxic T cell response in vitro towards porcine tissue®®’.
Further research has indicated that these regulatory T cells develop in the
thymus, require specific positive selection, and express the transcription
factor Forkhead box P3, also known as FoxP3, which is responsible for
regulating development and function of these suppressive cells*>>*%1%° |t
appears that cell-to-cell contact is required for in vitro suppression by
CD4'CD25" regulatory T cells, while transforming growth factor-gB (TGF-B)
plays a large role maintaining the regulatory cells along with regulating

200-203

their suppressive activity . Regulatory T cells have the ability to not

only suppress CD4" and CD8" T cells, but also have the ability to
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suppress both naive and memory immune reactions. While it appears a
specific antigen is a necessity to elicit a regulatory T cell response, the
suppressive effector response is not governed by the specificity of the

antige n 191,204-205

. Interestingly, IL-2 is not produced by regulatory T cells,
but plays a large role in their generation, expansion, and survival, as well
as playing a potential role in their function®®. Along with maintaining
peripheral regulatory T cell populations, TGF-3 also can suppress T cell
activation through mechanisms independent of regulatory T cells?%32072%8,
It also promotes adaptive regulatory T cell differentiation, and has the
ability to regulate dendritic cell function, making them tolerogenic for T
cells®3207:209 " \whijle these regulatory T cells have been demonstrated to
be important in generating allograft tolerance in experimental scenarios, it
can also be said that evidence points to these suppressive T cells playing
a prominent role in maintaining self-tolerance in humans. People
experiencing congenital defects in FoxP3 are often linked to autoimmune
disorder, immune dysregulation, enteropathy, and polyendocrinopathy?®*°.
These experimental findings have peaked the interest of researchers, and
work is being done to describe additional types of regulatory T cells, as
well as to understand the role these suppressive populations play in
mediating tolerance in numerous experimental models. With more
information, and a better understanding, regulatory T cells have the

potential to provide researchers with an additional tool for generating and

maintaining tolerance in the clinical application of tissue transplantation.
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1.6 OBJECTIVES AND OUTLINE

Recent data has reported that the combination therapy of anti-LFA-
1 monoclonal antibody with Sertoli cells has been efficacious in preventing
porcine islet xenograft rejection. This has focused the primary objective of
this thesis on determining whether this anti-rejection protocol induces
tolerance to porcine islets, as well as further elucidation of the

mechanisms of proposed tolerance.

The objective of this study on the whole, is to attempt to address
two of the major challenges currently facing the clinical application of islet
transplantation. First, in order to overcome the potential shortage of donor
tissue faced once widespread application of islet transplantation occurs,
the use of neonatal porcine islets have been proposed as an alternative
source of transplantable islets. Thus, in our study, we are focused on
elucidating the mechanism of tolerance induced towards neonatal porcine
islets, in order to develop an understanding that can be potentially
transferred to human clinical application. Second, by trying to understand
how tolerance is induced in our experimental model, we are attempting to
remove the requirement for chronic immunosuppression associated with
current islet transplantation protocols. Due to the fact these harmful
immunosuppressive therapies have severely limited the widespread
clinical application of islet transplantation, understanding the mechanism
of induced tolerance, and potentially applying it clinically would vastly

increase the number of potential recipients for islet transplantations.
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Hence, the overall objective of the study is to develop and understand the
mechanism of tolerance to xenogeneic islet grafts, in attempt to potentially
extrapolate and exploit the knowledge in order to facilitate the widespread

application of islet transplantation.

53



1.7 REFERENCES

© ®

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kasper, D.L. & Harrison, T.R. Harrison's principles of internal
medicine, (McGraw-Hill, Medical Pub. Division, New York, 2005).
Porte, D., Sherwin, R.S., & Baron, A. Ellenberg & Rifkin’s Diabetes
Mellitus, (The McGraw-Hill Companies, United States of America,
2003).

Diagnosis and classification of diabetes mellitus. Diabetes Care 27
Suppl 1, S5-S10 (2004).

Pickup, J.C. & Williams, G. Textbook of diabetes, (Blackwell Science,
Malden, Mass. 2003).

The prevalence and costs of diabetes. (Canadian Diabetes
Association, 2005-2009).

Diabetes Atlas, Third Edition, International Diabetes Federation,
2007.

Diabetes and Cardiovascular Disease: Time to Act, International
Diabetes Federation, 2001.

World Health Organisation: Diabetes Unit.

Merani, S. & Shapiro, A.M. Current status of pancreatic islet
transplantation. Clin Sci (Lond) 110, 611-625 (2006).

Ichii, H. & Ricordi, C. Current status of islet cell transplantation. J
Hepatobiliary Pancreat Surg 16, 101-112 (2009).

Kaufman, F.R. & American Diabetes Association. Medical
management of type 1 diabetes, (American Diabetes Association,
Alexandria, Va., 2008).

Lieberman, M., Marks, A.D., Smith, C.M. & Marks, D.B. Marks'
essential medical biochemistry, (Lippincott Williams & Wilkins,
Philadelphia, 2007).

Gerich, J.E. Is reduced first-phase insulin release the earliest
detectable abnormality in individuals destined to develop type 2
diabetes? Diabetes 51 Suppl 1, S117-21 (2002).

Bell, D.S.H., & Ovalle, F. The role of C-peptide levels in screening for
latent autoimmune diabetes in adults. American Journal of
Therapeutics 11, 308-311 (2004).

Barnett, A.H., Eff, C., Leslie, R.D.G., Pyke, D.A. Diabetes in identical
twins. Diabetologia 20, 87-93 (1981).

Dufour, J.M., Rajotte, R.V., Korbutt, G.S. & Emerich, D.F.
Harnessing the immunomodulatory properties of Sertoli cells to
enable xenotransplantation in type | diabetes. Immunol Invest 32,
275-297 (2003).

Filippi, C. & von Herrath, M. How viral infections affect the
autoimmune process leading to type 1 diabetes. Cell Immunol 233,
125-132 (2005).

Schrezenmeir, J. & Jagla, A. Milk and diabetes. J Am Coll Nutr 19,
176S-190S (2000).

54



19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Matthews, D. Diabetes, (Oxford University Press, Oxford ; New York,
2008).

The effect of intensive treatment of diabetes on the development and
progression of long-term complications in insulin-dependent diabetes
mellitus. The Diabetes Control and Complications Trial Research
Group. N Engl J Med 329, 977-986 (1993).

von Mering J, M.O. Arch Exp Pathol Pharmakol 26, 371 (1889).
Minkowski, O. Weitere Mitteilungen uber den diabetes mellitus nach
extirpation des pankreas. Berl Klin Wochenschr 29, 90-93.

Williams, P. Notes on diabetes treated with extract and by grafts of
sheep's pancreas. British Medical Journal 2, 1303-1304 (1894).
Hellerstrom, C. A method for the microdissection of intact pancreatic
islets of mammals. Acta Endocrinol 45, 122-132 (1964).
Moskalewski, S. Isolation and Culture of the Islets of Langerhans of
the Guinea Pig. Gen Comp Endocrinol 44, 342-353 (1965).

Lacy, P.E. & Kostianovsky, M. Method for the isolation of intact islets
of Langerhans from the rat pancreas. Diabetes 16, 35-39 (1967).
Lindall, A., Steffes, M. & Sorenson, R. Immunoassayable insulin
content of subcellular fractions of rat islets. Endocrinology 85, 218-
223 (1969).

Younoszai R, S.R., Lindall A. Homotransplantation of isolated
pancreatic islets. Diabetes 19 (Abstract), 406 (1970).

Ballinger, W.F. & Lacy, P.E. Transplantation of intact pancreatic
islets in rats. Surgery 72, 175-186 (1972).

Reckard, C.R., Ziegler, M.M. & Barker, C.F. Physiological and
immunological consequences of transplanting isolated pancreatic
islets. Surgery 74, 91-99 (1973).

Shapiro, A.M.J. & Shaw, J.A.M. Islet transplantation and beta cell
replacement therapy, (Informa Healthcare, New York, 2007).
Warnock, G.L., Kneteman, N.M., Ryan, E.A., Evans, M.G., Seelis,
R.E., Halloran, P.F., Rabinovitch, A., Rajotte, R.V. Continued
function of pancreatic islets after transplantation in type | diabetes.
Lancet 2, 570-572 (1989).

Shapiro, A.M., et al. Islet transplantation in seven patients with type 1
diabetes mellitus using a glucocorticoid-free immunosuppressive
regimen. N Engl J Med 343, 230-238 (2000).

Ryan, E.A., et al. Five-year follow-up after clinical islet
transplantation. Diabetes 54, 2060-2069 (2005).

Moberg, L., et al. Production of tissue factor by pancreatic islet cells
as a trigger of detrimental thrombotic reactions in clinical islet
transplantation. Lancet 360, 2039-2045 (2002).

Cabric, S., et al. Islet surface heparinization prevents the instant
bloodmediated inflammatory reaction in islet transplantation.
Diabetes 56, 2008-2015 (2007).

Bennet, W., et al. Damage to porcine islets of Langerhans after
exposure to human blood in vitro, or after intraportal transplantation

55



38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

to cynomologus monkeys: protective effects of SCR1 and heparin.
Transplantation 69, 711-719 (2000).

Johansson, H. Acta Universitatis Upsaliensis Uppsala (2007).
Johansson, H., et al. Low molecular weight dextran sulfate: a strong
candidate drug to block IBMIR in clinical islet transplantation. Am J
Transplant 6, 305-312 (2006).

Tjernberg, J., Ekdahl, K.N., Lambris, J.D., Korsgren, O. & Nilsson, B.
Acute antibody-mediated complement activation mediates lysis of
pancreatic islets cells and may cause tissue loss in clinical islet
transplantation. Transplantation 85, 1193-1199 (2008).

Ozmen, L., et al. Inhibition of thrombin abrogates the instant
bloodmediated inflammatory reaction triggered by isolated human
islets: possible application of the thrombin inhibitor melagatran in
clinical islet transplantation. Diabetes 51, 1779-1784 (2002).
d'Apice, A.J. & Cowan, P.J. Gene-modified pigs. Xenotransplantation
15, 87-90 (2008).

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

Merani, S., Toso, C., Emamaullee, J. & Shapiro, A.M. Optimal
implantation site for pancreatic islet transplantation. Br J Surg 95,
1449-1461 (2008).

Bennet, W., Groth, C.G., Larsson, R., Nilsson, B. & Korsgren, O.
Isolated human islets trigger an instant blood mediated inflammatory
reaction: implications for intraportal islet transplantation as a
treatment for patients with type 1 diabetes. Ups J Med Sci 105, 125-
133 (2000).

Contreras, J.L. Extrahepatic transplant sites for islet
xenotransplantation. Xenotransplantation 15, 99-101 (2008).
Sutherland, D.E., Sibley, R., Xu, X.Z., Michael, A., Srikanta, A.M.,
Taub, F., Najarian, J., Goetz, F.C. Twin-to-twin pancreas
transplantation: reversal and reenactment of the pathogenesis of
type | diabetes. Trans Assoc Am Physicians 97, 80-87 (1984).
Gagliani, N., Ferraro, A., Roncarolo, M.G., Battaglia, M. Autoimmune
diabetic patients undergoing allogeneic islet transplantation: are we
ready for a regulatory T-cell therapy? Immunology Letters 127, 1-7
(2009).

Figliuzzi, M., et al. Subcutaneous xenotransplantation of bovine
pancreatic islets. Biomaterials 26, 5640-5647 (2005).

Marchetti, P., et al. Massive isolation, morphological and functional
characterization, and xenotransplantation of bovine pancreatic islets.
Diabetes 44, 375-381 (1995).

Lanza, R.P., Kuhtreiber, W.M., Ecker, D., Staruk, J.E. & Chick, W.L.
Xenotransplantation of porcine and bovine islets without

56



52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

immunosuppression using uncoated alginate microspheres.
Transplantation 59, 1377-1384 (1995).

Wright, J.R., Jr., Pohajdak, B., Xu, B.Y. & Leventhal, J.R. Piscine
islet xenotransplantation. ILAR J 45, 314-323 (2004).

Yang, H. & Wright, J.R., Jr. Co-encapsulation of Sertoli enriched
testicular cell fractions further prolongs fish-to-mouse islet xenograft
survival. Transplantation 67, 815-820 (1999).

Wright, J.R., Jr., Polvi, S. & MacLean, H. Experimental
transplantation with principal islets of teleost fish (Brockmann
bodies). Long-term function of tilapia islet tissue in diabetic nude
mice. Diabetes 41, 1528-1532 (1992).

Korsgren, O., Jansson, L., Eizirik, D. & Andersson, A. Functional and
morphological differentiation of fetal porcine islet-like cell clusters
after transplantation into nude mice. Diabetologia 34, 379-386
(1991).

Korbutt, G.S., et al. Large scale isolation, growth, and function of
porcine neonatal islet cells. J Clin Invest 97, 2119-2129 (1996).
Ricordi, C., et al. Isolation of the elusive pig islet. Surgery 107, 688-
694 (1990).

O'Connell, P. Pancreatic islet xenotransplantation.
Xenotransplantation 9, 367-371 (2002).

Rother, K.I., Harlan, D.M. Challenges facing islet transplantation for
the treatment of type 1 diabetes mellitus. J Clin Invest 114, 877-883
(2004).

Binette, T.M., Dufour, J.M. & Korbutt, G.S. In vitro maturation of
neonatal porcine islets: a novel model for the study of islet
development and xenotransplantation. Ann NY Acad Sci 944, 47-61
(2001).

Lim, S.M., Heng, K.K., Poh, L.H., Lim, N.K., Seah, M.L., Li, S.Q. The
development of fetal porcine islet cells as xenografts: preliminary
observations. Transplant Proc 24, 1519 (1992).

Korsgren, O., Sandler, S., Landstrom, A.S., Jansson, L., Andersson,
A. Large-scale production of fetal porcine pancreatic isletlike cell
clusters. An experimental tool for studies of islet cell differentiation
and xenotransplantation. Transplantation 45, 509-514 (1988).
Groth, C.G., et al. Transplantation of porcine fetal pancreas to
diabetic patients. Lancet 344, 1402-1404 (1994).

Lukinius, A., Korsgren, O. The transplanted fetal endocrine pancreas
undergoes an inherent sequential differentiation similar to that in the
native pancreas. An ultrastructural study in the pig-to-mouse model.
Diabetes 50, 962-971 (2001).

Strokan, V., Bennet, W., Molne, J., Korsgren, O., Breimer, M.E.
Distribution of the Galalphal-3Gal antigen in cultured adult and fetal
porcine pancreatic islet cells: an immunoelectron microscopic study.
Transplantation 70, 846-851 (2000).

57



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Bennet, W., Bjorkland, A., Sundberg, B., Davies, H., Liu, J.,
Holgersson, J., Korsgren, O. A comparison of fetal and adult porcine
islets with regard to Gal alpha (1,3)Gal expression and the role of
human immunoglobulins and complement in islet cell cytotoxicity.
Transplantation 69, 1711-1717 (2000).

Rayat, G.R., Rajotte, R.V. & Korbutt, G.S. Potential application of
neonatal porcine islets as treatment for type 1 diabetes: a review.
Ann NY Acad Sci 875, 175-188 (1999).

O'Connell, P.J. The rationale and practical issues for the
maintenance of clean herds for clinical islet xenotransplantation.
Xenotransplantation 15, 91-92, (2008).

Cardona, K., et al. Long-term survival of neonatal porcine islets in
nonhuman primates by targeting costimulation pathways. Nat Med
12, 304-306 (2006).

Rajotte, R.V. Moving towards clinical application.
Xenotransplantation 15, 113-115 (2008).

Rayat, G.R., Rajotte, R.V., Elliott, J.F. & Korbutt, G.S. Expression of
Gal alpha(1,3)gal on neonatal porcine islet beta-cells and
susceptibility to human antibody/complement lysis. Diabetes 47,
1406-1411 (1998).

Rayat, G.R., Rajotte, R.V., Hering, B.J., Binette, T.M., Korbutt, G.S.
In vitro and in vivo expression of Galalpha-(1,3)Gal on porcine islet
cells is age dependent. J Endocrinol 177, 27-135 (2003).

Ricordi, C., et al. Isolation of the elusive pig islet. Surgery 107, 688-
694 (1990).

Bottino, R., et al. Isolation outcome and functional characteristics of
young and adult pig pancreatic islets for transplantation studies.
Xenotransplantation 14, 74-82 (2007).

Hering, B.J., et al. Prolonged diabetes reversal after intraportal
xenotransplantation of wild-type porcine islets in immunosuppressed
nonhuman primates. Nat Med 12, 301-303 (2006).

van Deijnen, J.H., Hulstaert, C.E., Wolters, G.H. & van Schilfgaarde,
R. Significance of the peri-insular extracellular matrix for islet
isolation from the pancreas of rat, dog, pig, and man. Cell Tissue
Res 267, 139-146 (1992).

Bloch, K., et al. Neonatal pig islets induce a lower T-cell response
than adult pig islets in IDDM patients. Transplantation 67, 748-752
(1999).

Socci, C., Ricordi, C., Davalli, A.M., Staudacher, C., Baro, P.,
Vertova, A., Freschi, M., Gavazzi, F., Braghi, S., Pozza, G. Selection
of donors significantly improves pig islet isolation yield. Horm Metab
Res Suppl 25, 32-34 (1990).

Kirchhof, N., Hering, B.J., Geiss, V., Federlin, K. & Bretzel, R.G.
Evidence for breed-dependent differences in porcine islets of
Langerhans. Transplant Proc 26, 616-617 (1994).

58



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Korbutt, G.S. What type of islets should be used?
Xenotransplantation 15, 81-82 (2008).

Boneva, R.S., Folks, T.M. Xenotransplantation and risks of zoonotic
infections. Ann Med 36, 504-517 (2004).

Blusch, J.H., Patience, C., Martin, U. Pig endogenous retroviruses
and xenotransplantation. Xenotransplantation 9, 242-251 (2002).
Schuurman, H.J. Regulatory aspects of pig-to-human islet
transplantation. Xenotransplantation 15, 116-120 (2008).
MacKenzie, D.A., Hullett, D.A. & Sollinger, H.W. Xenogeneic
transplantation of porcine islets: an overview. Transplantation 76,
887-891 (2003).

Patience, C., Takeuchi, Y. & Weiss, R.A. Infection of human cells by
an endogenous retrovirus of pigs. Nat Med 3, 282-286 (1997).
Nilsson, B. The instant blood-mediated inflammatory reaction in
xenogeneic islet transplantation. Xenotransplantation 15, 96-98
(2008).

Rood, P.P., Bottino, R., Balamurugan, A.N., Smetanka, C., Ayares,
D., Groth, C.G., Murase, N., Cooper, D.K., Trucco, M. Reduction of
early graft loss after intraportal porcine islet transplantation in
monkeys. Transplantation 83, 202-210 (2007).

Karlsson-Parra, A., Ridderstad, A., Wallgren, A.C., Moller, E.,
Ljunggren, H.G., Korsgren, O. Xenograft rejection of porcine islet-like
cell clusters in normal and natural killer cell-depleted mice.
Transplantation 61, 1313-1320 (1996).

Simeonovic, C.J., Townsend, M.J., Wilson, J.D., McKenzie, K.U.,
Ramsay, A.J., Matthaei, K.I., Mann, D.A., Young, |.G. Eosinophils
are not required for the rejection of neovascularized fetal pig proislet
xenografts in mice. J Immunol 158, 2490-2499 (1997).

Wu, G., Korsgren, O., Zhang, J., Song, Z., Van Rooijen, N., Tibell, A.
Pig islet xenograft rejection is markedly delayed in macrophage-
depleted mice: a study in streptozotocin diabetic animals.
Xenotransplantation 7, 214-220 (2000).

Andres, A., Toso, C., Morel, P., Bosco, D., Bucher, P., Oberholzer,
J., Mathe, Z., Mai, G., Wekerle, T., Berney, T., Buhler, L.H.
Macrophage depletion prolongs discordant but not concordant islet
xenograft survival. Transplantation 79, 543-549 (2005).

Omer, A., Keegan, M., Czismadia, E., De Vos, P., Van Rooijen, N.,
Bonner-Weir, S., Weir, G.C. Macrophage depletion improves survival
of porcine neonatal pancreatic cell clusters contained in alginate
macrocapsules transplanted into rats. Xenotransplantation 10, 240-
251 (2003).

Rayat, G.R., Rajotte, R.V., Korbutt, G.S. Potential application of
neonatal porcine islets as treatment for type 1 diabetes: a review.
Ann NY Acad Sci 875, 175-188 (1999).

59



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Rayat, G.R., et al. The degree of phylogenetic disparity of islet grafts
dictates the reliance on indirect CD4 T-cell antigen recognition for
rejection. Diabetes 52, 1433-1440 (2003).

Rayat, G.R., Johnson, Z.A., Beilke, J.N., Korbutt, G.S., Rajotte, R.V.,
Gill, R.G. The degree of phylogenetic disparity of islet grafts dictates
the reliance on indirect CD4 T-cell antigen recognition for rejection.
Diabetes 52, 1433-1440 (2003).

Gill, R.G., Coulombe, M. Islet xenografting in autoimmune diabetes.
Transplant Proc 26, 1140 (1994).

Rayat, G.R., Gill, R.G. Pancreatic islet xenotransplantation: barriers
and prospects. Curr Diab Rep 3, 336-343 (2003).

Clarkson, M.R. & Sayegh, M.H. T-cell costimulatory pathways in
allograft rejection and tolerance. Transplantation 80, 555-563 (2005).
Sayegh, M.H. & Turka, L.A. The role of T-cell costimulatory activation
pathways in transplant rejection. N Engl J Med 338, 1813-1821
(1998).

Kroczek, R.A., Mages, H.W., Hutloff, A. Emerging paradigms of T-
cell co-stimulation. Curr Opin Immunol 16, 321-327 (2004).

Herold, K.C., Vezys, V., Gage, A., Montag, A.G. Prevention of
autoimmune diabetes by treatment with anti-LFA-1 and anti-ICAM-1
monoclonal antibodies. Cell Immunol 157, 489-500 (1994).

Milicevic, N.M., Nohroudi, K., Milicevic, Z., Westermann, J. Blood
lymphocytes, monocytes and NK cells modulate their expression of
CD44, ICAM-1, LFA-1 and MHC class Il after arrival into lymphoid
organs. Immunol Invest 33, 439-452 (2004).

Van Epps, D.E., Potter, J., Vachula, M., Smith, C.W., Anderson, D.C.
Suppression of human lymphocyte chemotaxis and transendothelial
migration by anti-LFA-1 antibody. J.Immunol. 143, 3207-3210 (1989).
Go, S., Fleischmann, A., Lantz, O., Cretolle, C., Brousse, N., Cerf-
Bensussan, N., Sarnacki, S. Anti-LFA-1 antibody postpones T-cell
receptor triggering while preserving generation of regulatory T cells
in T-cell receptor anti-HY transgenic mice. Transplantation 82, 119-
126 (2006).

Ostermann, G., Weber, K.S., Zernecke, A., Schroder, A., Weber, C.
JAM-1 is a ligand of the beta(2) integrin LFA-1 involved in
transendothelial migration of leukocytes. Nat Immunol 3, 151-158
(2002).

Jungheim, K., Caspar, G., Usadel, K.H., Schumm-Draeger, P.M.
Lymphocyte homing in xenotransplanted human thyroid tissue can
be inhibited by LFA-1 and ICAM-1 antibodies. Thyroid 14, 3-11
(2004).

Perez, O.D., Mitchell, D., Jager, G.C., South, S., Murriel, C.,
McBride, J., Herzenberg, L.A., Kinoshita, S., Nolan, G.P. Leukocyte
functional antigen 1 lowers T cell activation thresholds and signaling
through cytohesin-1 and Jun-activating binding protein 1. Nat
Immunol 4, 1083-1092 (2003).

60



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Ni, H.T., Deeths, M.J., Li, W., Mueller, D.L., Mescher, M.F. Signaling
pathways activated by leukocyte function-associated Ag-1-
dependent costimulation. J.Immunol. 162, 5183-5189 (1999).
Shimizu, Y. LFA-1: more than just T cell Velcro. Nat.Immunol 4,
1052-1054 (2003).

Nicolls, M.R. & Gill, R.G. LFA-1 (CD11a) as a therapeutic target. Am
J Transplant 6, 27-36 (2006).

Abraham, C., Griffith, J. & Miller, J. The dependence for leukocyte
function-associated antigen-1/ICAM-1 interactions in T cell activation
cannot be overcome by expression of high density TCR ligand. J
Immunol 162, 4399-4405 (1999).

Zuckerman, L.A., Pullen, L. & Miller, J. Functional consequences of
costimulation by ICAM-1 on IL-2 gene expression and T cell
activation. J Immunol 160, 3259-3268 (1998).

Mor, A., et al. The lymphocyte function-associated antigen-1 receptor
costimulates plasma membrane Ras via phospholipase D2. Nat Cell
Biol 9, 713-719 (2007).

Berney, T., et al. The effect of simultaneous CD154 and LFA-1
blockade on the survival of allogeneic islet grafts in nonobese
diabetic mice. Transplantation 76, 1669-1674 (2003).

Tredget, E.B., Arefanian, H., Gill, R.G., Rajotte, R.V. & Rayat, G.R.
Monotherapy with anti-LFA-1 monoclonal antibody promotes long-
term survival of rat islet xenografts. Cell Transplant 17, 599-608
(2008).

Poston, R.S., et al. Effects of humanized monoclonal antibody to
rhesus CD11a in rhesus monkey cardiac allograft recipients.
Transplantation 69, 2005-2013 (2000).

Morikawa, M., Brazelton, T.R., Berry, G.J. & Morris, R.E. Prolonged
inhibition of obliterative airway disease in murine tracheal allografts
by brief treatment with anti-leukocyte function-associated antigen-1
(CD11a) monoclonal antibody. Transplantation 71, 1616-1621
(2001).

Nicolls, M.R., Coulombe, M., Yang, H., Bolwerk, A. & Gill, R.G. Anti-
LFA-1 therapy induces long-term islet allograft acceptance in the
absence of IFN-gamma or IL-4. J Immunol 164, 3627-3634 (2000).
Rayat, G.R. & Gill, R.G. Indefinite survival of neonatal porcine islet
xenografts by simultaneous targeting of LFA-1 and CD154 or
CD45RB. Diabetes 54, 443-451 (2005).

Herold, K.C., Vezys, V., Gage, A. & Montag, A.G. Prevention of
autoimmune diabetes by treatment with anti-LFA-1 and anti-ICAM-1
monoclonal antibodies. Cell Immunol 157, 489-500 (1994).
Hasegawa, Y., et al. Prevention of autoimmune insulin-dependent
diabetes in non-obese diabetic mice by anti-LFA-1 and anti-ICAM-1
mAD. Int Immunol 6, 831-838 (1994).

61



122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Bertry-Coussot, L., et al. Long-term reversal of established
autoimmunity upon transient blockade of the LFA-1/intercellular
adhesion molecule-1 pathway. J Immunol 168, 3641-3648 (2002).
Lebwonhl, M., et al. A novel targeted T-cell modulator, efalizumab, for
plaque psoriasis. N Engl J Med 349, 2004-2013 (2003).

Vincenti, F. What's in the pipeline? New immunosuppressive drugs in
transplantation. Am J Transplant 2, 898-903 (2002).

Streilein, J.W. Unraveling immune privilege. Science 270, 1158-1159
(1995).

Cobbold, S.P., et al. Immune privilege induced by regulatory T cells
in transplantation tolerance. Immunol Rev 213, 239-255 (2006).
Filippini, A., et al. Control and impairment of immune privilege in the
testis and in semen. Hum Reprod Update 7, 444-449 (2001).

Head, J.R., Neaves, W.B. & Billingham, R.E. Immune privilege in the
testis. I. Basic parameters of allograft survival. Transplantation 36,
423-431 (1983).

Bailey, R., Griswold, M.D. Clusterin in the male reproductive system:
localization and possible function. Mol Cell Endocrinol 151, 17-23
(1999).

Selawry, H.P., Cameron, D.F. Sertoli cell-enriched fractions in
successful islet cell transplantation. Cell Transplant. 2, 123-129
(1993).

Griswold, M.D. The central role of Sertoli cells in spermatogenesis.
Semin Cell Dev Biol 9, 411-416 (1998).

Jegou, B. The Sertoli cell in vivo and in vitro. Cell Biol Toxicol 8, 49-
54 (1992).

De Cesaris, P., et al. Immunosuppressive molecules produced by
Sertoli cells cultured in vitro: biological effects on lymphocytes.
Biochem Biophys Res Commun 186, 1639-1646 (1992).

Selawry, H.P., Kotb, M., Herrod, H.G. & Lu, Z.N. Production of a
factor, or factors, suppressing IL-2 production and T cell proliferation
by Sertoli cell-enriched preparations. A potential role for islet
transplantation in an immunologically privileged site. Transplantation
52, 846-850 (1991).

Sipione, S., et al. Identification of a novel human granzyme B
inhibitor secreted by cultured sertoli cells. J Immunol 177, 5051-5058
(2006).

Dufour, J.M., Hamilton, M., Rajotte, R.V. & Korbutt, G.S. Neonatal
porcine Sertoli cells inhibit human natural antibody-mediated lysis.
Biol Reprod 72, 1224-1231 (2005).

Bellgrau, D., Gold, D., Selawry, H., Moore, J., Franzusoff, A., Duke,
R.C. A role for CD95 ligand in preventing graft rejection. Nature 377,
630-632 (1995).

Cupp, A.S., Kim, G., Skinner, M.K. Expression and action of
transforming growth factor beta (TGFbetal, TGFbeta2, and

62



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

TGFbeta3) during embryonic rat testis development. Biol Reprod 60,
1304-1313 (1999).

Ramiji, Qahir A. 2009. Short-term administration of a monoclonal
antibody therapy can be effective in preventing neonatal porcine islet
xenograft rejection when islets are co-transplanted with Sertoli cells.
Masters Thesis, University of Alberta. 115 p.

Sykes, M. Immune tolerance: mechanisms and application in clinical
transplantation. J Intern Med 262, 288-310 (2007).

Billingham, R.E., Brent, L., Medawar, P.B. Actively acquired
tolerance of foreign cells. Nature 172, 603-606 (1953).

Palmer, E. Negative selection--clearing out the bad apples from the
T-cell repertoire. Nat Rev Immunol 3, 383-391 (2003).

Liston, A., Lesage, S., Wilson, J., Peltonen, L., Goodnow, C.C. Aire
regulates negative selection of organ-specific T cells. Nat Immunol 4,
350-354 (2003).

Anderson, M.S., Venanzi, E.S., Klein, L., Chen, Z., Berzins, S.P.,
Turley, S.J., von Boehmer, H., Bronson, R., Dierich, A., Benoist, C.,
Mathis, D. Projection of an immunological self shadow within the
thymus by the aire protein. Science 298, 1395-1401 (2002).
Derbinski, J., Schulte, A., Kyewski, B., Klein, L. Promiscuous gene
expression in medullary thymic epithelial cells mirrors the peripheral
self. Nat Immunol 2, 1032-1039 (2001).

Nagamine, K., Peterson, P., Scott, H.S., Kudoh, J., Minoshima, S.,
Heino, M., Krohn, K.J., Lalioti, M.D., Mullis, P.E., Antonarakis, S.E.,
Kawasaki, K., Asakawa, S., Ito, F., Shimizu, N. Positional cloning of
the APECED gene. Nat Genet 17, 393-398 (1997).

Gillard, G.O., Farr, A.G. Features of medullary thymic epithelium
implicate postnatal development in maintaining epithelial
heterogeneity and tissue-restricted antigen expression. J Immunol
176, 5815-5824 (2006).

Ridge, J.P., Di Rosa, F., Matzinger, P. A conditioned dendritic cell
can be a temporal bridge between a CD4+ T-helper and a T-killer
cell. Nature 393, 474-478 (1998).

Kurts, C., Carbone, F.R., Barnden, M., Blanas, E., Allison, J., Heath,
W.R., Miller, J.F. CD4+ T cell help impairs CD8+ T cell deletion
induced by cross-presentation of self-antigens and favors
autoimmunity. J Exp Med 186, 2057-2062 (1997).

Aversa, G., Cocks, B.G., Punnonen, J., Carballido, J.M., de Vries,
J.E. Contact-mediated signals and cytokines involved in B-cell
activation and isotype switching in pre-B and mature B cells. Res
Immunol 145, 222-226 (1994).

Foy, T.M., Shepherd, D.M., Durie, F.H., Aruffo, A., Ledbetter, J.A.,
Noelle, R.J. In vivo CD40-gp39 interactions are essential for thymus-
dependent humoral immunity. Il. Prolonged suppression of the
humoral immune response by an antibody to the ligand for CD40,
gp39. J Exp Med 178, 1567-1575 (1993).

63



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Wekerle, T., Sykes, M. Mixed chimerism as an approach for the
induction of transplantation tolerance. Transplantation 68, 459-467
(1999).

Alam, S.M., Travers, P.J., Wung, J.L., Nasholds, W., Redpath, S.,
Jameson, S.C., Gascoigne, N.R. T-cell-receptor affinity and
thymocyte positive selection. Nature 381, 616-620 (1996).

Allen, P.M. Peptides in positive and negative selection: a delicate
balance. Cell 76, 593-596 (1994).

Baldwin, T.A., Hogquist, K.A., Jameson, S.C. The fourth way?
Harnessing aggressive tendencies in the thymus. J Immunol 173,
6515-6520 (2004).

Inaba, M., Inaba, K., Hosono, M., Kumamoto, T., Ishida, T.,
Muramatsu, S., Masuda, T., Ikehara, S. Distinct mechanisms of
neonatal tolerance induced by dendritic cells and thymic B cells. J
Exp Med 173, 549-559 (1991).

Ramsdell, F., Fowlkes, B.J. Clonal deletion versus clonal anergy: the
role of the thymus in inducing self tolerance. Science 248, 1342-1348
(1990).

Ferber, 1., Schonrich, G., Schenkel, J., Mellor, A.L., Hammerling,
G.J., Arnold, B. Levels of peripheral T cell tolerance induced by
different doses of tolerogen. Science 263, 674-676 (1994).

Heath, W.R., Kurts, C., Miller, J.F., Carbone, F.R. Cross-tolerance: a
pathway for inducing tolerance to peripheral tissue antigens. J Exp
Med 187, 1549-1553 (1998).

Moskophidis, D., Lechner, F., Pircher, H., Zinkernagel, R.M. Virus
persistence in acutely infected immunocompetent mice by
exhaustion of antiviral cytotoxic effector T cells. Nature 362, 758-761
(1993).

Zhang, Z.X., Yang, L., Young, K.J., DuTemple, B., Zhang, L.
Identification of a previously unknown antigen-specific regulatory T
cell and its mechanism of suppression. Nat.Med 6, 782-789 (2000).
Appleman, L.J., Boussiotis, V.A. T cell anergy and costimulation.
Immunol Rev 192, 161-180 (2003).

Rutella, S., Danese, S., Leone, G. Tolerogenic dendritic cells:
cytokine modulation comes of age. Blood 108, 1435-1440 (2006).
Hoves, S., Krause, S.W., Schutz, C., Halbritter, D., Scholmerich, J.,
Herfarth, H., Fleck, M. Monocyte-derived human macrophages
mediate anergy in allogeneic T cells and induce regulatory T cells. J
Immunol 177, 2691-2698 (2006).

Chiodetti, L., Choi, S., Barber, D.L., Schwartz, R.H. Adaptive
tolerance and clonal anergy are distinct biochemical states. J
Immunol 176, 2279-2291 (2006).

Schwartz, R.H. Costimulation of T lymphocytes: the role of CD28,
CTLA-4, and B7/BBL1 in interleukin-2 production and immunotherapy.
Cell 71, 1065-1068 (1992).

64



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Wells, A.D., Walsh, M.C., Bluestone, J.A., Turka, L.A. Signaling
through CD28 and CTLA-4 controls two distinct forms of T cell
anergy. J Clin Invest 108, 895-903 (2001).

Kurtz, J., Shaffer, J., Lie, A., Anosova, N., Benichou, G., Sykes, M.
Mechanisms of early peripheral CD4 T-cell tolerance induction by
anti-CD154 monoclonal antibody and allogeneic bone marrow
transplantation: evidence for anergy and deletion but not regulatory
cells. Blood 103, 4336-4343 (2004).

Arnold, B., Schonrich, G., Hammerling, G.J. Multiple levels of
peripheral tolerance. Immunol Today 14, 12-14 (1993).

Rocken, M., Urban, J.F., Shevach, E.M. Infection breaks T-cell
tolerance. Nature 359, 79-82 (1992).

Knoechel, B., Lohr, J., Zhu, S., Wong, L., Hu, D., Ausubel, L., Abbas,
A.K. Functional and molecular comparison of anergic and regulatory
T lymphocytes. J Immunol 176, 6473-6483 (2006).

Rocha, B., Grandien, A., Freitas, A.A. Anergy and exhaustion are
independent mechanisms of peripheral T cell tolerance. J Exp Med
181, 993-1003 (1995).

Chai, J.G., Bartok, I., Scott, D., Dyson, J., Lechler, R. T:T antigen
presentation by activated murine CD8+ T cells induces anergy and
apoptosis. J Immunol 160, 3655-3665 (1998).

Vendetti, S., Chai, J.G., Dyson, J., Simpson, E., Lombardi, G.,
Lechler, R. Anergic T cells inhibit the antigen-presenting function of
dendritic cells. J Immunol 165, 1175-1181 (2000).

Vanasek, T.L., Nandiwada, S.L., Jenkins, M.K., Mueller, D.L.
CD25+Foxp3+ regulatory T cells facilitate CD4+ T cell clonal anergy
induction during the recovery from lymphopenia. J Immunol 176,
5880-5889 (2006).

Li, L., Godfrey, W.R., Porter, S.B., Ge, Y., June, C.H., Blazar, B.R.,
Boussiotis, V.A. CD4+CD25+ regulatory T-cell lines from human cord
blood have functional and molecular properties of T-cell anergy.
Blood 106, 3068-3073 (2005).

Goodnow, C.C. Transgenic mice and analysis of B-cell tolerance.
Annu Rev Immunol 10, 489-518 (1992).

Ochsenbein, A.F., Sierro, S., Odermatt, B., Pericin, M., Karrer, U.,
Hermans, J., Hemmi, S., Hengartner, H., Zinkernagel, R.M. Roles of
tumour localization, second signals and cross priming in cytotoxic T-
cell induction. Nature 411, 1058-1064 (2001).

Heath, W.R., Allison, J., Hoffmann, M.W., Schonrich, G.,
Hammerling, G., Arnold, B., Miller, J.F. Autoimmune diabetes as a
consequence of locally produced interleukin-2. Nature 359, 547-549
(1992).

von Herrath, M.G., Guerder, S., Lewicki, H., Flavell, R.A., Oldstone,
M.B. Coexpression of B7-1 and viral ("self") transgenes in pancreatic
beta cells can break peripheral ignorance and lead to spontaneous
autoimmune diabetes. Immunity 3, 727-738 (1995).

65



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Ohashi, P.S., Oehen, S., Buerki, K., Pircher, H., Ohashi, C.T.,
Odermatt, B., Malissen, B., Zinkernagel, R.M., Hengartner, H.
Ablation of "tolerance" and induction of diabetes by virus infection in
viral antigen transgenic mice. Cell 65, 305-317 (1991).

Lafferty, K.J., Babcock, S.K., Gill, R.G. Prevention of rejection by
treatment of the graft: an overview. Prog Clin Biol Res 224, 87-117
(1986).

Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M., Toda, M.
Immunologic self-tolerance maintained by activated T cells
expressing IL-2 receptor alpha-chains (CD25). Breakdown of a single
mechanism of self-tolerance causes various autoimmune diseases.
J.Immunol. 155, 1151-1164 (1995).

Groux, H., Powrie, F. Regulatory T cells and inflammatory bowel
disease. Immunol.Today 20, 442-445 (1999).

Battaglia, M., Stabilini, A., Draghici, E., Gregori, S., Mocchetti, C.,
Bonifacio, E., Roncarolo, M.G. Rapamycin and interleukin-10
treatment induces T regulatory type 1 cells that mediate antigen-
specific transplantation tolerance. Diabetes 55, 40-49 (2006).
Gregori, S., Casorati, M., Amuchastegui, S., Smiroldo, S., Davalli,
A.M., Adorini, L. Regulatory T cells induced by 1 alpha,25-
dihydroxyvitamin D3 and mycophenolate mofetil treatment mediate
transplantation tolerance. J.Immunol 167, 1945-1953 (2001).
Ikemoto, T., Tashiro, S., Yasutomo, K., Kishihara, K., Kurita, N.,
Miyake, H. Donor-specific tolerance induced by simultaneous
allogeneic islet transplantation with CD4+CD25+ T-cells into hepatic
parenchyma in mice. J.Med.Invest 51, 178-185 (2004).

Nasr, .W., Wang, Y., Gao, G., Deng, S., Diggs, L., Rothstein, D.M.,
Tellides, G., Lakkis, F.G., Dai, Z. Testicular immune privilege
promotes transplantation tolerance by altering the balance between
memory and regulatory T cells. J.Immunol 174, 6161-6168 (2005).
Sanchez-Fueyo, A., Weber, M., Domenig, C., Strom, T.B., Zheng,
X.X. Tracking the immunoregulatory mechanisms active during
allograft tolerance. J.Immunol 168, 2274-2281 (2002).

Hall, B.M., Pearce, N.W., Gurley, K.E., Dorsch, S.E. Specific
unresponsiveness in rats with prolonged cardiac allograft survival
after treatment with cyclosporine. lll. Further characterization of the
CD4+ suppressor cell and its mechanisms of action. J.Exp.Med 171,
141-157 (1990).

Hara, M., Kingsley, C.I., Niimi, M., Read, S., Turvey, S.E., Bushell,
A.R., Morris, P.J., Powrie, F., Wood, K.J. IL-10 is required for
regulatory T cells to mediate tolerance to alloantigens in vivo.
J.Immunol 166, 3789-3796 (2001).

Zhai, Y., Meng, L., Gao, F., Wang, Y., Busuttil, R.W., Kupiec-
Weglinski, J.W. CD4+ T regulatory cell induction and function in
transplant recipients after CD154 blockade is TLR4 independent.
J.Immunol 176, 5988-5994 (2006).

66



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

Kitade, H., Kawali, M., Rutgeerts, O., Landuyt, W., Waer, M.,
Mathieu, C., Pirenne, J. Early presence of regulatory cells in
transplanted rats rendered tolerant by donor-specific blood
transfusion. J.Immunol 175, 4963-4970 (2005).

Bushell, A., Karim, M., Kingsley, C.I., Wood, K.J. Pretransplant blood
transfusion without additional immunotherapy generates
CD25+CD4+ regulatory T cells: a potential explanation for the blood-
transfusion effect. Transplantation 76, 449-455 (2003).

Karim, M., Bushell, A.R., Wood, K.J. Regulatory T cells in
transplantation. Curr.Opin.Immunol 14, 584-591 (2002).

Zhali, Y., Kupiec-Weglinski, J.W. What is the role of regulatory T cells
in transplantation tolerance? Curr.Opin.Immunol 11, 497-503 (1999).
Porter, C.M., Bloom, E.T. Human CD4+CD25+ regulatory T cells
suppress anti-porcine xenogeneic responses. Am.J.Transplant 5,
2052-2057 (2005).

Fontenot, J.D., Gavin, M.A., Rudensky, A.Y. Foxp3 programs the
development and function of CD4+CD25+ regulatory T cells.
Nat.Immunol 4, 330-336 (2003).

Hori, S., Nomura, T., Sakaguchi, S. Control of regulatory T cell
development by the transcription factor Foxp3. Science 299, 1057-
1061 (2003).

O'Garra, A., Vieira, P. Regulatory T cells and mechanisms of
immune system control. Nat.Med 10, 801-805 (2004).

Huang, X., Zhu, J., Yang, Y. Protection against autoimmunity in
nonlymphopenic hosts by CD4+ CD25+ regulatory T cells is antigen-
specific and requires IL-10 and TGF-beta. J.Immunol 175, 4283-
4291 (2005).

Huber, S., Schramm, C., Lehr, H.A., Mann, A., Schmitt, S., Becker,
C., Protschka, M., Galle, P.R., Neurath, M.F., Blessing, M. Cutting
edge: TGF-beta signaling is required for the in vivo expansion and
immunosuppressive capacity of regulatory CD4+CD25+ T cells.
J.Immunol 173, 6526-6531 (2004).

Marie, J.C., Letterio, J.J., Gavin, M., Rudensky, A.Y. TGF-betal
maintains suppressor function and Foxp3 expression in CD4+CD25+
regulatory T cells. J.Exp.Med 201, 1061-1067 (2005).

Karim, M., Feng, G., Wood, K.J., Bushell, A.R. CD25+CD4+
regulatory T cells generated by exposure to a model protein antigen
prevent allograft rejection: antigen-specific reactivation in vivo is
critical for bystander regulation. Blood 105, 4871-4877 (2005).
Thornton, A.M., Shevach, E.M. Suppressor effector function of
CD4+CD25+ immunoregulatory T cells is antigen nonspecific.
J.Immunol 164, 183-190 (2000).

Malek, T.R., Bayer, A.L. Tolerance, not immunity, crucially depends
on IL-2. Nat.Rev.Immunol 4, 665-674 (2004).

Li, M.O., Sanjabi, S., Flavell, R.A. Transforming growth factor-beta
controls development, homeostasis, and tolerance of T cells by

67



208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

regulatory T cell-dependent and -independent mechanisms.
Immunity 25, 455-471 (2006).

Zheng, S.G., Wang, J.H., Stohl, W., Kim, K.S., Gray, J.D., Horwitz,
D.A. TGF-beta requires CTLA-4 early after T cell activation to induce
FoxP3 and generate adaptive CD4+CD25+ regulatory cells.
J.Immunol 176, 3321-3329 (2006).

Marie, J.C., Liggitt, D., Rudensky, A.Y. Cellular mechanisms of fatal
early-onset autoimmunity in mice with the T cell-specific targeting of
transforming growth factor-beta receptor. Immunity 25, 441-454
(2006).

Bennett, C.L., Brunkow, M.E., Ramsdell, F., O'Briant, K.C., Zhu,

Q., Fuleihan, R.L., Shigeoka, A.O., Ochs, H.D., Chance, P.F. A rare
polyadenylation signal mutation of the FOXP3 gene (AAUAAA--
>AAUGAA) leads to the IPEX syndrome. Immunogenetics 53, 435—
439 (2001).

Ohneda, M., Johnson, J.H., Inman, L.R., Unger, R.H. GLUT-2
function in glucose-unresponsive beta cells of dexamethasone-
induced diabetes in rats. J Clin Invest 92, 1950-1956 (1993).
Morel, P., Kaufman, D.B., Field, M.J., Lloveras, J.K., Matas, A.J.,
Sutherland, D.E. Detrimental effect of prednisone on canine islet
autograft function. Transplant Proc 24, 1048-1050 (1992).
Arefanian, H. et al. Short-term administration of a combination of
anti-LFA-1 and anti-CD154 monoclonal antibodies induce tolerance
to neonatal porcine islet xenografts in mice. Diabetes 59, 958-966
(2010).

Arefanian, H. et al. Combination of anti-CD4 with anti-LFA-1 and
anti-CD154 monoclonal antibodies promotes long-term survival and
function of neonatal porcine islet xenografts in spontaneously
diabetic NOD mice. Cell Transplantation 16, 787-798 (2007).
Koulmanda, M. et al. Pig islet xenografts are resistant to autoimmune
destruction by NOD recipients after anti-CD4 treatment.
Xenotransplantation 10(2), 178-184 (2003).

Largiader, F., Kolb, E., Binswanger, U. A long-term functioning
human pancreatic islet allotransplant. Transplantation 29, 76-77
(1980).

Warnock, G. et al., Long-term follow-up after transplantation of
insulin-producing pancreatic islets into patients with Type 1 (insulin-
dependent) diabetes mellitus. Diabetologia 35, 89-95 (1992).

68


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhu%20Q%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhu%20Q%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fuleihan%20RL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shigeoka%20AO%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ochs%20HD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chance%20PF%22%5BAuthor%5D

CHAPTER 2

PROTECTION OF NEONATAL PORCINE ISLETS CO-TRANSPLANTED
WITH SERTOLI CELLS COMBINED WITH ANTI-LFA-1 MONOCLONAL
ANTIBODY THERAPY APPEARS TO BE MEDIATED BY
REGULATORY T CELLS AND SECRETED SERTOLI CELL

PRODUCTS*®

2.1 INTRODUCTION

Islet transplantation has the potential to become an alternative
method of treatment for individuals with type 1 diabetes, ever since the
success of the Edmonton Protocol in 2000%. While individuals with type 1
diabetes were commonly subject to numerous daily insulin injections in
order to maintain normoglycemia®**, islet transplantation has offered a
more physiological approach to insulin delivery, minimizing the risk in
incurring severe secondary complications'”’. There are, however, some
major barriers preventing the widespread application of islet
transplantation beyond patients with “brittle” type 1 diabetes>*2. One of

the major barriers includes a shortage of human donor pancreases, in

* A version of this chapter was submitted for publication. Ramiji, Q., Bayrack, K., et al.
Transplantation 92(12): 1309-15 (2011).
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which xenotransplantation of neonatal porcine islets (NPI) has been
proposed as an alternative tissue source for islet transplantation in a
clinical setting. NPI are easily isolated and maintained in culture, they

have demonstrated an ability to proliferate and differentiate®*?

, and they
are capable of reversing diabetes in both small and large animal models**
7 "including non-human primates*®. The second major challenge which
needs to be overcome to make islet xenotransplantation potentially
clinically applicable is finding an alternative to the need for continuous use

of harmful immunosuppressive drugs®>?.

It is imperative to find short-
term therapies which can prevent initial graft rejection, and ideally promote
immune tolerance. Administration of monoclonal antibody (mAb), such as
anti-LFA-1 mADb, has shown to have potential to satisfy these
requirements, however, mAb therapy has only proven to be moderately

effective in preventing NPI xenograft rejection when used as a

monotherapy®.

One potential strategy to help prevent NPI xenograft rejection in
combination with mAb therapy includes co-transplantation with neonatal
porcine Sertoli cells (SC). SC have been shown to suppress proliferation
of both T cells and B cells, while also displaying the ability to significantly
decrease the production of interleukin-2 (IL-2) in vitro'®. Numerous
secreted SC products have been implicated in sharing responsibility for
the anti-inflammatory and immunosuppressive properties of these cells,

including clusterin, FasL, TGF-B, and serine proeinase inhibitors such as
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serpina3n®>#

. It has been shown in an NPI xenograft model that 7/7 B6
mice co-transplanted with NPl and SC and treated with anti-LFA-1 mAb
successfully achieved long-term normoglycemia’’. Notably, it has also
been shown that of 8 B6 mice that were transplanted with NPl and SC
with no additional mAb treatment, none were successful at achieving long-
term normoglycemia®’. This indicates that while SC are protective, they
are unable to prevent NPI xenograft rejection alone, as a mAb therapy is
required in addition to prevent the initial rejection of the NPl and SC
xenograft. The main objective of this study is directed at determining the

mechanisms behind the long-term xenograft protection of co-transplanted

NPI and SC treated with a short-course of anti-LFA-1 mAb therapy.
2.2 MATERIALS AND METHODS
2.2.1 Animals

Two to three day old female or male neonatal pigs (1.2-2.2 kg,
University of Alberta farm, Alberta, Canada) were utilized for islet and SC
donors. Six to eight week old male C57BL/6 (B6, H-2°, The Jackson
Laboratory, Bar Harbor, ME, USA) mice were used as transplant
recipients, while six to eight week old male B6 rag-/- (B6.129S7-
Rag1™™M/3, H-2°, The Jackson Laboratory, Bar Harbor, ME, USA) mice
served as controls. The mice were rendered chemically diabetic by the
delivery of streptozotocin (Sigma, St. Louis, MO, USA) 3-5 days prior to

transplantation through a single intraperitoneal injection at a dose of 200

71



mg/kg and 185 mg/kg body weight, respectively. Blood glucose levels
were monitored biweekly using a One Touch Ultra glucose meter
(Lifescan Inc., Milpitas, CA, USA). Diabetic mice were subject to two
consecutive blood glucose readings greater than 17 mmol/L prior to
transplantation. All animals were given standard laboratory food and were
cared for in accordance to established guidelines of the Animal Care Use
Committee at the University of Alberta, along with the Canadian Council

on Animal Care.

2.2.2 lIsolation of NPI

Neonatal pigs were anesthetized with isoflurane, followed by
subsequent laparotomy and exsanguination. The pancreas was removed
by dissection and placed in Hank’s Balanced Salt Solution (HBSS) with
0.25% (w/v) bovine serum albumin (BSA, fraction V; Sigma). The
pancreas was then chopped with sterile scissors into 1 mm fragments and
further digested using Type Xl collagenase (1 mg/mL; Sigma). The
digested tissue was then poured through a 500 pum nylon mesh filter and
cultured for 7 days in Ham’s F10 medium, supplemented with 10 mmol/L
D-glucose, 50 pmol/L isobutylmethylxanthine (ICN, Biomedicals, Montreal,
QC, Canada), 0.5% BSA, 2 mmol/L L-glutamine, 3 mmol/L CaCl,, 10
mmol/L nicotinamide (BDH Biochemical, Poole, England), 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37°C, 5% CO,, and 95% air.

The media was changed on days 1, 3, and 5, post-isolation. On day 7, the
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islets were collected and aliquots were counted in islet equivalents (IEQ),

with 150 pm representing the standard for 1 IEQ®.
2.2.3 Isolation of Neonatal Porcine SC

Two to three day old male neonatal pigs were anesthetized with
isoflurane, and the testicles were removed by dissection and placed in
HBSS supplemented with 0.25% (w/v) BSA. The connective tissue lining
the testes was removed and the testes were chopped into 1 mm
fragments using sterile scissors. These fragments were then subject to
digestion with Type Xl collagenase (1mg/mL; Sigma) for 7 minutes at
37°C and washed with HBSS. The tissue was further digested with
DNase (10 pg/mL, Roche, Laval, QC, CA) and trypsin (25 mg/mL; Roche)
in calcium-free medium supplemented with 1 mmol/L ethylene glycol-bis
(2-aminoethyl)-N,N,N’,N’-tetraacetic acid (EGTA) and 0.5% BSA for 10
minutes at 37°C. Digested tissue was then poured through a 500 pm
nylon mesh filter, and washed with HBSS. The Sertoli cells were then co-
cultured with NPI 7 days post-isolation in a 1:1000 NPI to SC ratio in
supplemented Ham’s F10 medium containing 10 mmol/L D-glucose, 50
pmol/L isobutylmethylxanthine, 0.5% BSA, 2 mmol/L L-glutamine, 3
mmol/L CaCl,, 10 mmol/L nicotinamide,100 U/mL penicillin, 100 pg/mL
streptomycin, and 10% neonatal pig serum for two days at 37°C, 5% CO»,

and 95% air.
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2.2.4 Transplantation of NPl and SC

Following two days of co-culture, NPl and SC were collected and
counted, and aliquots of 2000 IEQ and 2 million SC were transplanted
under the left kidney capsule of streptozotocin-induced diabetic C57BL/6
mice®. Mice were transplanted only after achieving consecutive blood
glucose levels of = 17 mmol/L. The aliquots of 2000 IEQ and 2 million SC
were aspirated into polyethylene tubing (PE-50) and pelleted by
centrifugation. The tubing was then positioned within the subcapsular
space of the left kidney, and the tissue was guided in using a
micromanipulator syringe. In order to seal the kidney capsule, the

puncture is cauterized.

In order to determine the importance of SC being co-transplanted in
direct contact with NPI, a separate transplant site experiment was
performed. The only modification in the separate site experiment is that
NPI and SC were cultured separately, and B6 mice were transplanted with
2000 IEQ under the left kidney capsule and 2 million SC under the right

kidney capsule.

Graft function was defined by a state of normoglycemia, or blood
glucose levels of less than 10 mmol/L, while graft rejection was defined as
the first of three consecutive blood glucose readings which are greater

than 10 mmol/L. Survival nephrectomies were performed to ensure that
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long-term normoglycemia (>100 days) was graft-dependant, and was

validated by a return to the hyperglycemic state.

2.2.5 Monoclonal Antibody Therapy

Transplanted C57BL/6 mice were randomly chosen to receive
either no mAD treatment, or intraperitoneal injections of either anti-LFA-1
mAb (KBA; rat IgG2a; prepared as ascites) at 200ug on days 0, 1, 7, and
14 post-transplantation, or the same regimen of isotype control (rat IgG2a;

Bioexpress, West Lebanon, NH, USA).

2.2.6 Isolation of Pig Splenocytes

Neonatal pigs were anesthetized with isoflurane, followed by
subsequent laparotomy and exsanguination. The spleen was removed by
dissection and placed in a 50 mL conical tube containing HBSS with
0.25% (w/v) BSA. The tissue was then poured into a petri-dish and
chopped into small segments using sterile scissors. The smaller
segments are then rubbed between the coarse ends of frosted microscope
slides to release the splenocytes from the capsule and connective tissue.
The splenocytes were transferred from the dish to a 50 mL conical tube
and placed on ice for 5 minutes to allow large pieces of tissue to settle to
the bottom of the tube. The splenocytes were then carefully collected
from the conical tube with a pipette and transferred to a new conical tube
where red blood cell lysing buffer was then added to the cells to remove

the red blood cell population. The remaining lymphocytes are then spun
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twice at 1500 RPM at 4°C and resuspended in saline. The number of
lymphocytes was determined by staining cells with the exclusion dye
Trypan blue, and live cells were counted using a hemocytometer. The
lymphocytes were then frozen at -80°C in 10% dimethyl sulfoxide (DMSO)

and 90% fetal bovine serum (FBS)™.
2.2.7 Immunohistological Analysis of Graft Sections

Graft-bearing kidneys were harvested upon graft rejection or at >
100 days post-transplantation and fixed with 10% buffered formalin
solution, then embedded in paraffin. Graft sections (5 um thick) were
stained for the presence of insulin secreting cells, SC, and infiltrating
immune cells. For the detection of insulin producing cells, the sections
were quenched with 10% hydrogen peroxide in methanol, non-specific
binding sites were blocked with 20% normal goat serum (Cedarlane,
Burlington, ON, CA), followed by a 30 minute incubation with guinea pig
anti-porcine insulin antibody (1:1000 dilution, Dako Laboratories,
Mississauga, ON, CA). Sections were then incubated for 30 minutes with
biotinylated goat anti-guinea pig IgG secondary antibody (1:200 dilution,
Vector Laboratories, Burlington, CA, USA). Avidin-biotin
complex/horseradish peroxidase (ABC/HP, Vector Laboratories) and 3,3-
diaminobenzidinetetrahydrochroride (DAB, BioGenex, San Ramon, CA,
USA) complex undergo a chemical reaction which produce the brown
color seen in the sections. The sections are then counterstained with

Harris’ hematoxylin and eosin*®**,
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For the detection of SC, graft sections were stained for the
presence of Mullerian inhibiting substance (MIS) or vimentin. Microwave
antigen retrieval was performed on sections in 0.01 mol/L sodium citrate
buffer. Sections were quenched with 10% hydrogen peroxide in methanol,
non-specific binding sites were blocked with 20% normal goat serum for
vimentin staining (Cedarlane), or 20% normal rabbit serum for MIS
staining (Cedarlane), followed by a 30 minute incubation with either
mouse anti-vimentin (1:100 dilution, Dako) or goat anti-MIS (1:50 dilution,
Santa Cruz Biotechnology, Santa Cruz, CA, USA). Sections were then
incubated for 30 minutes with either biotinylated goat anti-mouse
secondary antibody for vimentin staining (1:200 dilution, Cedarlane) or
biotinylated horse anti-goat secondary antibody for MIS staining (1:200
dilution, Vector Laboratories). Avidin-biotin complex/horseradish
peroxidase (ABC/HP, Vector Laboratories) and 3,3-
diaminobenzidinetetrahydrochroride (DAB, BioGenex) complex produced
the brown color seen in the sections. The sections are then

counterstained with Harris’ hematoxylin and eosin.

Subpopulations of immune cells were characterized from sections
which were cryopreserved in optimum cutting temperature (OCT) solution
and snap frozen at -80°C. These sections were fixed in acetone cooled to
-20°C for 4 minutes at 4°C. For sections that were stained with foxp3,
permeabilization using 0.1% Triton-X 100 Solution (in PBS) was required

for 10 minutes. All sections were then blocked with 2% FBS in PBS for 20
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minutes and then incubated with an avidin/biotin blocking kit for 10
minutes each to block endogenous biotin or biotin-binding proteins (Vector
Laboratories). The sections were then incubated for 45 minutes with rat
anti-mouse CD4 (1:500, BD Pharmingen, Mississauga, ON, CA), rat anti-
mouse CD8 (1:200, BD Pharmingen), rat anti-mouse CD11b (1:300, BD
Pharmingen), or rat anti-mouse CD19 (1:200, BD Pharmingen) antibody,
or for 1 hour with rat anti-mouse/rat foxp3 (1:25, eBioscience, San Diego,
CA, USA) antibody. Biotinylated rabbit anti-rat IgG (1:200, Vector
Laboratories) secondary antibody was then added to the sections for 30
minutes. Similar to paraffin sections, an avidin-biotin complex/horseradish
peroxidase (ABC/HP, Vector Laboratories) and 3,3-
diaminobenzidinetetrahydrochroride (DAB, BioGenex) complex produced
the brown color seen in the sections. All sections were then

counterstained with Harris’ hematoxylin®*,
2.2.8 Lymphocyte Characterization by Flow Cytometric Analysis

Spleens from transplanted mice, along with naive controls, were
collected at the end of the study in an effort to determine the phenotype of
immune cells. Splenocytes were isolated the same as described above
for pig splenocytes, and aliquots of 1 million cells per tube were incubated
for 30 minutes at 4°C with flourochrome-conjugated primary antibodies
(1:100 dilutions; eBioscience, San Diego, CA) specific for numerous

immune cell markers. Analysis took place on BD FACS Calibur and BD
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LSR 1l flow cytometers (BD Biosciences, Mississauga, ON, CA), gating

only viable spleen cells14.

2.2.9 Detection of Anti-Porcine IgG Antibodies in Mouse Serum by

Flow Cytometric Analysis

Anti-porcine IgG levels were detected by flow cytometric analysis of
the serum samples of transplanted mice in order to determine the effect of
anti-LFA-1 mADb treatment in mice co-transplanted with NP1l and neonatal
porcine SC on the humoral immune responses. Sera were isolated from
blood collected from transplanted B6 mice by heart puncture. Porcine
spleen cells (10°) were obtained from the same pig islet donors and
incubated with diluted serum (1:128) for 1 hour at 37°C, 5% CO,, and 95%
air. After washing with 1x PBS, spleen cells were incubated with goat
anti-mouse 1gG FITC labeled antibody (1:200, Southern Biotechnology
Associates, Inc., Birmingham, AL, USA) for 1 hour at 4°C. Using the BD
FACS Calibur flow cytometer (BD Biosciences), the percentage of gated,
viable cells bound to antibody was determined. Sera from naive non-
transplanted B6 mice, pig splenocytes incubated without serum or
secondary Ab, along with pig splenocytes incubated with secondary

antibody absent of mouse serum, were controls for the experiment**.
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2.2.10 Detection of Mouse Cytokines at the Graft Site by Real Time

PCR

Sections of graft were snap frozen in liquid nitrogen, and then
stored at -80°C. TagMan RT-PCR (Applied Biosystems, Carlsbad, CA,
USA) was used to estimate mRNA levels of the cytokines TGF-f1, IL-10,
IFN-y, and TNF-a at the graft site. Extraction of RNA took place using a
QIAGEN RNeasy Mini Kit (QIAGEN Inc., Toronto, ON, Canada). A
NanoDrop was used to examine the quality and quantity of RNA. A High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems) was
utilized in order to produce cDNA from the total RNA. RT-PCR was then
performed using the 7900HT Fast Real-Time PCR System (Applied
Biosystems). TagMan Fast Universal PCR Master Mix was used for the
RT-PCR reaction (Applied Biosystems), while all probe and primer sets
were also obtained from Applied Biosystems: Mm00443258 m1, Tnf FAM,
Lot P101206-006 HO8, Mm01168134_m1 (TNF-a), Ifng FAM, Lot
P101206-006 HO7 (IFN-y), Mm01178820_m1, Tgfbl FAM, Lot P101206-
006 HO6 (TGF-B1), and Mm00439614 m1, 110 FAM, Lot P101206-006
HO5 (IL-10). All probes are fluorescently labeled with the FAM reporter
dye at the 5’ end, while the non-fluorescent quencher at the 3’ end is a
minor groove binder. A non-fluorescent quencher at the 3’ end is utilized
to minimize the background signal interference with the fluorescent FAM
reporter dye at the 5’ end. Eukaryotic 18S rRNA was used as a reference

gene. Quantification of cytokines was determined utilizing the
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comparative cycle threshold (Ct) method. Samples were normalized to
the endogenous control 18S rRNA (ACt), then normalized to the naive
non-transplanted C57BL/6 mouse kidney control (AACt), and input into the
formula 2*4“'to calculate the X-fold changes of amplicon occurring

between cycles of control samples and experimental test samples.

2.2.11 Detection of Systemic Mouse Cytokines and Serpina3n in

Mouse Serum

Mouse cytokines were detected in the serum utilizing a 9-plex
mouse cytokine kit, adhering to instructions of the company (Meso Scale
Discovery, Gaithersburg, MD, USA). Diluent 4 was dispensed at 25 L
per well in the 96-well Multi-Spot plate, and incubated for 30 minutes with
shaking at room temperature. Calibrators and samples were added to
each well in duplicate, and incubated for 2 hours with shaking at room
temperature. After washing, 25 uL of detection antibody solution was
added to each well, and incubated for 2 hours with shaking at room
temperature. Finally, following washing, the plate is analyzed on the
Sector Imager. The concentration of serpina3n in mouse serum was
detected by measuring specific inhibition of granzyme B (GrB) activity in a
colorimetric assay. GrB-mediated degradation of Ac-IEPD-pNA (Kaiya
Biomedical, Seattle, WA, USA) was conducted for 1 hour at 37°C, in 5%
CO,, and was inhibited by the presence of purified serpina3n (0.6 to
0.0001 mg/mL), which generated a standard curve of A4ps in relation to

serpina3n concentration. A regression curve was generated from the plot,
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and was used to calculate the concentration of serpina3n in the serum
dilutions. Serum dilutions were carried out in triplicates, and background
absorbance was subtracted from equivalent reactions in the absence of

GrB.

2.2.12 Adoptive Transfer Experiments

After maintaining long-term normoglycemia (>100 days), 50 million
spleen cells isolated from B6 mice co-transplanted with NPI and SC or
from naive non-transplanted control mice were injected into the
peritoneum of B6 rag-/- mice co-transplanted with NPl and SC from the
same pig donor in order to determine the stability of xenograft protection.
The remaining splenocytes were characterized by flow cytometry, while
sera were also collected in order to determine whether there was a
change in the immune response post-adoptive transfer. Blood glucose
levels were monitored bi-weekly for 60 days following the adoptive
transfer. At 60 days post-injection, or at the time of graft rejection
indicated by a return to hyperglycemia, xenografts were harvested and
examined for the presence of markers of NPl and SC, along with the
presence of immune cells, as described earlier. Splenocytes were
isolated and immune cell phenotype of adoptively transferred cells was
determined by flow cytometry. Xenograft tissue was preserved for the
detection of cytokines by RT-PCR, while sera were collected for detecting
the presence of serpina3n, as well as mouse anti-porcine IgG antibodies

in comparison to naive B6 mice controls.
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2.2.13 Transplantation of a 2" Party NPI Xenograft

A number of B6 mice co-transplanted with NP1l and SC that
maintained normoglycemia for 250 days post-transplantation received a
second NPI xenograft transplanted under the right kidney capsule to
determine whether xenograft protection could be transferred to a 2" party
NPI donor. Blood glucose levels were monitored bi-weekly for an
additional 100 days, at which time the first xenograft transplanted under
the left kidney capsule bearing the NPI and SC is removed by survival
nephrectomy. The first xenografts were harvested and examined for the
presence of markers of NPI and SC, along with the presence of immune
cells, as described earlier. Xenograft tissue was preserved for the
detection of cytokines by RT-PCR, while sera were collected for detecting
the presence of serpina3n, as well as mouse anti-porcine IgG antibodies.
Blood glucose levels were monitored to assess the function of the 2™
party xenograft. At 100 days post-transplantation of the 2" party
xenograft, or at the time of graft rejection, the 2" party xenograft was

harvested, and the experiments above were repeated.
2.2.14 Statistical Analysis

Statistical differences for serpina3n data were analyzed using the
Mann-Whitney U Test. Statistical differences for flow cytometry, RT-PCR,
and systemic cytokine data were analyzed using a 2-way ANOVA and a

Bonferroni test for multiple comparisons as a post-hoc analysis. A p-value
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< 0.05 was considered a statistically significant outcome. Statistical

analysis was performed with Graphpad Prism 5.
2.3 RESULTS

2.3.1 Co-transplantation of NPI with Neonatal Porcine SC Combined

with Anti-LFA-1 mAb Treatment Protects NPl Xenografts

As previously shown by Ramii et al*’, we were able to demonstrate
that NPI co-transplanted with SC and treated with anti-LFA-1 mAb were
effective at preventing xenograft rejection, as 20/27 (74%) B6 mice
achieved long-term xenograft survival (>100 days) (Table 2.1). Similarly,
we showed that co-transplanting SC with NPI in the absence of anti-LFA-1
mADb treatment was ineffective at preventing NPI xenograft rejection, as
none of the 15 untreated B6 mice achieved normoglycemia. When B6
mice were transplanted with NPI alone in the absence of anti-LFA-1 mAb
treatment, all 4 mice also rejected their xenograft, which was a strong
indication that SC are unable to protect the NPI xenograft in immune-
competent B6 mice without the short-term administration of anti-LFA-1
mAD. In addition to previous findings, we demonstrated that treatment
with rat IgG2a isotype control was also ineffective in protecting the NPI
xenograft in B6 mice that were co-transplanted with NPI and SC, as none
of the 15 mice achieved normoglycemia. In order to determine that the
reversal of hyperglycemia was graft-dependant, islet xenograft-bearing

kidneys were removed at > 100 days post-transplantation and blood
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glucose levels of the recipient mice were monitored. Removal of the islet
xenograft bearing kidneys resulted in a return to hyperglycemia in all

animals.

Table 2.1: Graft survival in B6 mice transplanted with NPI or NPI and
SC and treated with anti-LFA-1 mADb

Number of
Graft Survival Recipients that
Treatment N _
(days) ACh|eved
Normoglycemia
NPI 4 0 (x4) 0
NPI+a-LFA-1 mAb 5 0 (x3), >100 (x2) 2
NPI+SC 15 0 (x15) 0
NPI+SC+lIsotype 15 0 (x15) 0
NPI+SC+a-LFA-1 mAb 27  >100 (x20), 0 (x7) 20

Mice were transplanted with NPI or NPI plus SC and received either no
treatment, Rat IgG2a isotype control (2A3; 200 ug on days 0, 1, 7, 14,
post-transplantation), or anti-LFA-1 mAb (KBA, rat IgG2a; 200 ug on days
0, 1, 7, 14, post-transplantation). Blood glucose levels were monitored bi-
weekly for a return to normoglycemia.

Examination of the xenografts from protected B6 mice co-
transplanted with NPl and SC and treated with anti-LFA-1 mAb by
immunohistochemistry showed an abundance in insulin positive beta cells,

while treated mice that never achieved normoglycemia had a limited
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amount of these insulin producing cells (Figure 2.1). Xenografts from
mice that were not treated with a mAb or were treated with a control
isotype Ab displayed an absence of insulin producing beta cells (Figure

2.1).

Mice that were treated with anti-LFA-1 mAb also showed the
presence of vimentin and MIS positive cells, in both protected and rejected
xenografts, indicating the presence of SC (Figure 2.1). This observation
seems to indicate that although the NPI xenograft is being rejected, the
SC can escape rejection. Interestingly, unlike normal islet morphology,
the insulin producing islet cells are found to be dispersed throughout the
graft, mostly settling around the tubular structures formed by SC. Mice
that were untreated or treated with a control isotype Ab had a small
amount of positive staining for vimentin and MIS, however, these cells
were found to be very disorganized, failing to form the tubular structures

like the SC in the treated groups.
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Figure 2.1: Immunohistochemical analysis of xenografts of mice co-
transplanted with NPl and SC. Brown staining indicates the presence of
insulin, vimentin, or MIS positive cells. Scale bar indicates 400 pm.
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2.3.2 Xenografts of Mice Co-transplanted with NPl and SC and

Treated with Anti-LFA-1 mAb had Significant CD4" T cell Infiltrate

Immune cell infiltrates in the grafts were characterized by staining
for the presence of CD4" T cells, CD8" T cells, CD19" B cells, and
CD11b" macrophages (Figure 2.2). CD4" T cells appear to be the
dominant immune cell infiltrate, present in both the protected and rejected
xenografts of treated mice. In the rejected grafts, however, it appears that
the CD4" T cells are primarily within the areas where dense immune cell
infiltrate is found, while in the protected grafts, the cells are scattered
throughout the graft. CD8" T cells and CD19" B cells seem to have an
increased presence in grafts of rejected mice in areas of dense immune
cell infiltrate, while CD11b" macrophages appear to also play a role in
rejection, as they are scattered throughout the rejected xenografts.
Interestingly, there appeared to be an increase in the infiltration of foxp3*
T cells in the protected xenografts compared to the rejected, indicating the
possibility for T regulatory cells playing a prominent role in the prolonged
graft survival of B6 mice co-transplanted with NPl and SC combined with

anti-LFA-1 mAb treatment.
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Figure 2.2: Characterization of immune cell infiltrates in the grafts of
mice co-transplanted with NPl and SC and treated with anti-LFA-1
mAb. Brown staining indicates the presence of CD4", CD8", or foxp3* T
cells, CD11b" macrophages, and CD19" B cells. Scale bar indicates 400
pm.
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2.3.3 Regulatory T cells are not Solely Responsible for Protection
induced by Co-transplantation of NPl and SC Combined with Anti-

LFA-1 mAb Treatment

Quantitative RT-PCR assay was performed in order to assess the
presence of cytokines at the graft site. Comparable levels of the
inflammatory cytokines TNFa and IFNy were seen in mice with protected
and rejected xenografts (Figure 2.3). There was a 2.5 and 3.8 fold
increase in protected and rejected grafts respectively, in the anti-
inflammatory cytokine TGF3 compared to a naive kidney control. IL-10
was present at a 451 and 1345 fold increase in protected and rejected
grafts respectively, compared to a naive kidney control. There was a
significant increase in the levels of IL-10 present in the grafts of rejected
mice as compared to the grafts of protected mice. The
immunosuppressive cytokines TGFp and IL-10 have been shown to play
an important role in the function of regulatory T cells, and they have been
identified at the graft site in a similar xenograft model** where B6 mice
were transplanted with NP1 alone and treated with anti-LFA-1 mAb and
anti-CD154 mAb. Ultimately, regulatory T cells were implicated in

preserving long-term graft function in this model**.
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Figure 2.3: Quantitative RT-PCR analysis of cytokines present in the
xenograft of B6 mice co-transplanted with NPl and SC combined with
anti-LFA-1 mAb treatment. Cytokine levels in the grafts are measured

as an X-fold increase compared to a control naive non-transplanted

kidney. The presence of cytokines at the graft site in mice that achieved

long-term normoglycemia (Protected: E) were compared with the
presence of cytokines at the graft site in mice that never achieved
normoglycemia (Rejected: EE).

Flow cytometry was performed on spleen cells of euthanized mice

in an effort to examine immune cell phenotype. ldentifying changes in the

phenotype of different groups of transplanted mice could be important in

identifying a mechanism of xenograft protection. There was a significant

increase in Foxp3™ expressing immune cells in the mice that were co-

transplanted with NPl and SC combined with anti-LFA-1 mAb treatment

regardless of whether the xenograft was protected or rejected compared

to that of naive non-transplanted mice (Table 2.2). It was also noticed that
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there was an increase in the percentage of CD4*/CD25"/Foxp3” regulatory
T cells in B6 mice with protected xenografts compared to that of B6 mice
with rejected xenografts, indicating that these regulatory T cells may play

a significant role in graft protection (Table 2.2).

Table 2.2: Phenotype of immune cells isolated from the spleens of
naive non-transplanted B6 mice, and B6 mice that were co-
transplanted with NPl and SC and treated with anti-LFA-1 mAb.

Mean Phenotype of Isolated Spleen Cells (%) £ SEM

Group N
CD4"/
CD4" CD25" Foxp3* CD25"/
Foxp3®
Naive 4 1598%1.26 2.29 £ .012 13.25+4.74 5.98 £ 0.81

Protected 6 1451+0.32 231+£0.17 26.27+1.75* 7.01+0.85

Rejected 5 1335+1.65 4.42+0.25 25.71+5.99* 3.60+0.49

Protected mice achieved long-term normoglycemia, while rejected mice
never achieved normoglycemia. A more complete table can be found in
the Appendix (Table A-1).

In an effort to determine the nature of protection, adoptive transfer

experiments were performed on immune deficient B6 rag-/- mice which
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were co-transplanted with NP1 and SC and achieved normoglycemia for
>100 days post-transplantation (Figure 2.4). B6 rag-/- mice which were
reconstituted with spleen cells from naive non-transplanted B6 mice
became diabetic within 12-13 days, with a mean survival time of 12.2 £ 0.1
days post-reconstitution (Figure 2.4A). B6 rag-/- mice which were
reconstituted with spleen cells isolated from protected B6 mice became
diabetic within 13-23 days, with a mean survival time of 18.5 + 0.6 days
post-reconstitution (Figure 2.4B). Immunohistochemical analysis showed
that there were no intact islets present in the xenografts of mice whether
they were reconstituted with spleen cells from naive non-transplanted B6
mice or from B6 mice with protected xenografts (Figure 2.5). This was an
indication that long-term graft protection was not stable or robust in nature.
However, it is apparent that the SC were not rejected, as their tubular
structures remain intact in the graft. To confirm, xenografts of B6 rag-/-
mice that were reconstituted with spleen cells from B6 mice with protected
xenografts were stained for the SC markers vimentin and MIS (Figure
2.6). Similar to the immunohistochemical staining demonstrated
previously in protected and rejected xenografts (Figure 2.1), a strong

vimentin and faint MIS staining was observed.
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Figure 2.4: Blood glucose levels of B6 rag-/- mice co-transplanted
with NPI and SC reconstituted with spleen cells from B6 mice co-
transplanted with NPl and SC combined with anti-LFA-1 treatment
with protected xenografts. B6 rag-/- mice were reconstituted with 50
million spleen cells isolated from either naive B6 mice (A; n=5) or B6 mice
with protected xenografts (B; n=8). Blood glucose levels were monitored
bi-weekly for a 60 day follow up period, or until the time of xenograft
rejection determined by a return to hyperglycemia.

Protected

Figure 2.5: Immunohistochemical analysis of xenografts harvested
from B6 rag-/- mice co-transplanted with NPl and SC and
reconstituted with spleen cells from naive B6 mice or B6 mice co-
transplanted with NPl and SC combined with anti-LFA-1 mAb
treatment with protected xenografts. Brown staining indicates the
presence of insulin positive cells in B6 rag-/- mice which were
reconstituted with 50 million spleen cells from non-transplanted naive B6
mice or from treated B6 mice with protected xenografts. Scale bar
indicates 400 pum.

Vimentim MIS

Figure 2.6: Immunohistochemical analysis of xenografts harvested
from B6 rag-/- mice co-transplanted with NPl and SC and
reconstituted with spleen cells from B6 mice co-transplanted with
NPI and SC combined with anti-LFA-1 mAb treatment with protected
xenografts. Brown staining indicates the presence of vimentin or MIS in
B6 rag-/- mice which were reconstituted with splenocytes from treated B6
mice with protected xenografts. Scale bar indicates 400 pm.
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In an effort to confirm the importance of regulatory T cells in long-
term xenograft protection, several mice which achieved long-term
normoglycemia were treated with regulatory T cell depleting anti-CD25
mADb. All 8 mice which received injections of anti-CD25 mAb remained
normoglycemic for the entire 60 day follow up period (Figure 2.7). This
was a strong indication that T regulatory cells are not solely responsible
for the long-term xenograft protection seen in B6 mice co-transplanted

with NPl and SC combined with anti-LFA-1 mAb treatment.
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Figure 2.7: Blood glucose levels of protected B6 mice co-
transplanted with NPl and SC combined with anti-LFA-1 mAb which
were treated with anti-CD25 mAb. The arrows indicate the start of anti-
CD25 mAb treatment (orange, blue, and pink arrows represent 1, 2, and 5
mice treated with anti-CD25 mADb, respectively).
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2.3.4 Levels of Detected Mouse Anti-Porcine Antibody in the Sera of

Mice Co-transplanted with NPl and SC

There appears to be high levels of mouse anti-porcine 1gG in
protected mice treated with anti-LFA-1 mAb that were normoglycemic prior
to euthanization (Table 2.3). In contrast, treated B6 mice that never
achieved normoglycemia had low levels of anti-porcine antibodies. One
mouse achieved normoglycemia and rejected the xenograft on day 117
post-transplantation. The serum sample harvested from this mouse upon
rejection indicated high levels of anti-porcine antibodies, similar to that
seen in the protected mice. In mice that received no treatment or rat
IgG2a isotype control, there were high levels of antibody production,
decreasing in mice euthanized 40 days post-transplantation compared to
those euthanized 20 days post-transplantation. Due to the availability of
spleen cells required for completion of the experiment, only limited data

was collected.
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Table 2.3: Percentage of anti-porcine IgG antibodies binding porcine

splenocytes in sera of B6 mice co-transplanted with NPl and SC.

Group Samples Mean + SEM
Naive 1.17 1.48 0.09 0.91+0.42
Untreated (Day 20) 42.34 61.8 50.77 51.64 +5.63
Untreated (Day 40) 18.33 18.27 7.72 14.77 + 3.53
Isotype (Day 20) 61.68 40.88 45.59 49.38 + 6.30
Isotype (Day 40) 32.81 35.11 7.85 25.26 + 8.73
Protected (> 100 Days) 92.92 65.07 93.18 83.72 +9.33
Rejected (> 100 Days) 9.09 2.99 8.46 6.85+1.94
*Rejected (Day 117) 91.56 91.56

Mice that received no treatment or isotype control treatment were
euthanized on days 20 and 40 post-transplantation. Mice with protected
xenografts achieved normoglycemia for >100 days. One mouse that
rejected the xenograft achieved normoglycemia and rejected the graft on
day 117*, while the remaining mice that rejected xenografts never
achieved normoglycemia.

2.3.5 Protection of Xenografts in B6 mice Co-transplanted with NPI
and SC and Treated with anti-LFA-1 mAb could not be Extended to

2" Party NPI xenografts.

A number of protected B6 mice had a 2™ party NPI xenograft
transplanted under the right kidney capsule in an attempt to determine
whether protection could be extended to an NPI xenograft from a different
donor. Three B6 mice that achieved long-term normoglycemia were
transplanted with 2000 IEQ under the right kidney capsule. All 3 mice that

received a 2" party NPI xenograft remained normoglycemic for 100 days
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post-transplantation of the 2" NPI xenograft (Figure 2.8). At this time a
survival nephrectomy was performed, which the left kidney bearing the
initial NPl and SC xenograft was removed. It was then observed that all 3
mice reverted to hyperglycemia, indicating that the 2 party NPl xenograft
was rejected (Figure 2.8). This observation seems to show that the long-
term protection rendered to NPl and SC xenografts treated with anti-LFA-1
mADb cannot be extended to an NPI xenograft from a different porcine
donor. However, while the 2™ party NPI xenograft was rejected, the 1%
party NPl and SC xenograft remained protected, as blood glucose levels
remained stable following introduction of the 2" party graft. There is the
possibility that direct contact of the SC with the NP1 xenograft is important

in long-term protection.
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Figure 2.8: Blood glucose levels of B6 mice with protected
xenografts transplanted with 2" party NPI xenografts. The first red
arrow represents transplantation of the 2" party NPI xenograft under the
right kidney capsule. The second red arrow represents the nephrectomy
of the left kidney bearing the initial NPl and SC xenograft.

2.3.6 Direct Contact of SC with NPI is Necessary to Achieve Long-

term Xenograft Protection

A group of B6 mice were transplanted with NPI under the left kidney
capsule and SC under the right kidney capsule and treated with anti-LFA-
1 mAb in an effort to determine the significance of close contact between
the SC and NPI. There were a total of 8 B6 mice that were transplanted at
these separate sites, and 4 of these mice achieved normoglycemia
(Figure 2.9). There were 2 mice that achieved normoglycemia, but soon
after rejected the NPI xenograft. The 2 other mice that achieved
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normoglycemia were subject to a survival nephrectomy, at which time they
reverted to a diabetic state. Not only does it appear that the efficacy of the
treatment is reduced when mice are transplanted at separate sites, but
50% of the mice that achieved normoglycemia experienced only short-
term graft protection. This observation seems to indicate that direct
contact of SC and NPI through co-transplantation is important in both the

efficacy of the treatment as well as the stability of the xenograft protection.
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Figure 2.9: Blood glucose levels of B6 mice transplanted with NPI
under the left kidney capsule and SC under the right kidney capsule
combined with anti-LFA-1 mADb treatment. Red arrows indicate a
survival nephrectomy performed on 2 of the 4 mice that achieved
normoglycemia.
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2.3.7 Cytokines and Secreted Sertoli Cell Products may be

Important in Long-term Xenograft Protection

Serum samples of naive non-transplanted B6 mice and B6 mice co-
transplanted with NP1 and SC combined with anti-LFA-1 mAb treatment
were analyzed for the presence of cytokines and the secreted SC product
serpina3n. There was a significant increase in the cytokine IL-12 in B6
mice with protected xenografts compared to that of B6 mice that rejected
the xenograft (p<0.0001) and naive non-transplanted B6 mice (p<0.01)
(Figure 2.10). There were also notable, although insignificant, increases
in the cytokines IL-2, IL-4, IL-5, and IL-10 in the mice that had protected
grafts compared to the naive B6 mice. The increases in these cytokines
seem to be an indication that helper T cells (Ty) may play an important
role in xenograft protection, particularly T2 cells. There is also a notable
increase in IL-8 in the treated B6 mice whether or not the graft was
rejected, compared to naive B6 mice, which identifies the potential for

macrophages to play a role in antigen presentation.

The concentration of serpina3n was also measured in the serum
samples obtained from mice using a colorimetric granzyme B specific
inhibition assay. The secreted SC product was indentified in the sera of
all B6 mice transplanted with NPl and SC at significantly higher levels
(p<0.05) than that of naive non-transplanted mice (Figure 2.11). This
highlights the possibility of specific SC secreted products playing an

important role in the long-term xenograft protection of B6 mice co-
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transplanted with NP1 and SC and combined with anti-LFA-1 mAb

treatment.
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Figure 2.10: Systemic cytokine levels in sera of B6 mice co-
transplanted with NPl and SC and treated with anti-LFA-1 mAb
compared to naive non-transplanted mice.
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Figure 2.11: Levels of serpina3n in sera of B6 mice co-transplanted
with NPl and SC compared to naive non-transplanted mice. All B6
mice were transplanted with NPl and SC and received no treatment,
isotype Ab control, or anti-LFA-1 mAb, with the exception of the naive
non-transplanted control mice.
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2.4 DISCUSSION

It has been previously reported that long-term islet xenograft
survival can be achieved by co-transplanting NP1l and SC into B6 mice
combined with anti-LFA-1 mAb treatment'’. The aim of this study was to
confirm these findings and to determine possible mechanisms for the

nature of this protection.

Sertoli cells have been shown to be protective to islet grafts in

2627 and autoimmune

allogeneic®, xenogeneic (rat and fish to mouse)
transplant models®. However, we showed in this study that co-
transplanting NPI and SC without treatment, or with isotype Ab control, is
inadequate in preventing NPI xenogratft rejection. This was evident as
none of the 15 mice that received either no treatment or isotype Ab control
treatment achieved normoglycemia, and graft tissue was nonexistent.
Other xenograft studies, along with those utilizing NP1 and SC?**, have
also cited the need to incorporate a supplementary approach including

induction with anti-lymphocyte serum?®, microencapsulation®’, or the use

of a mAb therapy*’.

This study confirmed that SC were able to enhance NPI xenograft
survival when co-transplanted in B6 mice combined with anti-LFA-1 mAb
treatment as 20 out of 27 (74%) achieved and maintained long-term

normoglycemia. This showed marked improvement over the previously
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shown success rate of <50% for B6 mice transplanted with NP1 alone and

treated with anti-LFA-1 mAb®®.

Examination of the xenografts by immunohistochemistry displayed
the presence of insulin producing cells along with SC in protected mice.
While there was an absence of insulin positive cells in rejected mice, we
were able to still identify SC in their trademark tubular configuration®:,
Although a mechanism is undefined, it is possible that secreted
immunoprotective SC products such as TGFp, FasL, clusterin, and
serpina3n, in combination with anti-LFA-1 mAb is sufficient to prevent
rejection of the SC. We also noticed that islets appeared to scatter along
these SC arrangements. There is the possibility that these SC
configurations could be harmful to NPI viability and function, and further
studies examining this may lead to a clearer understanding of the nature

of long-term graft protection.

When observing populations of immune cell infiltrates in
transplanted mice, it was apparent that CD4" T cells were the most
abundant in both protected and rejected islet xenografts. In the protected
grafts, the CD4" T cells were distributed throughout the graft, while in the
rejected grafts they were found in areas of dense immune cell infiltrate.
There seemed to be little difference in the presence of CD8" T cells and
CD19" B cells in the grafts, appearing slightly more prominent in rejected
grafts in areas of dense immune cell infiltrate. There was, however, a

notable increase in the presence of CD11b" macrophages scattered
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throughout the grafts of rejected mice. The differing distribution of CD4™ T
cells in protected and rejected grafts indicate they may play a role in both
long-term graft protection and rejection, while the increase in CD11b"
macrophages presents the possibility that these cells also play a role in
rejection. Foxp3™ cells were also seen in xenografts of treated mice,
appearing more abundant in protected grafts compared to rejected grafts,
indicating a possible role for T regulatory cells in maintaining long-term

NPI xenograft protection.

The immune cell phenotypes of B6 mice co-transplanted with NPI
and SC and treated with anti-LFA-1 mAb, were compared to that of naive
non-transplanted mice. We observed a significant increase in Foxp3*
cells in treated B6 mice whether or not the xenograft was rejected,
compared to that of naive mice. While not significant, we also noted an
increase in CD4"/CD25"/Foxp3* regulatory T cells in mice with protected
xenografts in comparison to mice with rejected xenografts. This was an
indication that there may be a significant role for T regulatory cells in long-

term islet xenograft protection.

Quantitative RT-PCR analysis of graft sections from treated mice
showed high levels of IL-10 at the gratft site, including a significant
increase of IL-10 in mice that rejected the xenograft, while there were
comparable low levels of TNFa, IFNy, and TGFB, in treated mice whether
or not the xenograft was rejected. This contrasts findings from a similar

xenograft study which transplanted NPI alone into B6 mice combined with
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anti-LFA-1 mAb and anti-CD154 mAb treatment, as they saw increased
levels of IL-10 and TGFp in the grafts of protected mice where T

regulatory cells were deemed to be integral in long-term graft protection.

An adoptive transfer experiment was performed to gain an
understanding of the robustness of xenograft protection. All 8 B6 rag-/-
mice that were reconstituted with spleen cells from treated B6 mice with
protected grafts ended up rejecting the xenografts. These results
displayed that long-term graft protection was unstable and was an
indication that this protection was unlikely due to the generation of
dominant tolerance. In order to confirm the potential significance of T
regulatory cells, 8 B6 mice that achieved long-term normoglycemia were
treated with depleting anti-CD25 mAb. All 8 mice remained
normoglycemic throughout the 60 day follow up period, which provided
reasonable evidence to believe that T regulatory cells were not solely
responsible for maintaining long-term graft protection. These results,
however, do not indicate the importance of T regulatory cells in the

induction of long-term graft protection.

Mouse anti-porcine IgG Ab levels were discovered to be very high
in mice with protected xenografts, while levels were low in mice that had
never achieved normoglycemia. There was one mouse that achieved
long-term normoglycemia and rejected the xenograft on day 117 which
had similar levels of anti-porcine IgG as mice with protected xenografts. It

appears that these levels of antibody production may be due to the
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balance of T helper (Ty) cells. It was observed that levels of IL-4, IL-5,
and IL-10 were all increased systemically in mice with protected
xenografts. Itis known that IL-4 is important in establishing an antibody
producing Ty2 phenotype, while all three are important cytokines secreted
by T2 cells***. While it appears that anti-LFA-1 mAb is unable to inhibit
the humoral immune response, SC seem to be supplying additional
protection to the NPI xenograft. Also of interest, once islet rejection has
occurred, SC remain undamaged in the presence of low levels of anti-
porcine 1gG Ab. This seems to indicate that in the absence of intact islets,

SC may be able to suppress the humoral immune response.

We also showed that long-term graft protection could not be
transferred to a 2" party NPI xenograft. All 3 mice remained
normoglycemic for 100 days post-transplantation of the 2" party NPI
xenograft under the right kidney capsule. Following a nephrectomy of the
left kidney bearing the initial NPI and SC xenograft, the 3 mice reverted to
hyperglycemia, indicating that the 2" party NPI xenograft was rejected.
As the 1% xenograft bearing NPI and SC remained functional throughout
the rejection period of the 2™ party NPI xenograft, it is possible that SC

provide their protective effect only in close contact with the islet xenogratft.

Our results demonstrated that SC appear to require direct contact
with the NPI xenograft in order to achieve and maintain long-term graft
protection. Four of the 8 mice transplanted with NPl and SC on separate

sites achieved normoglycemia. These results are comparable to results
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seen in B6 mice transplanted with NPI alone and treated with anti-LFA-1
mAb (<50%)*°, but was inferior to the 74% of mice co-transplanted with
NPI and SC combined with anti-LFA-1 mAb treatment that achieved
normoglycemia. It was also notable that 2 of the 4 mice were unable to
maintain long-term graft protection, rejecting their NPl xenografts on days
127 and 169 post-transplantation, shortly after achieving normoglycemia.
These results appear to indicate that the beneficial effects of SC are best

represented when SC are in direct contact with the NPI xenograft.

Analysis of cytokines seemed to indicate an importance of T2 cells
in long-term graft protection. We saw a significant increase in IL-12 as
well as an increase in IL-2 in protected mice compared to naive mice, two
cytokines known to be important in differentiation of naive T cells into TH0
cells®=>. We also noticed a notable increase in IL-4, IL-5, and IL-10 in
mice with protected xenografts. As mentioned previously, IL-4 has been
shown to be important in differentiating THO cells towards a T2
phenotype, and T2 cells are known to secrete IL-4, IL-5, and 1L-10%%,
We also found an increase in IL-8 in protected and rejected mice
compared to naive non-transplanted mice, which suggests macrophages
may be important in antigen presentation, and possibly graft rejection®.
Our studies also demonstrated that the secreted SC product serpina3n
was significantly increased in our groups transplanted with NPI and SC,
regardless of treatment. Serpina3n has been previously identified to

minimize granzyme B mediated apoptosis by a mechanism of irreversible
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binding®*. Itis possible that a shift to a T2 cell phenotype combined with
secreted Sertoli cell products are playing a role in long-term graft

protection.

Our studies have demonstrated that the co-transplantation of NPI
and SC with combined anti-LFA-1 mAb treatment is an effective therapy
for inducing long-term NPI xenograft protection. While T regulatory cells
may play a role in protection, possibly by secretion of IL-4 leading to a
shift from a Tyl to a Ty2 cell phenotype, our data supports the idea that T
regulatory cells are not solely responsible for maintaining long-term graft

protection, while products secreted by SC may share this role.
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CHAPTER 3

GENERAL DISCUSSION AND CONCLUSIONS

3.1 GENERAL DISCUSSION

Insulin was discovered in 1921 and had a major impact in regards
to treating individuals suffering from type 1 diabetes®. Type 1 diabetes is
a chronic disease which is characterized by the inability of  cells in the
pancreas to produce insulin®3. In order to control blood glucose levels,
individuals are forced with continuously monitoring blood glucose levels,
and are subject to regular exogenous insulin injections. Failure to do so
can result in serious secondary complications including nephropathy,
neuropathy, and hypoglycemic episodes*®. While intensive insulin
therapy can provide reasonable control of blood glucose levels, individuals
undergoing this mode of treatment have an increased likelihood of
experiencing hypoglycemic episodes which can lead to a coma, seizure,
or death®. However, intensive insulin therapy is a suspect form of
treatment for patients diagnosed with brittle type 1 diabetes due to the
labile nature of blood glucose levels in these individuals*®. It is of the
essence to find a more physiological approach for treating patients with
type 1 diabetes in an effort to enhance the quality of life of these

individuals.
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Numerous potential strategies exist for achieving a more
physiological control of blood glucose levels. However, due to success of
the Edmonton Protocol, islet transplantation has materialized as a realistic
treatment option for individuals with type 1 diabetes. In 2000, it was found
that 7/7 patients who received islet allografts achieved and maintained
normoglycemia for at least one year post-transplantation®. Importantly,
control of blood glucose levels showed marked improvement, while a
reduction was seen in the occurrence of hypoglycemic episodes®. While
islet transplantation has shown promise in this study, barriers to its
widespread application exist. The shortage of cadaveric pancreas donors
and the need for continuous use of immunosuppressive drugs currently
limits the eligible patients for this procedure to those suffering from brittle
type 1 diabetes®’. In an effort to make islet transplantation a viable option
for more patients, it is necessary to identify an alternative source of donor

islets, along with a safe and effective anti-rejection strategy.

A possible solution to overcoming the shortage of donor islets
includes the utilization of xenogeneic tissue as an alternative source.
Porcine tissue represents a promising candidate as a source of islets as
pigs breed rapidly, litter sizes are large, gestational time is short, they can
be housed in a pathogen-free environment, and the potential exists to
generate transgenic pigs that are genetically altered for producing safer
tissue for transplantation’®. It is also notable that porcine islets are similar

to human islets morphologically and physiologically, while porcine insulin
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has successfully been used in regulating blood glucose levels in patients
with type 1 diabetes for decades’. While both neonatal and adult porcine
islets have been successful establishing euglycemia in nonhuman

primates®®*2

, heonatal islets appear to provide the best overall solution.
Neonatal pigs provide cost benefit due to reduced housing times, while
NPI are more resistant to hypoxia-induced apoptosis, display growth
potential, and appear less immunogenic****>*®. A major limitation when
considering xenogeneic tissue as an alternative source of islets is the
potent cellular immune response of the host immune system, which is
capable of destroying xenograft tissue'’. As an alternative to harmful
immunosuppressive drugs, finding short-term therapies which can induce

tolerance to donor tissue with minimal toxicity is imperative to the future

clinical application of xenotransplantation.

A potential solution involves the use of biologic agents which target
pathways integral in T cell activation and function. The use of anti-LFA-1
mADb is a therapy in particular which has been investigated due to the
importance of leukocyte function-associated antigen-1 (LFA-1) in
adhesion, activation, and migration of leukocytes®®. Interaction of LFA-1
with one of its ligands, inter-cellular adhesion molecule-1 (ICAM-1), has
been shown to provide a co-stimulatory signal to T cells, optimize contact
between T cells and the APC, along with lowering antigen requirements

18-21

necessary for T cell activation . Blockade of this interaction has the

potential to promote tolerance induction. While anti-LFA-1 mAb was
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shown to be highly efficacious in preventing concordant rat to mouse islet
xenogratft rejection, it was found to be only moderately effective in
preventing discordant pig to mouse islet xenograft rejection®. In our
study, we looked at augmenting this mAb therapy by co-transplanting NPI
and SC in an effort to enhance the potential of promoting long-term

xenograft survival.

Sertoli cells have exhibited an ability to prevent rejection of
transplanted graft tissue both inside and outside the testicular
environment, attributed to the secretion of numerous immunoprotective
molecules. Prolonged graft survival has been observed in both allograft
and autoimmune models with co-transplanted islets and SC°3.

However, in order to prevent graft rejection in a xenograft model, SC seem

to require additional inductive immunosuppression®22,

Previous findings have shown that short-term administrations of
anti-LFA-1 mAb combined with co-transplantation of NPl and SC may
have the potential to induce long-term NPI xenograft protection in a B6
mouse model®*. It therefore became our directive to determine potential
mechanisms responsible for long-term NPI xenograft protection. Anti-
LFA-1 mADb has been shown to interfere with T cell activation and the

182235 \while SC are known to

potential to inhibit humoral responses
secrete numerous immunosuppressive products such as TGFp and
serpina3n®>%. Moreover, anti-LFA-1 mAb, in combination with other

mADbs, has demonstrated the ability to facilitate long-term protection of NPI
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xenografts by way of T regulatory cells®*. There appears to be an
important role for TGFp in the development of foxp3™ T regulatory cells,
thus the possibility for induction of T regulatory cell mediated tolerance
towards NPI and SC xenografts seems plausible in our combination

therapy.

We have confirmed in our study that the combination of SC and
anti-LFA-1 mADb treatment is efficacious in inducing and maintaining long-
term normoglycemia as 20/27 (74%) mice achieved prolonged NPI
xenograft survival of >100 days. In contrast, none of the untreated (0/15)
or isotype Ab control (0/15) mice co-transplanted with NPl and SC
achieved long-term normoglycemia, while only 2/5 (40%) mice
transplanted with NP1 alone and treated with anti-LFA-1 mAb achieved
normoglycemia. Histological analysis of xenografts showed the presence
of insulin, vimentin, and MIS positive cells in mice with protected grafts
indicating the presence of B cells and SC at the studies endpoint.
Conversely, mice with rejected xenografts displayed an absence of insulin
producing B cells, yet showed the presence of vimentin and MIS
demonstrating the presence of SC at the studies endpoint. Further
histological analysis of immune cell infiltrates indicated that CD4" T cells
were most abundant in the xenografts of treated mice, and were evident
regardless of whether rejection of the graft occurred. There was a
decreased presence of CD8" T cells, CD19" B cells, and CD11b"

macrophages in the xenograft, while there appeared to be slight increases
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in these immune cells present in rejected xenografts. Interestingly, the
apparent increase in foxp3™ cells in protected grafts compared to rejected
grafts potentially identifies a role for T regulatory cells in maintaining long-

term NPI xenograft rejection.

Flow cytometry of spleen cells further supported a potential role for
T regulatory cells in graft protection, as there was not only a significant
increase in foxp3+ cells in treated mice compared to naive controls, but
also a notable increase in CD4"/CD25"/Foxp3* T regulatory cells in mice
with protected mice compared to mice with rejected grafts. While this
increase in T regulatory cells in mice with protected xenografts was not
significant, the previously mentioned findings provided rationale to further
investigate the importance of T regulatory cells in long-term NPI xenograft

protection.

Examination of quantitative RT-PCR assays demonstrated only low
levels of increased TGFp in treated mice compared to naive controls,
while there was a significant increase in the levels of IL-10 in mice with
rejected xenografts compared to mice with protected xenografts. Previous
studies have shown IL-10-producing CD4" T cells to exert antitumor
effects'®. Interestingly, these CD4" T cells did not appear to share
characteristics of typical Ty2 cells due to the absence of IL-4 detected in
tumor-infiltrating lymphocytes, and instead appeared to share the
properties of Tr1 cells, which generally reduce rather than promote

inflammatory responses*®. Due to the potential of IL-10 to have
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proinflammatory effects in some autoimmune diseases raises question as
to whether IL-10-producing CD4+ T cells may play an active role in NPI
xenograft rejection. Thus, exogenous IL-4 injections at the time of
transplantation in an effort to promote a Ty2 cell phenotype may improve

the efficacy of our therapy.

Adoptive transfer experiments indicated the lack of a stable robust
graft protection as all of the B6 rag-/- mice reconstituted with spleen cells
from treated mice with protected xenografts were unable to maintain long-
term graft protection. Furthermore, all of the treated mice with protected
xenografts that underwent depletion of T regulatory cells by administration
of anti-CD25 mAb maintained normoglycemia. A decrease in anti-porcine
antibodies was detected in these mice compared to other mice with
protected xenografts that were not treated with anti-CD25 mAb, indicating
a potential role for T regulatory cells in modulating the antibody response
in recipient mice. Together these results indicate that T regulatory cells
are not solely responsible for the long-term graft protection seen in B6
mice co-transplanted with NPl and SC combined with anti-LFA-1 mAb
treatment. It is possible, however, that T regulatory cells in combination
with transient anti-LFA-1 mAb treatment are critical to induction of NPI
xenograft protection, and depletion of these cells near the time of

transplantation may be helpful in determining their importance.

Mouse anti-porcine IgG Ab levels were discovered to be very high

in mice with protected xenografts, while levels were low in mice that had
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never achieved normoglycemia. There was one mouse that achieved
long-term normoglycemia and rejected the xenograft on day 117 which
had similar levels of anti-porcine IgG as mice with protected xenografts. It
appears that these levels of antibody production may be due to the
balance of T helper (Ty) cells. Previous studies have implicated anti-LFA-

1 mAb in playing a role in promoting a T2 cell phenotype®*®

, While it was
observed that levels of IL-4, IL-5, and IL-10 were all increased in mice with
protected xenografts. It is known that IL-4 is important in establishing an

antibody producing Ty2 phenotype, while all three are important cytokines

3233 Future studies utilizing our therapy in IL-47", IL-

secreted by T2 cells
57, and IL-10” mice could be beneficial in identifying the importance of
these individual cytokines in long-term NPI xenograft protection. Also of
interest, once islet rejection has occurred in mice treated with anti-LFA-1
mADb, SC remain undamaged in the presence of low levels of anti-porcine
IgG Ab at > 100 days post-transplantation. In mice that were untreated or
treated with isotype Ab control it was demonstrated that antibody levels
were also quite high at 20 days post-transplantation, while the levels
decreased at 40 days post-transplantation. Histological analysis of these
grafts revealed an absence of intact islets and SC. This indicated that
while anti-LFA-1 mAb appears unable to inhibit the humoral immune
response, it is necessary to prevent initial rejection of SC. As there

appears to be intact SC in mice that had protected and rejected the

xenografts, and levels of anti-porcine antibody varied greatly between
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these two groups of mice, it appears that the increased humoral activity is
not due to the presence of SC. Future studies will need to examine
whether the increased humoral activity in mice with protected xenografts is
a sign of ongoing islet rejection. Although previous results indicate that
the humoral response is not a major concern in NPI xenograft rejection’,
transplanting mice with SC alone combined with anti-LFA-1 mAb
treatment could provide further insight as to whether SC have the potential

to suppress the humoral immune response in the absence of intact NPI.

Introduction of a 2™ party NPI xenograft under the opposite kidney
capsule of treated B6 mice that achieved long-term normoglycemia was
insufficient at maintaining normoglycemia upon removal of the initial NPI
and SC xenograft. These results indicated that graft protection induced in
B6 mice co-transplanted with NP1 and SC combined with anti-LFA-1 mAb
treatment could not be transferred to a 2" party NPI xenograft. This is a
significant finding, as multiple transplants are often required in a clinical
setting. It appears that an additional mAb and SC regimen would be
required in order to prevent rejection of the 2" party NPI xenogratft,

potentially limiting the clinical applicability of this therapy.

When NPI and SC were transplanted separately under opposite
kidney capsules, the beneficial effects of SC appear to be lost, as efficacy
of the treatment was reduced to levels seen in B6 mice transplanted with
NPI alone combined with anti-LFA-1 mAb. Four of the 8 mice

transplanted with NPl and SC on separate sites achieved normoglycemia.
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These results are comparable to results seen in B6 mice transplanted with
NPI alone and treated with anti-LFA-1 mAb (<50%)*®, but was inferior to
the 74% of mice co-transplanted with NPl and SC combined with anti-
LFA-1 mAb treatment that achieved normoglycemia. These results
appear to indicate that the beneficial effects of SC are best represented

when SC are in direct contact with the NPI xenogratft.

Levels of serpina3n were also found to be significantly increased in
mice transplanted with NPl and SC compared to naive controls. However,
there was no significant difference in serpina3n levels whether or not the
mice rejected the xenografts. While it remains unclear what impact
serpina3n has in graft protection, further examination of secreted SC
products may lead to a clearer understanding of the mechanism of long-
term NPI xenograft protection. While CD4" T cells have been shown to

express granzyme B and perforin in a CMV infection model**

, this has yet
to be examined in our xenograft model. It is possible that the immune
system identifies the NPI xenograft as an infection, thus, future studies

aimed at exploring this potential in CD4" T cells may be beneficial in

understanding the protective role of SC in our therapy.

In light of our findings, a number of important questions still exist,
including: i) further elucidating the mechanisms of long-term graft
protection, ii) examining the mechanisms of graft rejection, including a

possible role for SC and iii) evaluating the efficacy and safety of this
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treatment in more clinically applicable models, including autoimmune and

large animal transplant models.

While a number of possible mechanisms were identified in our
study, it remains important to assess the nature of graft protection. Even
though T regulatory cells were found to be not solely responsible for
maintaining long-term xenograft protection in our model, further
examination of the role that T regulatory cells may play in induction of graft
protection could be valuable. Depletion of T regulatory cells by
administration of anti-CD25 mAb closer to the time of transplantation may
provide further evidence on the importance of T regulatory cells in
induction of NPI xenograft protection. Evaluation of these studies may
provide further insight as to why some xenografts are rejected and unable
to achieve long-term graft protection. Our data further suggests that T2
cells may play a significant role in maintaining long-term NP1 xenograft
protection, and manipulating the balance of these Ty cells may help
develop the mechanism of graft protection. Depletion of IL-4 with a
neutralizing Ab in mice with protected xenografts may provide evidence as
to the importance of this T2 cell phenotype in maintaining long-term
xenograft protection. Additionally, the secreted SC product serpina3n
was present the serum of mice transplanted with NPl and SC. While there
was no significant increase in serpina3n in mice with protected xenografts
compared to mice with rejected xenografts, it may be valuable to attempt

to neutralize serpina3n both at the time of transplantation as well as once
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the mice have achieved stable long-term normoglycemia in an attempt to
determine the importance of this secreted SC product in NPI xenograft
protection. Further investigation into the presence of other secreted SC
products such as FasL and clusterin has the potential to aid in
development of the mechanism of graft protection. Thus, further
elucidation of the mechanisms of graft protection is important as it may

allow us to improve the overall efficacy of this treatment.

While SC appear to protect themselves, the possibility exists that
SC may also be destructive to the health of the islets. We found that
some immune deficient B6 rag-/- mice had difficulty achieving
normoglycemia, while B6 rag-/- mice transplanted with the islets from the
same donor did not. This may be due to the SC competing for space and
nutrients with the NPI, or possibly SC secretions of FasL leading to
destruction of Fas-expressing NPI**". Previous studies have identified
that the ratio of islets and SC transplanted are important in a syngeneic
autoimmune model and a rat allograft model*>®'. Supplementary studies
examining the potentially harmful effects of SC, and determining whether
a more optimal ratio of NPI and SC exists in a xenograft model could be

essential in enhancing the efficacy of this treatment.

Finally, it is necessary to evaluate the efficacy and safety of these
treatments in a more clinically relevant transplant model. While anti-LFA-1
mAb was used commonly in humans to treat psoriasis®, some concern

has arisen due to the development of the rare disease progressive
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multifocal leukoencephalopathy (PML) associated with long-term use of

3840 " |n the event that the use of anti-LFA-1 mAb becomes no

the drug
longer realistic, finding antibodies that target the same interaction without
the harmful side effects will be necessary for clinical application in islet
transplantation. Furthermore, transplantation of SC into male and female
patients has the potential to disrupt the hormonal balance in the human
body through the manipulation of testosterone and follicular stimulating
hormone. Thus, detailed studies should be conducted to determine
potential unwanted side effects of transplanting SC in small and large
animal models in order to develop a better understanding of the clinical
applicability of this treatment. Evaluating the potential efficacy of this

treatment in a more relevant model to type 1 diabetes in humans, such as

an autoimmune diabetic mouse model, would also be beneficial.

Overall, we have demonstrated in our study that short-term
administration of anti-LFA-1 mAb is effective at prolonging NPI xenograft
survival when co-transplanted with SC. We have determined that T
regulatory cells are not solely responsible for maintaining long-term NPI
xenograft protection, and that this protection is not very stable and/or
robust. We also demonstrated the potential for T2 cells and secreted SC
products to contribute to maintaining long-term xenograft protection.
Therefore, further studies must be performed to investigate the proposed

potential mechanisms, to explore the optimal ratio of NPl and SC, and to
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further determine the safety and efficacy of the treatment, especially in

additional animal models.

3.2 Conclusion

The potential for islet transplantation to restore precise
physiological control of blood glucose levels makes it one of the most
promising strategies for treating patients with type 1 diabetes. The ability
to eliminate the need for daily exogenous insulin injections and continuous
monitoring of blood glucose levels, while preventing the occurrence of
harmful secondary complication provides motivation to investigate

improvements to this therapy to permit widespread application.

While the use of xenogeneic NPI has become an attractive
alternative source for overcoming the shortage of donor islet tissue for
transplantation, clinical use requires further studies to evaluate the
potential of developing safe and effective strategies to prevent xenograft

rejection.

In our study we demonstrated that combining the short-term
administration of anti-LFA-1 mAb with the co-transplantation of NPI and
SC can be effective at preventing NPI xenograft rejection. We determined
that long-term xenograft protection is not solely due to T regulatory cells,
and that Ty2 cells and/or secreted SC products may play a contributing
role. Future studies will be important in further investigating the

127



mechanism of induction and maintenance of long-term NPI xenograft
protection, and may lead to providing insight on ways to improve not only
this therapy, but possibly other therapies utilizing NPI as an alternative
source of donor tissue. We hope that these data can provide a foundation
for future studies which can contribute to the development of safer anti-
rejection therapies for NPI islet xenografts, with the desire to ultimately

improve the quality of life of individuals suffering from type 1 diabetes.
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APPENDIX

Table A-1: Phenotype of immune cells in mice co-transplanted with NPl and SC
combined with anti-LFA-1 mADb treatment compared to naive non-transplanted

controls.
Immune Cell Mean + SEM Percentage of Immune Cells
Phenotype

Naive Untreated Isotype Protected Rejected

N =4 N=5 N=5 N=6 N=5
CD4 1598 +1.26 | 14.64+1.85| 18.20+2.55| 14.51+0.32 | 13.35+1.65
CD8 12.09+0.76 | 11.61+0.53 | 13.20+0.72| 9.27+0.64 | 13.67 +1.33
CD19 61.78 +2.98 | 62.20 +3.26 | 58.95 + 3.29 | 59.31 +2.48 | 57.05+4.25
CD25 229+0.12| 3.36+0.33| 3.10+0.13| 2.31+0.17| 4.42+0.25
CD44 96.88 + 0.08 | 96.41 +0.06 | 95.17 +0.47 | 97.41 +0.26 | 95.68 + 0.69
CD62L 75.87 +1.67 | 56.38 +5.77 | 45.60 £5.54 | 67.14 +1.65 | 51.84 +4.06
CD69 13.00+1.54 | 30.86+1.78 | 28.28+2.16| 4.40+0.39| 38.95+6.77
PD1 2253+8.29 | 24.65+7.02| 24.04+9.6| 12.72+2.18 | 62.36 +3.18
CTLA4 356+1.00| 6.36+201| 6.42+247| 217+050| 3.42+1.17
BTLA 63.75+1.73| 70.26+2.6 | 64.53+3.32| 68.43+1.59 | 68.21 +2.45
FoxP3 13.25+4.74| 6.27+1.16| 5.96+1.23| 26.27+1.75| 25.71 +5.99
GITR 34.63+2.20| 27.10+1.62 | 31.38+2.12| 28.76 +1.88 | 34.83+2.61
CD4/CD25 1.77+0.10| 235+0.23| 217+0.14| 1.67+0.17| 2.21+0.27
CD4/CD44 17.43+1.53| 16.29+2.97 | 18.01+2.09| 15.14+0.70 | 12.98 +1.38
CD4/CD62L 13.08+1.40 | 10.42+1.07| 12.06+1.46| 9.44+0.69| 6.51+0.52
CD4/CD69 3.58+0.22| 6.97+138| 814+176| 192+0.28| 6.66+1.39
CD4/PD1 475+0.39| 3.03+0.37| 297+0.65| 5.15+0.26| 7.04+0.93
CD4/CTLA4 1.82+0.18| 0.99+0.24| 1.14+0.40| 1.22+0.13| 1.05+0.24
CD4/BTLA 1.32+0.18| 098+0.16| 095+0.24| 155+0.44| 1.65+*0.25
CD4/FoxP3 468+0.25| 157+037| 1.70+0.48| 6.16+0.27| 4.08+0.96
CD4/GITR 1477 £1.34 | 12.92+1.49 | 1526 +1.79| 12.45+0.52 | 13.19+1.28
CD8/CD25 0.16+0.03| 0.15+0.02| 0.17+0.05| 0.21+0.07| 0.19+0.06
CD8/GITR 10.00+1.29 | 10.58+0.45| 11.90+0.53| 7.79+0.70| 12.92 +1.89
CD25/FoxP3 0.88 +0.12 0.61 + 0.09 0.56 + 0.08 1.09 £ 0.08 1.26 £0.34
CD25/GITR 151+0.17| 233+0.22| 221+0.14| 159+0.23| 3.42+0.29
CD4/CD44/CD62L | 73.41+1.66 | 52.65 +3.08 | 62.26 +2.75 | 54.40 +2.50 | 65.63 + 3.63
CD4/CD25/FoxP3 | 5.98+0.81| 1.75+0.34| 1.27+0.20| 7.01+0.85| 3.60+0.49
CD4/CD25/PD1 514+1.33| 556+108| 4.23+101| 4.99+050| 7.79+0.89
CD4/CD25/CTLA4 | 3.35+124| 193+051| 201+0.72| 4.15+1.67| 2.18+0.72
CD4/CD25/BTLA 1.34+044| 074+0.26| 0.67+0.26| 1.33+0.42| 0.73+0.20
CD4/CD25/GITR | 10.88+1.66 | 17.63+1.07 | 14.46+1.12 | 10.46 +0.57 | 15.64 +0.76
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Figure A-1: Blood glucose levels of 10-12 week old NOD mice treated
with a multiple low dose streptozotocin regimen. Mice were injected
with 50 mg/kg of streptozotocin on 5 consecutive days beginning on day 1.
Blood glucose levels were monitored daily to identify the onset of
diabetes.
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Figure A-2: Immunohistochemical analysis of pancreata from
spontaneously diabetic NOD mice and NOD mice induced with
diabetes by multiple low dose injections of streptozotocin. Brown
staining indicates the presence of insulin and glucagon, respectively. The

scale bar represents 400 pm.

134



40 -
——0—0—

=
3 30 -
£
E
©
>
3 20 -+ |
2
o
5
(G
T == === = = = = = = -
(] P -y
o N

0 L] L] L] L] L}

-15 -10 0 32 55 76 91 107 122
Days
Post-Transplantation

Figure A-3: Blood glucose levels of diabetic NOD mice, induced by
multiple low dose injections of streptozotocin, co-transplanted with
NPl and SC combined with anti-LFA-1 mAb treatment.
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