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ABSTRACT

Despite recent advancements in islet transplantation, this therapy is not available
to the vast majority of patients with type 1 diabetes mellitus (T1DM) because of the
shortage of donor islets and the toxicity of the immunosuppressive regimen. Xenogeneic
islet transplantation holds promise for clinical transplantation because of the potentially
unlimited supply of islets. However, xenogeneic islets are subject to a robust immune
response. This has prompted investigation of new ways of preventing xenogeneic islet
rejection that can be given short term, abrogating the toxicity associated with chronic
immunosuppression. New evidence suggests that monoclonal antibodies specific for
immune cell surface molecules could be employed in the prevention of islet graft
rejection without the need for continuous administration. In this study we determined
whether short-term administration of the immunosuppressive drug, rapamycin, combined
with anti-LFA-1 monoclonal antibody would promote long-term survival of rat islet
xenografts in mice and induce tolerance to these islet grafts.

Greater than 96% of mice that received the combination therapy of rapamycin and
anti-LFA-1 maintained their islet grafts for greater than 100 days. In addition, a subset of
mice, were re-challenged with the same rat islet xenograft; all recipients maintained long-
term islet graft function with no administration of anti-rejection drugs whatsoever.

The combination of rapamycin and anti-LFA-1 in concordant xenogeneic islet
transplantation appears extremely efficacious at inducing permanent islet graft survival
and tolerance, and may form a critical part of future regimens used to prevent the

rejection of xenogeneic islets in clinical islet transplantation.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 DIABETES MELLITUS

Diabetes mellitus is a chronic metabolic disease, which is characterized by high
blood glucose levels or hyperglycemia. Hyperglycemia in these patients is the result of
either a lack of insulin secretion, an insufficient level of insulin secretion or the secreted
insulin not being as effective as it should be (1). Diabetes is a disease which is on the
rise. At present, greater than 171 million people have diabetes. Between 1985 and 1995
the incidence of diabetes more than quadrupled, and in the next 20 years the World
Health Organization (WHOQ) estimates that the number of people with diabetes is

expected to double.

1.1.1 TYPE 1 DIABETES MELLITUS

Type I diabetes mellitus (T1DM) is an autoimmune disease that typically
manifests in childhood between the ages of 10-14, however, recent trends suggest that the
age of onset of TIDM is decreasing (1). The autoimmune response in TIDM is targeted
towards specialized insulin producing cells called B cells located in the islets of
Langerhans within the pancreas. The autoimmune attack results in the destruction of the
beta cells, and as a consequence, the insulin producing ability of the pancreas is
destroyed. T1DM is characterized by an absolute lack of insulin secretion and treatment
therefore éenters around the replacement of insulin (1-4). The most recent clinical
definition as described by the WHO, of a patient with diabetes mellitus is a casual plasma

glucose (PG) level of 11.1 mmol/L or more, or, a fasting PG level of 7.1mmol/L or more,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and/or, a 2 hour post-glucose challenge PG level of 11.1mmol/L or more (1). While
T1DM comprises only ~10% of patients with diabetes mellitus, an estimated 17 million
people are afflicted with TIDM with an increasing incidence of ~3% each year in most
countries (1;2). The Canadian Diabetes Association estimates that in Canada, T1DM
affects more than 225,000 people and is associated with escalating costs to the Canadian

health care system.

1.1.2 HISTORY OF T1DM

The term “diabetes” 1s derived from the Greek word meaning siphon and was first
coined by Aretaeus of Cappadocia in the 2 century AD. While the name “diabetes” was
not used until the 2™ century, the polyuric conditions of the disease were known to the
Egyptians, and were published in Ebers papyrus (written between 300-1500 BC). Two
Hindu physicians Charak and Sushrut were believed to be the first to recognize the
sweetness of diabetic urine and noted sometime around ~ 450BC that the urine tasted
sweet and that ants congregated around it. The term “mellitus” was first used by John
Rollo in 1809 and is derived from the Latin and Greek words meaning honey (1).

Before the discovery of insulin, patients with T1DM experienced dangerous
fluctuations in their blood glucose values, and a greatly shortened life expectancy. It was
not until 1921 that insulin was discovered in Toronto by a team of researchers: Frederick
Banting, Charles Best, James Collip and J.J.R Macleod. The discovery of insulin
revolutionized the treatment of TIDM and it transformed what was at the time, an acutely
fatal illness, into a chronic disease (1;5;6). Despite this leap forward in the treatment of

T1DM, diabetes presently accounts for 40% of all cases of end-stage renal disease, 25%
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of all cardiac surgery, and 50% of all non-trauma associated amputations. In addition,
patients with chronic T1DM are at risk of foot ulceration, retinopathy, neuropathy, and
nephropathy, highlighting the need for better treatment alternatives for people with

T1DM (3;7-16).

1.1.3 EPIDEMIOLOGY AND ETIOLOGY OF TI1DM

Interestingly, the distribution of T1DM patients is not uniform throughout the
world. There are concentrated regions in which the incidences of new cases of TIDM is
extremely high including: Finland, Sardinia (Italy), Sweden, Prince Edward Island, and
Alberta. In addition, marked variations in the incidence of diabetes can be detected
within countries. For example, the incidence of T1DM is 3-5 times higher in Sardinia
when compared to mainland Italy. These findings suggest strong evidence for the roles
of genetic and environmental factors in the etiology of TIDM (1).

The autoimmune response in T1DM is targeted towards specialized insulin
producing cells called beta cells, which are clustered in the islets of Langerhans within
the pancreas. It is hypothesized that an environmental trigger and an underlying genetic
susceptibility initiates an autoimmune response, resulting in the progressive destruction
of the 3 cells. P cell auto-antigens, dendritic cells, macrophages, T cells and B cells are
known to be involved in the pathogenesis of autoimmune diabetes (17;18). B cells are
believed to play a role in the initial stages of disease progression as antigen presenting
cells (APCs), and then later on via the secretion of auto-antibodies. Animal models of
T1DM have demonstrated that T cells play a critical role as effector cells which directly

mediate B cell killing (17;18). Cytokines secreted by macrophages and helper T cells (Ty
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cells), are believed to polarize the immune response to either a Tyl or T2 phenotype. B
cells are believed to be destroyed by apoptosis via Fas-Fas ligand and by granzymes and
perforin released from cytotoxic T cells (T¢ cells)(17;18). The autoimmune attack results
in the elimination of the B cells, destroying the insulin producing ability of the pancreas
(2;4;19). While the specific antigens targeted by the immune system are still debated, the
enzyme glutamic acid decarboxylase (GAD) and insulin appear to be the most likely
auto-antigens. This is based on studies which have found that the presence of GAD
antibodies and insulin auto-antibodies (IAA) is associated with an increased risk of

developing T1DM (3;4;20).

1.1.3.1 Genetic Factors

It has been demonstrated that the susceptibility to the development of TIDM is
most significantly influenced by human leukocyte antigen (HLLA) class 11 genes (21).
There have been several mechanisms put forth to explain the functional differences
between various HLA class Il molecules, and why some haplotypes appear to be
protective and others are associated with an increased risk of TIDM. One theory is that
protective HLA molecules may bind strongly to self antigens to form stable complexes in
the thymus consequently, facilitating the effective deletion of potentially auto-reactive T
cells. Conversely, if an unstable complex is formed between self antigens and diabetic
HLA haplotypes, it may permit the auto-reactive T cells to proliferate and allow these T
cells to react with self antigens. An alternative theory is that diabetic susceptible HLA
molecules may bind to self antigens and activate auto-reactive T cells, whereas protective

HLA molecules bind strongly to these antigens and compete with diabetic HLA
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haplotypes for binding sites. The third possibility is that HLA molecules, whether they
be associated with T1DM or in the protection from T1DM, may interact differently with
the T cell receptor of auto-reactive T cells and may affect whether the T cell goes on to
be proinflammatory, regulatory or whether the T cell is activated or not (3;4;20-23). The
strongest genetic link in T1DM is found at the IDDM1 locus, which encompasses the
human leukocyte antigen (HLA) gene cluster. While the HLA-DQ6 genotype appears to
protect against the development of T1IDM, two HLA class II haplotypes in particular,
have been associated with an increased risk of developing T1DM, HLA-DR3 and HLA-
DR4. At least one of the HLA-DR3 or HLA-DR4 genotypes is present in 95% of
Caucasian patients with TIDM. Specifically, possession of the HLA-DRB1*03.DQ2 and
HLA-DRB1*04.DQ8 predisposes individuals to TIDM, however the presence of these
HLA haplotypes in no way guarantees the eventual onset of TIDM (24-27). It is clear

that environmental aspects along with genetic factors play a role in the development of

TIDM.

1.1.3.2 Environmental Factors

The strongest argument for the role of environmental factors in the development
of TIDM comes from studies on monozygotic twins. It has been found that if one twin
has been diagnosed with T1DM, the chance that the other genetically identical twin will
also develop T1DM is no more than 40% (1;2). Environmental factors such as viral

infections and certain dietary components are believed to contribute to the development

of TIDM.
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Evidence that supports the role of a viral infection as a contributor to the onset of
T1DM includes seasonal variation and clustering of new cases of TIDM. In addition,
some recently diagnosed T1DM patients demonstrate signs of viral infection and there
have been many cases of new onset T1DM occurring soon after or during viral infections
(28). Many viral infections have been potentially identified in the etiology of TIDM,
including, but not limited to, rubella, coxsackie, mumps, and cytomegalovirus (CMV)
infections (28). Rubella infections that occur in utero typically result in the development
of TIDM in 12-20% of individuals (29). Rubella infections are believed to provoke
T1DM through molecular mimicry of B cell antigens or through alteration of B cell
antigens and subsequent presentation on the cell surface leading to activation of the host’s
immune system (30). Coxsackie infections are thought to induce T1DM through eliciting
an immune response raised against the virus but which also cross-reacts with 3 cell
specific antigens (31). Mumps virus infections are thought to contribute to the onset of
diabetes via production of interleukins and by inducing increased expression of HLA
class I and II by the B cell (32). Like rubella infections, CMV infections are believed to
aid in the induction of diabetes through molecular mimicry of B cell specific antigens
(33).

Aside from viral infections, other possible environmental factors, which could
contribute to the onset of T1DM have been implicated and include: insufficient/lack of
breast feeding, exposure to nitrosamines, and exposure to wheat proteins. Insufficient or
a lack of breast feeding has been the most extensively studied dietary factor contributing
to TIDM (34). While a clear mechanism as to how breast feeding prevents the induction

of T1DM has yet to be elucidated, several studies have linked early exposure to cow’s
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milk, which commonly forms the basis of many infant formulas, to the development of
T1DM (35-37). One of the leading hypotheses is that exposure to cow’s milk which
contains low levels of insulin compromises tolerance to insulin in the host. Infants which
were fed cow milk-based infant formula, instead of human milk demonstrated an increase
in the level of IgG antibodies during their first 9 months (38-40). Interestingly, human
milk has been found to contain approximately 4 times the amount of insulin that cow’s
milk does, prompting suggestions that human insulin should be added to infant formulas
to potentially induce oral tolerance to insulin and thus help prevent the onset of diabetes
(41;42). Nitrosamine exposure has also been linked to TIDM. Nitrate and nitrites are
commonly found in foods and can readily react with amines and amides to produce N-
nitroso compounds. This is of particular importance because the chemical streptozotocin
(STZ), which is used to induce diabetes in experimental animals is an N-nitroso
compound. Therefore, foods which are high in nitrates and nitrites such as smoked meats
are hypothesized to contribute to the onset of TIDM by damaging [ cells in a mechanism
similar to STZ (43;44). Wheat proteins have been found to cause aberrant immune
responses in susceptible individuals. A specific example of this is Celiac’s disease,
where wheat peptides cause inappropriate immune stimulation and result in the
production of IgE and promote immune-mediated damage to the gut. In the TIDM
animal model, the BB rat, wheat gluten is a potent diabetic antigen (45;46). While there
is little evidence linking wheat proteins to the development of T1DM, it has been found
that 5-10% of people with T1DM have Celiac’s disease, which is a rate 17-33 times
higher that of the general population (47-49) suggesting a partial association of wheat

proteins in the etiology of TIDM.
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1.1.4 ANATOMY AND PHYSIOLOGY OF THE PANCREAS IN T1DM

Located in the abdominal region, the pancreas is one of several organs that
comprises the endocrine system. While the endocrine function of the pancreas is of most
importance in T1DM, the pancreas also has an exocrine function, which aids in digestion.
The islets of Langerhans are located in scattered clusters within the pancreas and are the
secretory component of the endocrine function of the pancreas (50;51). The islets are
typically most concentrated in the body and tail of the pancreas (Figure 1-1). The
principal hormones secreted by the islets are insulin, glucagon, somatostatin and
pancreatic polypeptide. These hormones are secreted by B cells, a cells, 3 cells and PP
cells respectively (52;53). Insulin and glucagon have opposing effects. Insulin promotes
the cellular uptake of glucose by peripheral tissues and the formation of glycogen by the
liver and assists in the synthesis of proteins and fat. Glucagon conversely, stimulates the
hydrolysis of glycogen by the liver. Somatostatin, secreted by 6 cells dampens the effects
of insulin and glucagon by suppressing the secretion of both insulin and glucagon.
Pancreatic polypeptide is expressed exclusively in the pancreas, however to date, its
function remains unknown (1). Islets while serving as the major secretory component of
the endocrine function of the pancreas, compose only 1-2% of the entire pancreatic mass
in adult mammals. It is widely speculated that only 10-30% of the endocrine cells are
necessary for maintaining normoglycemia (54).

In a normal individual, blood glucose levels (BGLs) are maintained in a very
strict balance. Carbohydrate oxidation provides approximately 45% of all the energy

expended in a person at rest. In the brain however, greater than 99% of the energy
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consumed is provided by carbohydrate oxidation. In an individual with T1DM, however
virtually no endogenous insulis is present, restricting the effectiveness of glucose as a
fuel source. This places increased demand on other sources of energy namely, fat
(including ketone bodies) and protein. Prolonged periods of insulin deprivation is
associated with an increased production of ketone bodies which can lead to ketoacidosis,
an important cause of morbidity and mortality in T1DM (55-57). In addition, the
increased demand on protein as an energy source can result in muscle wasting, during

periods of prolonged insulin deficiency (58;59).
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Figure 1-1. The pancreas and associated organs. (Taken from Van de Graff KM,
Human Anatomy, 2002, 6 Edition, McGraw-Hill, Toronto).
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1.2 NEW APPROACHES FOR THE TREATMENT OF T1DM

Traditionally, the treatment of T1DM has been accomplished through exogenous
insulin administration. Various short and long acting formulations have greatly increased
the glycemic control of TIDM and dramatically improved the quality of life for these
patients. However, without careful blood glucose monitoring and dosage calculation the
patient can still experience dangerous fluctuations in blood glucose levels which can have
damaging, progressive effects on the body (60). Even in the most conscientious patient,
bolus injections of insulin cannot compete with the kind of blood glucose control that is
found in people with functional islets, and typically at least some detectable side effects
can be found in patients with chronic diabetes (59). Therefore the focus of research has
been primarily toward developing the methods and techniques required for the
replacement of insulin producing tissue or the regeneration of the insulin producing beta

cells.

1.2.1 ISLET TRANSPLANTATION

The concept of transplanting pancreatic tissue has intrigued researchers since
1889 when Von Mering and Minkowski reported that the removal of the canine pancreas
rendered the animal unable to maintain a normal blood glucose level and consequently
became hyperglycemic (61;62). The practice of transplanting individual islets was not
performed until Hellerstrom, using a microdissection technique, isolated rat islets from
the pancreas. The yield of islets using this procedure was low and prompted more
efficient and effective methods of purification (63). To improve islet yield, Moskalewski

used collagenase to enzymatically digest an intact pancreas (64). In 1967, Lacy and
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Kostianovsky further refined islet isolation by employing a novel technique which
involved distending the pancreas by intraductal infusion of collagenase (65). To purify
islets from contaminating exocrine and connective tissue, techniques involving density
centrifugation were applied, initially with sucrose. After further refinement of the
technique, Ficoll density gradients proved to be a more suitable osmotic environment for
the islets and improved islet viability (66). The first reported islet transplantation was
performed by Younoszai et al. in 1970 (67). The group successfully transplanted rodent
islets and observed a brief reduction in hyperglycemia in chemically induced diabetic rats
(62). This study was followed shortly by a report from Ballinger and Lacy in 1972,
where the group successfully transplanted intact islets into rats (68). While the successful
islet isolation technique in rats appeared very promising, when the technique was applied
to larger mammals including primates, new problems were encountered. The more
compact and fibrous pancreas found especially in humans, proved to be more resilient to
digestion and consequently, the preparations produced poor islet yield and viability (69).

~ After many advancements in large mammal islet isolation, it was determined that the
yield of islets could be substantially increased if collagenase was introduced directly by
ductal injection. This method allowed the collagenase to effectively digest the
surrounding connective tissue and resulted in larger numbers of isolated islets (69;70).
Attempts were made at developing an effective, reproducible protocol for use in human
islet isolation but researchers struggled to produce consistent results, citing problems with
batch to batch variability of collagenase preparations (71). In 1989, Warnock et al
reported sustained insulin secretion for 10 weeks following an islet-kidney

allotransplantation in humans, demonstrating that islet transplantation could become an

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



effective method of treatment in T1DM (72). Because of the success in solid organ
transplantation, the combined triple immunosuppression regime using prednisone,
azathioprine, and cyclosporine was applied in human islet transplantation. A major
finding in the 1990’s was that many immunosuppressants were toxic to isolated islets
particularly the glucocorticoids (73;74). In 1999, an Edmonton based group successfully
transplanted 7 diabetic patients with human islets using a glucocorticoid-free
immunosuppressive protocol (Figure 1-2). The immunosuppressive treatment involved
rapamycin, a low dose of tacrolimus, and a new drug, daclizumab (71;75;76). It was the
first indication that islets could be successfully transplanted in a reproducible manner and

correct diabetes in humans.
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Figure 1-2. Human islet transplantation procedure.
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The recent success in islet transplantation using the Edmonton protocol has
provided support to researchers and patients about the viability of this approach in
treating TIDM. At present, over 500 patients have received islet transplantations at over
50 institutions worldwide in the past 5 years (77). A five year follow-up study of patients
that received an islet transplantation revealed improved glucose stability and near
prevention of hypoglycemic episodes. Although the majority of patients after five years
required exogenous insulin injections, C-peptide secretion was maintained after 5 years
and hemoglobin Alc levels were markedly improved after 5 years when compared to Alc
levels before the islet transplantation (75;78;79). Clinical islet transpléntation is not
without its drawbacks. Numerous side effects and complications are associated with the
procedure and include but are not limited to: bleeding during transplantation, instant
blood-mediated inflammatory reaction (IBMIR) events, and thrombosis (80-82). The
need for continuous and chronic administration of immunosuppressive drugs limits the
applicability of this procedure to a larger patient population. Immunosuppressive drugs
are associated with a number of harmful side effects and can include increased risks of
cancer and infection (83). Efforts are now being directed at discovering new ways of
preventing the rejection of the transplanted islets that have fewer harmful effects to the

patient and will be discussed further in section 1.5.

1.2.2  PANCREAS TRANSPLANTATION
Initial attempts at pancreas transplantation were met with difficulty largely due to
the exocrine enzymes present in the pancreas which damaged the endocrine tissue and

host tissue (84-86). The first human pancreas transplantation was performed in 1966
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along with a simultaneous kidney transplant. Endocrine function was initially reported
for several weeks, but eventually both organs were rejected (87).

Since then pancreas transplantation has blossomed and at present nearly 24,000
pancreas transplants have been performed worldwide as reported by the International
Pancreas Transplant Registry. Pancreas transplantation in diabetes is typically done as a
simultaneous kidney and pancreas transplant (SKP), although pancreas transplantation
alone (PTA) and pancreas after kidney (PAK) transplantation are becoming more
common. SKP transplantation at present however, yields the best graft survival rate with
complete insulin independence rates after 1 year at 85%. The graft survival rate with
complete insulin independence in PTA is less successful at only 60% at one year (88-91).
SKP transplantation is often preferred especially if diabetes has been difficult to control
(92). Pancreas transplantation in general, has been associated with an improvement in
diabetic retinopathy, nephropathy, neuropathy and vasculopathy, but as with major
surgeries, carries with it a significant risk of morbidity (91-95). Similar to islet
transplantation, patients which undergo pancreas transplantation are required to
continuously take immunosuppressive drugs, which are associated with a number of
harmful side effects. This creates an ethical hurdle in patient’s with TIDM, who are able
to successfully manage their diabetes with exogenous insulin administration, making it
difficult to justify pancreas transplantation given the risks of surgery and

immunosuppression.
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1.2.3 STEM CELL DIFFERENTIATION

The search for an unlimited supply of insulin producing tissue has lead
researchers to the study of stem cells as a potential therapy for TIDM. It s believed that
during embryonic development, a specific cell type, which is characterized by the
expression of two transcription factors, Pdx-1 and neurogenin-3, gives rise to all islet cell
types (96). The identification of a stem cell or precursor cell in the adult pancreas
remains much more controversial. Recent evidence suggests that the pancreatic and
hepatic cell types (hepatocytes, islet, acinar and ductal cells) have the ability to de- and
trans-differentiate into each other under appropriate conditions (96). Several groups have
reported successful differentiation of stem cells or precursor cells into insulin producing
tissue (97-100). Recently, a group from China reported a procedure for differentiating
embryonic stem cells into insulin producing cells using activin A, all-trans retinoic acid,
and a milieu of other maturation factors. These insulin producing cells when transplanted
into STZ induced diabetic mice were capable correcting diabetes and restoring
normoglycemia (97). The emergence of human embryonic stem cells has led to an active
area of research, and a potential source of insulin producing tissue, however developing
reproducible methods for differentiating these precursor cells into insulin producing

tissue are still being investigated (101-107).

1.2.4 B CELL REGENERATION

The endocrine portion of the pancreas recently, has been found to have the
capacity to regenerate. This has prompted researchers to investigate methods of

regenerating [ cells with the goal of increasing [3 cell mass to restore euglycemia.
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Increasing 3 cell mass can be accomplished through several ways including: 3 cell
replication, increase in f3 cell size, decrease in 3 cell death; and B cell differentiation of
existing B cell progenitors (103;104;108;109). A major question which limits the
applicability of 3 cell regeneration, is the issue of whether auto-reactive T cells would
target and destroy newly regenerated 3 cells (103). Indeed studies have shown that auto-
reactive T cells persist in the body of the diabetic patient chronically, which has been
demonstrated by experiments in which healthy islet cells transplanted into syngeneic,
long-term diabetic mice or humans were quickly killed by these same auto-reactive T
cells (110). Recently however, several studies have succeeded in regenerating 3 cells in
the animal model for T1DM, the NOD mouse. One study found that transient treatment
of overtly diabetic NOD mice with anti-lymphocyte serum to prevent autoimmunity, and
exendin-4, resulted in complete remission of diabetes in 88% of mice within 75 days.
This finding was accompanied by a progressive normalization of glucose tolerance,
improved islet histology, increased insulin content in the pancreas, and insulin release in
response to a glucose challenge (111). In another study, NOD mice that were treated
with a combination of epidermal growth factor (EGF) and gastrin for 2 weeks, restored
normoglycemia after diabetes onset in five of six mice (83%) for 10 weeks after the
treatment was stopped. It was found that the combination of EGF and gastrin increases
pancreatic beta-cell mass and reverses hyperglycemia in acutely diabetic NOD mice
(112). The same combination of EGF and gastrin was also found to increase B cell mass
in adult human pancreatic islets (113). A study published in 2003, discovered that the
treatment of NOD mice with overt diabetes by injection of donor spleen cells and

complete Freund’s adjuvant, abrogates autoimmunity and permanently restores
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normoglycemia. The authors reported that the return of endogenous insulin secretion was
accompanied by the reappearance of pancreatic 3 cells. Interestingly, it was shown that
spleen cells administered to diabetic NOD females contain cells which rapidly
differentiate into islet and ductal epithelial cells within the pancreas (114). Clearly this is
an area of rapid growth, however is has yet to be demonstrated that 3 cell regeneration is

an effective and safe approach in non-human primates and in patients with TIDM.

1.3 CHALLENGES FOR ISLET TRANSPLANTATION IN T1IDM

The success of the Edmonton Protocol has provided support for islet
transplantation as a true alternative treatment for TIDM. Islet transplantation has proven
to be remarkably successful in stabilizing glucose control to a degree that is greatly
superior to even intensive insulin therapy (76).

At present however, islet transplantation is only a treatment alternative for a very
select patient population; who experience extreme difficulty in controlling their blood
glucose levels, often referred to as brittle diabetics. There are several barriers to the
successful widespread implementation of islet transplantation. One is the shortage of
donor pancreatic tissue. The second, is the immune mediated rejection of the transplant
and the requirement for continuous immunosuppression. The third, is the potential of

autoimmunity to act as a barrier to the successful engraftment of the islet transplant.

1.3.1 SHORTAGE OF DONOR TISSUE
As in almost all types of clinical transplantation, the number of potential

recipients far outnumbers the number of donors, and in islet transplantation the situation
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is no different. However, this shortage of donor pancreatic tissue is further compounded
by the requirement of typically two or more donor pancreases to completely free patients
from exogenous insulin administration (115-119). This requirement is due in part to the
lack of engraftment of some of the transplanted islets. The lack of engraftment can be
attributed to a number of factors including: hepatic steatosis, ischemic injury, and instant
blood-mediated inflammatory reaction (IBMIR) (120-124). IBMIR is arguably the
strongest barrier to islet engrattment. Human islets when exposed to blood elicit IBMIR
which is characterized by platelet consumption, and activation of the coagulation and
complement systems. The islets become surrounded by clots and infiltrated with
leukocytes, and are damaged as evidenced by insulin dumping (124). Efforts are
currently being directed at preventing IBMIR and at improving islet engraftment in order
to alleviate some of the pressure on the shortage of cadaveric donors in clinical islet
transplantation. Another potential solution to the shortage of donor pancreatic tissue is
the use of animal sources of insulin producing tissue, referred to as xenotransplantation.

Xenotransplantation will be discussed further in section 1.4.

1.3.2 IMMUNE MEDIATED REJECTION OF TRANSPLANTED ISLET GRAFTS
1.3.2.1 T Cell Mediated Immune Response

The T cell mediated immune response remains a formidable barrier to islet
transplantation. In order for the T cell to become fully activated in response to donor
antigen, the delivery of two separate but complimentary signals is required. Signal 1 1s
delivered during the cognate interaction between the T cell receptor (TCR)/CD3 complex

and an MHC-bound peptide on an antigen presenting cell (APC) (125). The second signal
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is an antigen nonspecific signal triggered by the interaction of a pair(s) of cell surface
costimulatory molecules expressed on the T cell and APC which is termed Signal 2. It is
important to note that costimulatory molecules cannot trigger T cell activation on their
own. However, the interaction of costimulatory molecules is critical for proper T cell
activation as TCR engagement in the absence of effective costimulation often results in T
cell anergy and/or apoptosis (126-128).

In a transplantation setting, two pathways are capable of T cell activation. One,
the direct pathway, wherein the host T cell recognizes antigen presented on the surface of
donor APCs. In the second pathway, the indirect pathway, the T cell is activated by
recognition of antigen that is presented by host APC (129). It has been well established
that the indirect pathway of antigen presentation dominates when the phylogenetic
disparity between the donor and recipient increase and that the direct pathway is
increasingly active in the rejection of allogeneic and syngeneic transplants (130;131).
These two pathways of antigen presentation are both capable of T cell activation and lead
to an immune response, which results in the destruction of the transplanted islet graft. In
order to prevent the activation of T cells following transplantation, presently
immunosuppression is implemented, but because of the toxicity of immunosuppression,
new ways of preventing the T cell mediated graft rejection are being investigated and will
be discussed further in section 1.5.
1.3.2.2 Humoral Mediated Immune Response

Naturally occurring antibodies can be present in the serum of a transplant
recipient which have specificity for antigens present on the transplanted graft. Typically

this occurs from having prior exposure to the particular antigen or the antibody being
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capable of recognizing a similar antigen. When pre-formed antibodies in the recipient
recognize antigens present within the graft, this can lead to process referred to as
hyperacute rejection. When the antibodies bind to their antigen on the transplanted graft,
they induce graft rejection through Fc-mediated activation of the complement system and
can result in graft rejection in as little as a few minutes (132). Humoral mediated
rejection of transplants also occurs in an acute and chronic pathology. In acute and
chronic rejection, antigens present on the graft are recognized by the corresponding B cell
receptor. The B cell response requires the involvement of Ty cells which secrete
cytokines that are critical for the proliferation and maturation of B cells into antibody
secreting plasma cells. The binding of antibody to its target triggers the activation of
complement, which subsequently destroys the antibody bound cell (133). Strategies to
prevent humoral mediated rejection typically target T cells as Ty cells are typically
required for the activation of B cells. Newer approaches are also under development

which target co-stimulatory molecules present on B cells (134).

1.3.3 AUTOIMMUNITY

A major question which limits the applicability of islet transplantation, is the issue
of whether auto-reactive T cells are capable of recognizing and destroying a transplanted
islet graft (103;135-137). Studies have shown that auto-reactive T cells persist in the
body of the diabetic patient indefinitely (110). In terms of graft rejection, it is often
difficult to distinguish between immune mediated rejection or autoimmune mediated
rejection. The NOD mouse has been an invaluable animal model of T1IDM, however it is

well known that the NOD mouse has several immune abnormalities (138-140), and some
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have suggested that it may be resistant to tolerance induction (141). In 2001, it was
confirmed that recurrent autoimmunity does contribute to islet allograft rejection and
accelerates graft rejection in NOD mice (137). Despite this finding, success has been
achieved in preventing the autoimmune destruction of transplanted islet grafts in the
NOD mouse. NOD mice that were transplanted with allo- and syngeneic islets and
treated with anti-lymphocyte serum (ALS) followed by co-administration of donor
pancreatic lymph node cells (PLNCs) became normoglycemic and tolerated minor
antigen-disparate islet grafts for >100 days and syngeneic islet grafts indefinitely (142).
Another group found that a short course of anti-CD4 monoclonal antibody delayed the
rejection of allogeneic islet grafts in diabetic female NOD mice. However, this therapy
was unsuccessful at protecting the islet grafts long term (143).

The participation of autoimmunity in xenogeneic islet graft rejection is
controversial. Some argue that xenogeneic islets could be targeted equally as efficiently
by auto-reactive T cells, as allo or auto-islets are by a person with TIDM (144). A study
published in 2003 however, reported that pig islet xenografts following a short course of
anti-CD4 monoclonal antibody therapy, were resistant to autoimmune destruction by
NOD mice (145). Unfortunately, no autoimmune model of diabetes exists in large
animals, consequently, we can only extrapolate what role autoimmunity in patients with

T1DM will have in the context of xenogeneic islet transplantation in the clinical setting.

1.4 XENOGENEIC TISSUE AS A SOURCE OF ISLETS

While many xenogeneic sources of insulin producing tissue have been used

experimentally, pigs are arguably the most ideal source for humans. Pigs represent an

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



attractive source of islets for at least three reasons: First, pig and human islets are similar
morphologically and pig insulin is structurally similar to human insulin (146). Second,
the supply of pigs is potentially unlimited because of shortened gestation and large litters
(147). Third, genetically engineered pigs lacking antigens readily recognized by the
human immune system could prevent the extent of immunosuppression required to
prevent rejection (148;149).

One of the major concerns in xenotransplantation is the risk of zoonotic diseases,
specifically, the transmission of animal pathogens, particularly viruses, to recipients and
the possible adaptation of such pathogens for human-to-human transmission (150).
Porcine endogenous retrovirus (PERV) is a retrovirus which is endogenously expressed
in pigs (151). PERV’s are especially concerning because of their ability to infect human
cells and because, presently, attempts to remove the virus from the porcine genome have
been unsuccessful (152). Recently however, a study involving porcine islet
transplantation in non-human primates, was unable to detect PERV dissemination in the
recipient (153). Despite this encouraging finding, further research is required before
safety assurances can be given in xenotransplantation (154-156).

Several groups have investigated the use of porcine islets to experimentally
correct diabetes in a variety of animal models (147;157-161). However, what is not clear

is whether it is more beneficial to transplant adult, newborn or fetal tissue.

1.4.1 ADULT PORCINE ISLETS
Proponents of the use of adult porcine tissue argue that a larger number of islets

can be obtained from adult pancreases. In addition, the islets are mature at the time of
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1solation, are larger in size, and the potential for engraftment is better (162). Adult
porcine islets however, are less robust in tissue culture and more susceptible to ischemic
damage (129;163). Adult porcine islets have been shown to reverse diabetes in a variety
of animal models (163-169). Recently, adult porcine islets were shown to correct
diabetes in non-human primates for more than 100 days after intraportal transplantation.
The Cynomolgus macaques were treated with a cocktail of anti-rejection drugs in order to
prevent rejection. The authors indicated that for even longer term success of the islet

grafts, more selective targeting of indirect immune recognition and effector pathways is

critical (170).

1.42 NEONATAL PORCINE ISLETS

Others believe that neonatal tissue constitutes the most ideal source of islets for
human transplantation, which is based on five main reasons. First, the neonatal pancreas
is less fibrous and easier to isolate, and consequently better islet yields can be obtained
per gram of pancreatic tissue (147). Second, neonatal islets maintain considerable growth
capacity, and may increase in number after subsequent transplantation (160). Third, the
porcine islet preparation is not 100% pure. Ductal cells constitute a significant
proportion of the isolated islet suspension, and these cells are hypothesized to be
precursor cells of islet cells, giving rise to the potential for differentiation to insulin
producing cells post-transplantation (147;171;172). Fourth, neonatal pigs would require
fewer facilities and resources to house and maintain prior to transplantation than adult
pigs, which would require months to mature. Lastly, the potential for maintaining adult

pigs pathogen free would be less likely than that for newborn pigs given the increased

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



time required to mature a pig. Some disadvantages associated with neonatal pancreatic
tissue include the inability of immature islets to immediately reverse hyperglycemia when
transplanted as compared with mature islets. Another disadvantage with neonatal porcine
islets is the presence of potential antigens on the surface of the islets, which could elicit
an immune response by the recipient (129;173-176). Humans do not express
Gala(1,3)Gal and consequently produce naturally occurring antibodies to Gala(1,3)Gal
epitopes as a result of hypothesized sensitization by micro organisms which also co-
express Gala(1,3)Gal epitopes (177;178). Pigs which represent the most attractive source
of donor tissue to date contain an intact a1,3-galactosyltransferase (a1,3GT) gene and
consequently express Gala(1,3)Gal. For solid organ transplantation this represents a
major barrier to the use of xenogeneic tissue, termed hyperacute rejection, which is
characterized by the binding of circulating anti-Gala(1,3)Gal antibodies, rapid activation
of complement and coagulation cascades and the destruction of the vasculature of the
transplanted organ. Gala(1,3)Gal is primarily expressed on the endothelium of the
vasculature of porcine tissues. The expression of Gala(1,3)Gal on porcine islets remains
controversial, however a recent study suggests that the expression of Gala(1,3)Gal on
these islets is time dependent. It was found that the expression of Gala(1,3)Gal was
higher in less mature neonatal porcine islets and that this expression decreased over time
as the islets matured, and that by 200 days after transplantation, Gala(1,3)Gal expression
was undetectable (173). While the expression of Gala(1,3)Gal on porcine tissue
represents a significant concern, a recent study involving the transplantation of neonatal
porcine islets into non-human primates, suggests that Gala(1,3)Gal mediated rejection

may not prevent the use of porcine tissue in clinical islet transplantation. In this study, no
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attempt to remove or block preformed Galo(1,3)Gal antibodies was made and it was
found that no hyperacute rejection was observed and that of those recipients that
eventually rejected the transplant, that this rejection was not associated with an increase
in Gala(1,3)Gal antibody titres (153). Numerous studies have shown that neonatal
porcine islets are capable of restoring normoglycemia in small and large animal models
(129;157-159;176;179-182), however, this study was the first to demonstrate that
neonatal porcine islets are able to restore normoglycemia in non-human primates. The
authors found that Rhesus macaques that were transplanted and treated with a CD28-
CD154 costimulation blockade regimen achieved sustained insulin independence for a

median survival time of >140 days (153).

1.43 FETAL PORCINE ISLETS

Fetal porcine islets have many of the same attractive properties that neonatal
porcine islets do including the ability of the immature islets to proliferate and resist
ischemic damage while having poorly developed exocrine tissue. The lack of developed
exocrine tissue is advantageous because the absence of developed exocrine cells can
result in a delayed onset of autolysis following periods of ischemic damage and allow
more flexibility in harvesting islets from the immature pancreas (174;183;184).
However, like neonatal porcine islets, fetal porcine islets also express Gala(1,3)Gal,
which could potentially mediate hyperacute rejection once transplanted (183;185;186).
There 1s evidence to suggest that fetal porcine islets, like neonatal porcine islets may not
undergo hyperacute rejection once transplanted. In 1998, a study was published in which

human T1DM patients were transplanted with fetal porcine islets. A kidney biopsy
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specimen obtained 3 weeks after transplantation still contained cells positive for insulin
and others positive for glucagon and somatostatin (187;188). However, fetal islets in
general have been found to exhibit a poor insulin secretory response to glucose, which is

believed to be attributed to the excessive immaturity of the tissue (175;189-191).

1.44 XENOGENEIC ANIMAL MODELS IN ISLET TRANSPLANTATION

Porcine islets have been proposed as a suitable alternative source of islets in
clinical transplantation (147;192-194). However, at present many experimental models
involving porcine tissue utilize mice as recipients, which represents a discordant
relationship (195). Discordancy, is defined as the potential for hyperacute rejection when
donor tissue is transplanted into a recipient. Typically, a discordant relationship is one in
which the donor is evolutionarily diverse when compared to the recipient (196;197). Pigs
and humans are more closely related than pigs and mice (198), consequently the type of
immune response which is elicited in each situation is different. This is especially
evident as, anti-rejection therapies which are effective in mice receiving porcine islets are
ineffective when applied to a different combination of donor and recipient. Graft
rejection in concordant transplantation is strongly mediated by the cellular immune
mechanisms. In discordant transplantation however, rejection is formidably mediated by
humoral mechanisms (196). It has been well established that the indirect pathway of
antigen presentation dominates in discordant transplantation and that the direct pathway
is increasingly active in the rejection of allogeneic and syngeneic transplants (130;131).
Therefore, examining the value of potential clinical therapies to prevent xenograft

rejection and their ability to prevent concordant and discordant rejection is of significant
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importance. If porcine islets are to become a source of islets in clinical transplantation,
the immune response must be examined as the relation between donor and recipient
becomes more concordant. Rat islets when transplanted into mice, provide an effective
experimental model for studying concordant xenograft rejection. By elucidating the
mechanisms of concordant xenograft rejection, this information can be applied to

devising effective anti-rejection therapies for clinical islet transplantation.

1.5 STRATEGIES FOR PREVENTING THE IMMUNE
REJECTION OF TRANSPLANTED ISLETS

1.5.1 IMMUNOSUPPRESSIVE DRUGS

Immunosuppressive agents have shaped the face of clinical transplantation as we
know it. There are many classes of immunosuppressive drugs including: corticosteroids,
calcineurin inhibitors, anti-metabolites and TOR inhibitors. The majority of
immunosuppressive drugs act in the induction phase of an immune response and inhibit
the activation and/or proliferation of lymphocytes. In the past, the calcineurin inhibitor,
cyclosporine and corticosteroids formed the backbone of many immunosuppressive
regimens. Cyclosporine is a fungal peptide which once absorbed, binds with the
cytosolic protein, cyclophilin, to form a complex. This complex binds and inhibits
calcineurin, a protein which is critical for the activation of transcription factors for the IL-
2 gene. IL-2 has been found to be essential for the activation, proliferation and
differentiation of T cells. Consequently, agents which prevent or interfere with IL-2
signaling are potent immunosuppressants (133;199;200). However, presently

cyclosporine is rarely implemented in transplantation mainly due to its deleterious side
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effects the most serious of which is nephrotoxicity (201). An important discovery in
islet transplantation was the observation that cyclosporine and corticosteroids, in
particular the glucocorticoids, are harmful to the islet transplantation and decrease the
potential for successful engraftment (202-204). In clinical islet transplantation, effective
immunosuppression has been instrumental to the success of the Edmonton Protocol.
Newer immunosuppressive drugs have emerged with fewer detrimental side effects to the
patient and the transplanted graft. At present, patients which undergo islet transplantation
are placed on a novel immunosuppressive regimen which includes: rapamycin also
referred to as sirolimus (discussed in section 1.6), low-dose tacrolimus, and an antibody
specific to the IL-2 receptor (discussed in section 1.5.2) (205). Tacrolimus, a macrolide
antibiotic, is another type of calcineurin inhibitor. Tacrolimus has a very similar
mechanism of action as cyclosporine with two main differences. The first is that
tacrolimus once absorbed, binds to FK-binding protein (FKBP) instead of cyclophilin,
and this complex binds and inhibits calcineurin. The second is that tacrolimus is active at
lower concentrations than cyclosporine, allowing physicians to administer the

immunosuppressant with fewer associated side effects (200).

1.5.2 MONOCLONAL ANTIBODIES

T cell activation by T cell receptor recognition of antigen presented on MHC by
an APC is not sufficient to fully activate naive T cells. It is now commonly accepted that
full T cell activation and the type of response requires additional interaction of co-
stimulatory molecules present on the surfaces of T cells and APCs (206). Blocking of

these additional signals by targeting co-stimulatory molecules prevents complete
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activation of the T cell and represents an attractive therapeutic target of anti-rejection
therapy. While some group monoclonal antibodies into immunosuppressive agents (201),
myself and others prefer the term immunomodulatory given the specificity of their targets
and their propensity for fewer side effects (207-212).

Targeting of T cells with monoclonal antibodies (mAb) has represented the focus
of many anti-rejection regimens. The targeting of CD154 (CD40L) on T cells has been
studied extensively as a means of preventing islet graft rejection. In allo-islet models, the
blocking of CD154 along with PD-1 stimulation was successful at inducing long-term
survival of MHC mismatched islet allografts (213). Targeting of CD154 in xenogeneic
islet transplantation appears to be equally as efficacious. Treatment with cytotoxic T
lymphocyte antigen-4 (CTLA-4) is effective in preventing the rejection of neonatal
porcine islets transplanted into CD154 knockout mice (214), and additionally anti-CD154
monotherapy was effective at inducing tolerance to human islets transplanted into mice
(215). Treatment with anti-CD154 and CTLA-4 was also effective at inducing indefinite
rat islet xenograft survival in mice (216). Anti-CD154 monotherapy has been reported to
be effective at inducing long-term survival of concordant and discordant islet xenografts
in mice (217), although other groups have reported that anti-CD154 monotherapy does
not prevent the rejection of neonatal porcine islets in the majority of transplanted mice
(158).

Targeting of B7 co-stimulatory molecules with a soluble fusion protein, CTLA41g
was effective at preventing human islet graft rejection when transplanted into mice (218).
When CTLA4Ig therapy was combined with microencapsulation of neonatal porcine

islets, graft function was prolonged and the sensitization of the host to the transplant was
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delayed (219). Targeting of CD4 has also been shown to prolong both allo and
xenogeneic islet transplantation and prevent the recurrence of autoimmune disease in
NOD mice. In addition, non-depleting anti-CD4 was found to be superior to depleting
anti-CD4 monoclonal antibody in preventing xenogeneic islet rejection (220).

Many of the monoclonal antibodies utilized in experimental models have not yet
been applied clinically in islet transplantation, however monoclonal antibodies to the 11.-2
receptor form part of the foundation of the anti-rejection regimen of the widely successful
Edmonton Protocol (76). Anti-IL-2 receptor antibodies target the IL-2 receptor complex
on activated T cells, and disrupt IL-2 signaling. This is in contrast to calcineurin
inhibitors, which as discussed previously, exert their effect by inhibiting the calcineurin
complex and preventing IL-2 gene activation (221). Combining antibodies to the IL-2
receptor with calcineurin inhibitors has resulted in greater graft survival in many types of
transplantation (222-225), because of the ability of these anti-rejection therapies to act

synergistically.

1.5.3 TOLERANCE INDUCTION

Tolerance is the specific immune unresponsiveness to an antigen or set of
antigens which are normally immunogenic, while remaining immuno-sensitive to third
party antigens, with the stipulation that there has been prior exposure to those specific
antigens (226). There are two main approaches for the generation of tolerance, the
generation of central tolerance and, the generation of peripheral tolerance. Typically
approaches aimed at generating central tolerance employ methods of chimerism induction

and/or thymic grafting of donor antigens. While the generation of central tolerance is
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effective at negatively selecting against self reactive T cells and potentially, donor
reactive T cells, it should be noted that a small but significant number of self reactive T
cells escape negative selection only to be controlled by peripheral tolerance mechanisms,
emphasizing the effectiveness of peripheral tolerance (227).
1.5.3.1 Mixed Chimerism

The induction of tolerance to donor xeno-antigens via the development of mixed
chimerism represents an attractive method of preventing the rejection of xenogeneic islets
(228;229). Many argue that the induction of chimerism is likely to be essential if
xenotransplantation is to become widespread, given the vigorous immune response
towards xenografts (230). The development of chimerism would potentially allow islet
transplant recipients to stop taking any form of immunosuppression and may prevent pre-
existing autoimmunity from destroying the transplanted islet graft (231). Mixed
chimerism in allo-transplant models has been firmly demonstrated, however inducing
chimerism in a xeno-transplant model has proven to be more challenging (232).
Preliminary studies demonstrated that xenogeneic chimerism with a non-lethal approach
was capable of inducing donor specific tolerance in a rat to mouse concordant
transplantation model (233-236). Recently however, mixed chimerism which can induce
donor-specific T-cell tolerance has been achieved in discordant xenotransplantation
(230). One study reported that the generation of chimerism induced simultaneous
tolerance among T cells and Gal-reactive B cells, which is of particular importance in
porcine to human xenotransplantation (237). Other studies have found that treating
recipients with either anti-CD3 monoclonal antibody or rapamycin facilitates bone

marrow chimerism and tolerance induction (238;239). Unfortunately, the generation of
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chimerism via bone marrow transplantation is not without its own drawbacks. Many
protocols require the irradiation of the recipient, which would constitute a major hurdle to
overcome cthically. Another significant concern is the potential for the development of
graft versus host disease (GVHD) in which donor T cells present within the graft, attack
the recipient resulting in multi-organ damage and morbidity(240-242). Clearly, further
investigation is needed with safety assurances and demonstrated effectiveness in larger
animal models and before this therapy can advance to the clinic.
1.5.3.2 Intrathymic Grafting of Donor Antigens

Intrathymic grafting typically involves the deliberate exposure of donor antigens
in the thymus of the recipient in the hopes of re-educating the recipient’s immune system
to treat the donor tissue as self. The rationale behind this approach is based on the
observation that the avidity/affinity of the T-cell receptor (TCR) and major
histocompatibility complex (MHC) self-peptide interactions control positive and negative
selection of T-cells in the thymus, such that thymocytes bearing a TCR that has a high
affinity for self antigens presented by self MHC, results in the deletion of that thymocyte
(243;244). It has been proposed therefore, that introducing donor antigens into the
thymus while T cells are undergoing maturation, may induce central tolerance via
deletion of donor reactive T cells. It has even been suggested that the thymus may
represent an ideal site for the actual islet transplant (245). Intrathymic injection of
allopeptides/allo-islets induces acquired tolerance in experimental animal models
(246;247) and in some cases was successful in inducing permanent islet allograft survival
(248;249). Progress using similar approaches in xenogeneic models has been less

successful. Porcine thymic tissue has been successfully transplanted into baboons and
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was capable of inducing xenogeneic hyporesponsiveness but was not successful at
inducing tolerance (250). It has also been reported that xenogeneic swine thymic
transplants can induce tolerance to swine antigens in mice, however this study
demonstrated that T cells were tolerant of xenogeneic pig antigens in vitro only (251).
Recently Yamamoto et al. reported a novel strategy for inducing xenogeneic tolerance via
vascularized thymic lobe transplantation which was capable of promoting early
thymopoiesis and donor-specific cellular unresponsiveness, however again this was
demonstrated in vitro only (252). Another study reported that porcine thymic tissue
transplanted into thymectomized mice mediated positive selection of T cells and that
expression of porcine MHC was not critical for the maintenance of memory CD4 " T cells
found in the periphery (253).
1.5.3.3 Immunoregulatory Cells

There has been an enormous expansion of information and studies involving
immunoregulatory cells in recent years (254). Many types of cells with a regulatory
phenotype have been identified (255). It is clear from allo-islet transplantation models
that regulatory cells play a critical role in tolerance. It has been well demonstrated that
different protocols can induce tolerance to islet allografts when associated with the
induction of CD4"CD25" regulatory T cells (256-260). In xenogeneic models,
CD4°CD25" regulatory T cells have been shown to suppress the secretion of
inflammatory cytokines and IL-2 as well as suppress T cell cytolytic responses against
xenogeneic porcine cells in vitro (261). Another study found that regulatory T cells of a
CD8"CD28 phenotype reduced the capacity of xenoreactive Ty cells to secrete IL-2 and

was capable of inducing anergy of these xenoreactive cells (262). Although a clear
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mechanism as to how immunoregulatory cells function has yet to be determined, at
present they represent an attractive area of exploitation in tolerance induction in

xenogeneic islet transplantation.

1.54 IMMUNE ISOLATION DEVICES

Many devices exist with the function of isolating the transplanted tissue from the
immune system of the host including: vascular perfusion devises, macroencapsulation,
and microencapsulation (263;264).

Vascular perfusion devices are tubular structures normally with a wide bore in the
center, large enough to allow the insertion of a blood vessel through the center. The
transplant is then placed within a membrane which comprises the tubular structure
surrounding the blood vessel. The association of the device with the vasculature ensures
adequate oxygen and nutrient delivery to the transplanted tissue (265). There are several
drawbacks to devices of this type including: induction of the coagulation cascade, poor
glycemic control, as well as the requirement for major vascular surgery to implant the
device (265;266).

Macroencapsulation involves the implantation of islets into a single device, which
can be comprised of various biocompatible materials. These devices are designed to
exclude larger immune cells which could potentially be harmful to the islets, while
remaining permeable to insulin, glucose and other nutrients important for maintaining the
viability of the islets (267). While macroencapsulation devices are capable of restoring

euglycemia in diabetic experimental antmals (268-273), there are several shortcomings
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including: overgrowth resulting from poor biocompatibility, membrane rupture, poor
glycemic control, and necrosis due to poor diffusion of nutrients to the islets (266;267).
Microencapsulation is perhaps the most favoured immunoisolation device in islet
transplantation. In microencapsulation, individual islets are surrounded by a thin
spherical, polymeric membrane, normally composed of agarose or alginate. The porosity
of the membrane permits the entry of nutrients and oxygen and the diffusion of insulin
out of the capsule. Furthermore, the semi-permeable nature of the membrane prevents
high molecular weight molecules, such as immune cells and antibodies from penetrating
the capsule and coming into contact with the encapsulated islets (274-276). It has been
previously shown that islets placed in alginate microcapsules can be effective in
preventing the destruction of the islets mediated by human antibody and complement in
vitro (182). In vivo, several groups have shown that encapsulation can successfully
protect allo- and xenogeneic islets from immune mediated and autoimmune mediated
rejection (157;266;277-280). Despite these promising findings, islet microencapsulation
1s not without its drawbacks. Although microcapsules physically separate the islets from
the recipients’ immune cells, there is still the potential for islet antigens and chemokines
to cross the alginate microcapsule membrane and trigger an immune response. Indeed, it
has been previously reported that when microencapsulated islets are transplanted into
immune competent recipients, that over time, the capsules become overgrown with
immune cells suggesting that the immune system has been alerted to the presence of the
graft (281). In addition, experiments involving microencapsulated islets have often been
difficult to reproduce due to variations within the encapsulation process, purity and

biocompatibility of the materials, islet viability, and capsule diameter (274;276;282-284).
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1.5.5 CO-TRANSPLANTATION WITH SERTOLI CELLS

Another attractive method of preventing the immune rejection of transplanted
islets involves co-transplanting Sertoli cells with islets to provide immunologic and
trophic support to co-transplanted cells (285;286). Sertoli cells reside within the testes
and form part of the seminiferous tubules. Their role is to supply beneficial factors and
support the developing germ cells as well as prevent the germ cells from being eliminated
by the host immune system. Sertoli cells are known to produce FasL, TGF-f3, and
clusterin (287-289), which are suspected to have immunoprotective, anti-inflammatory,
and tolerizing properties (287;289-293). The engagement of FasL to its receptor, FasR,
induces apoptosis in those cells expressing FasR (294;295). TGF-B has well
demonstrated immunomodulatory/immunosuppressive effects on a wide range of cell
types, and is hypothesized to play a critical role in the induction of tolerance (296-302).
Although the mechanism by which clusterin protects cells remains unknown, studies have
shown that clusterin is upregulated in response to cell death, suggesting that it may play a
role in the protection of surviving cells after damage (289). Experimentally, Sertoli cells
have been found to protect cotransplanted allogeneic or xenogeneic cells from immune
mediated and autoimmune mediated rejection, and in some cases, results in prolonged
islet graft survival (285;286;303-310). A possible drawback of co-transplanting Sertoli
cells along with islets is the potential for the Sertoli cells to out-compete the islets for
nutrients. It has been observed that Sertoli cells, transplanted along with islets, have the
capacity to rapidly proliferate and crowd out neighboring islets, which could potentially

leave the islets nutrient deprived and necrotic (personal observation).
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Another alternative to co-transplanting Sertoli cells with islets, is the use of the
testis itself as the transplantation site (311;312). One study demonstrated prolonged islet
xenograft survival when islets were transplanted into the testis of rats, however this
therapy required supplementation with a short term course of cyclosporine A (311).
Potential problems may arise if this approach continues towards the clinic. First, the
testis may not represent an ideal transplantation site based on the large number of islets
that are required to restore euglycemia and the relatively limited space which is available
for the islets to engraft in the testis. Secondly, the potential for the activation of the
immune system at the site of the testis may trigger collateral damage of the neighboring
germ cells, potentially rendering the recipient sterile. Lastly, this approach is obviously
only applicable to male patients, which would further limit the number of recipients who

could potentially receive an islet transplant.

1.6 RAPAMYCIN (SIROLIMUS)
1.6.1 BACKGROUND

Rapamycin was first identified over thirty years ago during antibiotic screening
tests conducted at Ayerst Research Laboratories. It is an anti-fungal metabolite produced
by the bacteria Streptomyces hygroscopicus (313;314). Rapamycin derives its name from
the native word for Easter Island, Rapa Nui, the place where Streptomyces hygroscopicus
was first isolated in a soil sample (313;315). Although lacking antibacterial activity,
rapamycin is a potent inhibitor of yeast growth and a moderate growth inhibitor of
filamentous fungi (316). Its immunosuppressive properties were first identified from

studies showing its inhibitory effects upon the production of humoral IgE as well as its
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preventative effects in two animal models of human autoimmune disease, autoimmune
encephalitis and adjuvant arthritis (317). Despite these observations, rapamycin did not
gain widespread implementation as an immunosuppressive drug until it was discovered
nearly 10 years later, that its structure was similar to another newly identified
immunosuppressive drug, tacrolimus (FK506) (Figure 1-3). Interest in tacrolimus peaked
when it was discovered that it possessed 100 times the potency of cyclosporine A (313).
These two observations prompted researchers to reexamine the immunosuppressive

potential of rapamycin.

OMe

Rapamycin Tacrolimus

Figure 1-3. Structural comparison of rapamycin and tacrolimus.

1.6.2 PHARMACOLOGY
Rapamycin is composed of a 31 membered lipophilic ring. The target of
rapamycin has been identified and incidentally, in mammals is referred to as the

mammalian target of rapamycin (mTOR) (318). Rapamycin does not directly bind

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mTOR but elicits its effect by associating with FK-binding protein 12 (FKBP12), this
complex then goes on to bind and inhibit mTOR (313;316;318). mTOR is a
serine/threonine kinase, which regulates cell growth in response to nutrients, and has
been reported to be a crucial regulator of protein synthesis and translation initiation (313)
(Figure 1-4). TOR homologs have also been discovered in Drosophila, Caenorhabditis
elegans, fungus, and plants (319-323), making TOR an evolutionarily conserved protein.
The two main targets of mTOR are p70 ribosomal S6 kinase (SK61) and 4E-binding
protein-1 (4E-BP1). The mTOR kinase in response to growth signals such as amino
acids or growth factors, phosphorylates these substrates, inducing the activation of SK61
and inhibition of 4E-BP1. The function of the SK61 protein is the phosphorylation of the
408 ribosomal protein and subsequent activation of translation. 4E-BP1 hovs;ever, acts as
a translation inhibitor. When it is phosphorylated 4E-BP1 becomes inactivated. When
mTOR phosphorylates 4E-BP1, it induces its dissociation from eukaryotic translation
initiation factor 4E (eIF4E). Consequently, eIF4E is freed and can bind the cap structure
at the 5° termini of mRNA’s thereby allowing cap-dependent translation (324-327).
Rapamycin by blocking mTOR, prevents protein synthesis, arresting the cell in the G1
phase of the cell cycle. It is a particularly potent inhibitor of T and B cell proliferation
especially that which is induced by the interleukins (313).

Rapamycin is typically administered orally. After administration, rapamycin
reaches its peak concentration in approximately 1 hour. The majority of rapamycin is
bound to formed blood elements, in particular to human plasma proteins (~92%) the
majority of those plasma proteins being serum albumin (97%) (328;329). The half life of

the drug in renal transplant patients is 62 hrs. Rapamyecin is metabolized by the same
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Figure 1-4. Mechanism of action of rapamycin.

cytochrome P450 3A enzyme involved in the metabolism of cyclosporine A and
tacrolimus (FK506). The metabolism of rapamycin is primarily via simple
demethylations and hydroxylations and is metabolized into 7 major metabolites (328).

While some of these metabolites have mild efficacy, over 90% of the immunosuppressant
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activity is due to rapamycin. The majority of rapamycin is secreted in the feces (91%)
with ~ 2% being excreted in the urine (328;329).

Rapamycin administration like other immunosuppressive drugs is associated with
potentially harmful side effects which can include: leukcopenia, thrombocytopenia,
hypertriglyceridemia, hypercholesterolemia, mouth ulceration, ulceration of the small
bowel, peripheral edema, joint pain, pulmonary fibrosis, wound infections and wound

dehiscence (81;82;330-334).

1.6.3 LITERATURE

Rapamycin currently forms part of the immunosuppressive regimen administered
to patients undergoing islet transplantation in the Edmonton Protocol. Currently, patients
receiving an islet transplantation are treated with a loading dose of 0.2mg/kg followed by
0.1 mg/kg daily (76;335). While the discovery of rapamycin has been pivotal to the
success of the Edmonton Protocol, rapamycin has also left its mark in other areas of
medicine as well. Rapamcyin prescription has increased in kidney, pancreas, heart and
liver transplantation in recent years (201). In addition, rapamycin has also been used to
coat cardiac stents to prevent re-stenosis (336). Recently, rapamycin has gained attention
from cancer researchers because of its ability to arrest cells in G1 of the cell cycle. It has
been proposed that rapamycin may be an effective anti-cancer treatment in various types
of cancers including: leukemia, breast and lung cancers (337-341).

Immunosuppressants have largely been thought of as a barrier to tolerance
induction (227). New findings suggest that this may not be the case for rapamycin. A

study published recently found that rapamycin treatment significantly extends the
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window of opportunity for veto-based induction of tolerance to transplantation antigens
(342). Rapamycin in conjunction with IL-10 therapy has been found to prevent allograft
rejection as well as induce antigen-specific tolerance which can be transferred via
adoptive transfer of CD4" cells (343). In addition, rapamycin combined with IL-10 is
reported to efficiently block type 1 diabetes development and induce long-term immune
tolerance in the absence of chronic immunosuppression in NOD mice. It was found
following treatment with rapamycin, that an increase in the accumulation of

CD4"CD25 Foxp3 regulatory T cells was detected in the pancreas of the NOD mice and
this was attributed for the prevention of diabetes in these mice (344). Another interesting
study which was published recently, reported that rapamycin selectively expands murine
naturally occurring CD4 " CD25 Foxp3 regulatory T cells in vitro, alluding to a potential

ex vivo cellular therapy which could be applied in TIDM (345).

1.7 LEUKOCYTE FUNCTION ASSOCIATED ANTIGEN-1
1.7.1 EXPRESSION AND FUNCTION

Leukocyte function associated antigen-1 (LFA-1) (CD11a/CD18) is a member of
a family of structurally and functionally similar leukocyte differentiation antigens and
was first identified in mice in 1981 (346). This is a family of high molecular weight
heterodimeric glycoproteins which share a f§ subunit of 95 kDa. This subunit is
noncovalently bound to an o chain of which there are many different subtypes ranging in
size from 150-175 kDa (347;348). The proteins are highly conserved in many species
and their importance in cell to cell interactions and immune responses is demonstrated by

the high incidence of infection in patients with congenital defects in these proteins (349).
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LFA-1 is widely expressed on hematopoietic cells including: T and B lymphocytes,
natural killer cells, monocytes, macrophages and granulocytes, but is most highly
expressed on T cells followed by B cells (347-351). The initial interaction of a T cell
receptor with its MHC presented antigen is not strong enough on its own to allow
activation of the T cell (133). LFA-1 present on T cells acts synergistically to strengthen
the binding of the T cell to the APC and facilitates the signalling which leads to the
activation of the T cell. LFA-1 is the ligand of intercellular adhesion molecule-1 (ICAM-
1) which is typically found on APCs and target cells (352). In the presence of antibody to
LFA-1, ICAM-1 and LFA-1 cannot bind and the interaction between the T cell receptor
and the antigen-MHC complex is inhibited or weakened. Consequently, the T cell cannot
become fully activated and may become anergic or apoptotic (210). LFA-1 through a
similar mechanism has also be shown to lower the threshold of B cell activation by
facilitating B cell adhesion and synapse formation (353).

In addition to the previously specified role, LFA-1 also provides signals that
promote T cell activation and differentiation. LFA-1 engagement contributes to CD3 and
CD28 costimulation through a distinct signalling pathway. Upon engagement of LFA-1
and ICAM-1, the 32 chain of LFA-1 becomes phosphorylated, which ultimately leads to
the promotion of c-Jun phosphorylation and the activation of IL-2 production
(352;354;355). It has also been reported that LFA-1 engagement through this signalling
pathway can polarize the T cell towards a Tyl phenotype (354). In the presence of
antibodies to LFA-1, the previously mentioned pathway is blocked, as a result, the LFA-1
mediated costimulation is prevented, potentially preventing the activation of the T cell

(356).
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The primary role of LFA-1 is as an integrin, and as such, is involved in the
adhesion and migration of lymphocytes to endothelial cells in response to the activation
of the immune system (357) (Figure 1-5). Activated T cells migrate from the blood into
nonlymphoid tissues through a multistep process that involves cell rolling, arrest, and
transmigration. Rolling cells are arrested through a firm adhesion step mediated in part
by LFA-1. Once the cell has arrested against the endothelial wall, the cell begins to
migrate through the endothelial wall and toward the site of immune activation (358-364).
Therefore, antibodies to LFA-1 are also effective at preventing graft rejection, because

they can disrupt lymphocyte homing to site of a transplanted graft (362).
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Figure 1-5. The role of LFA-1 in the immune response. LFA-1 facilitates the migration
of leukocytes to the site of an immune response, stabilizes the APC/T cell immune
synapse, and produces its own positive activation signal.

1.7.2 TARGETING OF LFA-1 AS A THERAPEUTIC STRATEGY

Numerous studies have demonstrated that antibodies directed towards LFA-1
inhibit T cell mediated killing, antigen-nonspecific natural killing and numerous other
processes which are dependent upon cell to cell interaction for cellular function and
ultimately improve islet graft survival (158;210;350;365-369). It has been reported that
treatment with anti-LFA-1 and anti-ICAM-1 prevents the onset of diabetes in mice. This

finding emphasizes the importance of the interaction of LFA-1 and ICAM-1in T cell
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activation and the initiation of the immune response in autoimmune diabetes (350;368).
Antibodies to LFA-1 are normally combined with other costimulation blockade therapies
in order to increase the potency of the anti-rejection regimen. Anti-LFA-1 combined
with anti-CD154 has been shown to protect neonatal porcine islet xenografts (158), and
induce dominant transplantation tolerance to islet allografts in a mechanism which is
independent of IFN-y or IL-4 secretion, the two prototypic Thl and Th2 cytokines
(366;369). Recently a humanized IgG1 form of the anti-LFA-1 antibody, Efalizumab,
has become available (370). Efalizumab has shown marked efficacy in the treatment of
psoriasis and is currently in phase IV of clinical trials. Efalizumab treatment is associated
with some side effects, which can include: headache, chills, fever, nausea, vomiting and
myalgia. Following clinical reports, the FDA and Genentech Inc revised the safety
warnings for this drug to include immune-mediated hemolytic anemia (370). While
Eflalizumab is not the primary indicated therapy for psoriasis, it does provide an
attractive alternative for those patients who are intolerant of currently indicated

treatments.

1.8 OBJECTIVES AND GENERAL OUTLINE

The main objective of this thesis was to examine the efficacy of rapamycin and
anti-LFA-1 in the prevention of rat islet xenograft rejection in mice and the potential for
the induction of tolerance. Additionally, the mechanism by which rapamycin and anti-
LFA-1 therapy protects against xenograft rejection was also investigated.

A previous pilot study by our lab demonstrated that rapamycin and anti-LFA-1

provides protection from graft rejection when rat islets are transplanted into BALB/c
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mice. The focus of Chapter 2 was to re-examine this combination of anti-rejection
therapies in the same xenogeneic model and elucidate the mechanism by which this
combination prevents the rejection of the xenogeneic islets.

In Chapter 3, the potential of rapamycin and anti-LFA-1 therapy to induce
tolerance to rat islet xenografts was examined. Two different approaches were examined
to answer this question. The first utilized spleen cells isolated from mice receiving
rapamycin and anti-LFA-1, and were adoptively transferred to BALB/c rag-/- mice which
were transplanted with the same rat islet xenograft. The second approach, involved
performing a nephrectomy of the islet graft bearing kidney of mice that received
rapamycin and anti-LFA-1 and re-challenging the same animal with an identical islet
transplant in the contralateral kidney.

Islet transplantation is a treatment alternative to T1DM which is in its infancy.
Unfortunately at present, the number of patients who could benefit from this therapy
significantly outnumbers the supply of islets. In addition, the harsh immunosuppression
required to prevent the rejection of the transplanted islet graft creates an ethical barrier
which prevents islet transplantation from being applied to patients who can successfully
manage their diabetes with exogenous insulin administration. Xenotransplantation has
the potential to alleviate the supply shortage of donor islets, and with the advent of new
and more specific immunomodulatory and immunosuppressive agents the goal of

widespread islet transplantation is more a reality than ever.
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CHAPTER 2

RAPAMCYIN AND ANTI-LFA-1 PREVENT THE REJECTION OF
RAT ISLET XENOGRAFTS IN BALB/C MICE

2.1 INTRODUCTION

Type 1 diabetes mellitus (T1DM) is a chronic metabolic disorder characterized by
the autoimmune destruction of the insulin producing beta cells of the pancreas. The
success of the Edmonton Protocol has once again put islet transplantation in the spotlight
as a true alternative for the treatment of TIDM (1). Unfortunately, at present, widespread
clinical application of this treatment is limited by the shortage of donor cadaveric
pancreases. The scope of the clinical application of this therapy is further limited by the
need for continuous immunosuppressive therapy, which is associated with a number of
harmful side effects (2-5). The focus of our research is to develop a tolerizing regimen
which is given short term, and is capable of sustaining long term acceptance of
transplanted islet grafts, thereby circumventing the need for continuous
1MMUuNOSuppression.

Rapamycin (sirolimus) an immunosuppressive drug, is one of the mainstays of
immunosuppressive therapy in the Edmonton Protocol (5). Rapamycin inhibits the
proliferation of T and B lymphocytes by binding to its intracellular target, the mammalian
target of rapamycin (mTOR). mTOR has a crucial role in the regulation of protein

synthesis and translation initiation. When rapamycin binds to mTOR, it inhibits mTOR,
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thereby preventing protein synthesis and arresting the cell in the G1 phase of the cell
cycle (6-9).

The use of monoclonal antibodies to prevent the immune rejection of transplanted
tissue is quickly becoming vital component of therapy in many different types of
transplantation (10-13). Monoclonal antibodies can be used to deplete or inhibit specific
components of the immune system or target cell-surface adhesion molecules (14;15).
One monoclonal antibody of particular interest is anti-leukocyte function associated
antigen-1 (anti-LFA-1). LFA-1 (CD11a/CD18) is a member of a family of structurally
and functionally similar leukocyte differentiation antigens. LFA-1 is involved in the
homing, adhesion and activation of lymphocytes. Antibodies directed towards LFA-1
have been shown to be beneficial in preventing transplanted graft rejection (16-21).
Recently, a humanized form of anti-LFA-1, Efalizumab was approved for phase IV trials
for the treatment of psoriasis (22).

Porcine islets have been proposed as a suitable alternative source of islets in
clinical transplantation (23-26). However, at present many experimental models
involving porcine tissue utilize mice as recipients, which represents a discordant
relationship (27). If porcine islets are to become a source of islets in transplantation, the
immune response must be examined as the relation between donor and recipient becomes
more concordant. It has been well established that the indirect pathway of antigen
presentation dominates in discordant transplantation, and that the direct pathway is
increasingly active in the rejection of allogeneic and syngeneic transplants (28;29).

Therefore, examining the value of potential clinical therapies to prevent xenograft
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rejection and their ability to prevent concordant and discordant rejection is of significant
importance.

In our study, we examined the efficacy of a short-term therapy with rapamycin
and anti-LFA-1 in preventing the rejection of Wistar-Furth rat islets in BALB/c, a
concordant donor/recipient relationship in an effort to further elucidate the mechanisms

of concordant xenograft rejection and determine effective anti-rejection therapies.

2.2 MATERIALS AND METHODS

2.2.1 EXPERIMENTAL ANIMALS

Inbred male BALB/cByJ (BALB/c, H-Zd) were purchased from the Jackson
Laboratory (Bar Harbor, ME) and Wistar-Furth (WF, RT1Y) rats were purchased from
Harlan Laboratories (Indianapolis, IN). Recipient BALB/c mice were rendered diabetic
by a single intraperitoneal injection of streptozotocin (250 mg/kg body weight; Sigma-
Aldrich, Oakville, ON) 4 to 5 days before transplantation. All diabetic recipients had two
consecutive non-fasting blood glucose levels above 17 mmol/l. The blood glucose of
each recipient mouse was monitored by taking blood samples from the tail vein. Glucose
levels were measured using a OneTouch Ultra glucometer (LifeScan, Burnaby, BC). All
mice and rats were housed under pathogen-free conditions and fed standard laboratory
food and water ad libitum, and cared for according to the guidelines established by the

Health Sciences Animal Policy and Welfare Committee.
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2.2.2 INVITRO PROLIFERATION ASSAYS

Single cell suspensions of lymph node and spleen cells were prepared by
mechanical disruption of lymph nodes and spleen between glass slides. Red blood cells
from the spleen were depleted by incubation in red cell lysing buffer for 4 min. Mixed
lymphocyte cultures were established by combining 5x10°/well responder cells (BALB/c
lymph node) with 1x10% well irradiated (2.5 krad) spleen cells from WF rats. Triplicate
cultures in a total volume of 0.2 ml of EMEM (Invitrogen, Burlington, ON)
supplemented with 10% (v/v) fetal bovine serum (FBS) (Invitrogen, Burlington, ON),
1x10°M 2-mercaptoethanol, L-glutamine (Invitrogen, Burlington, ON) and 1% (v/v)
antibiotics were established in 96-well flat-bottom plates at 37°C in 5% CO; in air. T cell
proliferation was detected by pulsing cells of primary culture with 1uCi [*H] thymidine
for 22 hours on the indicated day of culture. Cells were harvested onto glass microfiber
filters, (Wallac, Turku, Finland) and proliferation of cultures was quantified using a

Wallac beta emission counter (Woodbridge, ON).

2.2.3 ISLET ISOLATION AND TRANSPLANTATION

WEF rat pancreatic islets were isoléted via distension of the pancreas, followed by
collagenase (Sigma, Oakville, ON) digestion, density gradient centrifugation with dextran
(Sigma, Oakville, ON) and handpicking of the islets. Islets were cultured overnight in
Hams F10 media at 37°C and 5% CO,. A total of 500 isolated rat islets were transplanted
under the left kidney capsule of diabetic BALB/c mice as previously described (30).
Engraftment was considered successful when the blood glucose level was <10 mM.

Graft rejection was defined as the first of consecutive days of hyperglycemia (22 mM
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glucose) and rejection was confirmed by histological analysis of the graft. Nephrectomy
of the graft-bearing kidney was performed on a subset of recipients with long-term graft

function (>100 days post-transplant) for the confirmation of graft-dependent euglycemia.

2.2.4 ANTI-REJECTION THERAPIES

Transplant recipients were randomly designated to receive the following anti-
rejection treatments intraperitoneally: (1) rapamycin alone (0.2 mg/kg on days O thru 14
post-transplantation; a generous gift from Dr. James Shapiro, Edmonton, AB), (2) anti-
LFA-1 monoclonal antibody alone (KBA; rat IgG2a; hybridoma kindly provided by Dr.
Ron Gill, Denver, CO; 200pg on days 0, 1, 7, 14, 21 and 28 post-transplant), (3)
rapamycin plus anti-LFA-1 monoclonal antibody. Untreated transplanted recipients

served as the control for this experiment.

2.2.5 IMMUNOHISTOCHEMICAL STAINING

Four um-thick sections of formalin-fixed tissues were stained to determine the
presence of insulin containing cells. Insulin containing cells were detected by applying
guinea-pig anti-porcine insulin primary antibody (1:1000; DAKO Corporation,
Carprinteria, CA) for 30 min, followed by the addition of biotinylated goat anti-guinea
pig IgG secondary antibody (1:200; Vector Laboratories, Burlingame, CA). The avidin-
biotin complex/horseradish peroxidase (ABC/HP; Vector Laboratories) and 3, 3-
diaminobenzidinetetrahydrochloride (DAB; BioGenex, San Ramon, CA) was used to
produce a brown color. All sections were counterstained with Harris” hematoxylin and

€osin.
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Subpopulations of T cells (CD4 and CDS), granulocytes, macrophages and natural
killer cells (CD11b) were also determined on tissues immersed in OCT compound and
snap frozen at —80° C. Five pm sections of tissue were air dried for 10 min then fixed in
acetone for 3 min at 4°C. These sections were then washed in PBS and non-specific
binding was eliminated by incubating the tissue section in 2% FBS/PBS for 20 min. In
addition, endogenous biotin or biotin-binding proteins present in the section were also
eliminated using the avidin/biotin blocking kit (Vector Laboratories, Inc., Burlington,
ON). Rat anti-mouse CD4 antibody (1:100; BD Pharmingen, Mississauga, ON) or rat
anti-mouse CDS antibody (1:100; BD Pharmingen, Mississauga, ON) or rat anti-mouse
CD11b (1:500; BD Pharmingen, Mississauga, ON) was applied to each section for 30
min at room temperature. Biotinylated rabbit anti-rat IgG secondary antibody (1:200;
Vector Laboratories, Inc. Burlington, ON) was added and incubated for 20 min. Avidin-
Biotin Complex/Horseradish Peroxidase (ABC/HP) Reagent (Vector Laboratories, Inc.
Burlington, ON) was applied, and 3, 3-diaminobenzidinetetrahydrochloride (DAB;
BioGenex, San Ramon, CA) was used to produce a brown color. Sections were

counterstained with Harris’ hematoxylin.

2.2.6 SERUM ANTIBODY MEASUREMENT

To determine the effect of rapamycin and/or anti-LFA-1 monoclonal antibody on
the production of mouse anti-rat antibodies, we determined the levels of mouse anti-rat
IgG antibodies from the blood serum of each transplant recipient using flow cytometry.
Peripheral blood samples from BALB/c mice were collected at the time of rejection or

following long-term islet xenograft survival. The serum was isolated by centrifugation at
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10000rpm for 10min. Rat spleen cells (1x10°) obtained from the same rat islet donors
were incubated with mouse serum at 1/128 dilution for 1 hour at 37°C (5% CO,, 95%
air). Spleen cells were then washed with PBS and incubated with FITC-conjugated goat
anti-mouse [gG (rat adsorbed, 1:100; Southern Biotechnology Associates, Inc.) for 1 hour
at 4°C. The percentage of cells bound to antibody was detected from single-parameter
fluorescence histograms on a BD FACSCalibur (BD Bioscience, ON) after gating on
viable lymphocytes. Controls for this experiment include sera from non-transplanted
naive BALB/c mice, unstained rat spleen cells, and rat spleen cells stained with

secondary antibody alone without mouse serum.

2277 STATISTICAL ANALYSIS
Statistical differences in graft survival among groups were analyzed using the
Kaplan-Meier Log rank test. A p value of less than 0.05 was considered to be statistically

significant.

2.3 RESULTS

2.3.1 TREATMENT WITH RAPAMCYIN AND ANTI-LFA-1 PREVENTS THE
PROLIFERATION OF LYMPHOCYTES IN VITRO

BALB/c mouse lymphocytes were incubated with Wistar-Furth rat spleen cells in
the presence of rapamycin, anti-LFA-1 or both. A marked reduction in proliferation as
determined by [*H] thymidine incorporation was observed in groups that received
rapamycin, anti-LFA-1 or both (Figure 2-1). In comparison to the positive control
(ConA), treatment with rapamycin or anti-LFA-1 almost completely abrogated any

proliferation. This effect was independent of the vehicle of either anti-LFA-1 or
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rapamycin. The additive effect of combining the two treatments on the prevention of
proliferation of the mouse lymphocytes was small. Any combination of therapy appeared
effective at inhibiting the proliferation of the lymphocytes in vitro regardless of the time

point examined.

—&— Responders+Stimulators (1)
— IR —Rapamycin + 1
120000 - - - A- - Anti-LFA-1 mAb + 1

— X~ -Rapamycin and anti-LFA-1 + 1
100000 1 --—  —% —ConA + Responders
80000 - ‘~~\,-%
= .
a. 60000 - N~
© '~
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0 ”'— - - —.’ - f S '.
3 4 5
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Figure 2-1. In vitro proliferation of BALB/c lymphocytes following stimulation with
Wistar-Furth rat spleen cells. BALB/c lymphocytes (responders) were incubated with
irradiated Wistar-Furth rat spleen cells (stimulators) for 3, 4, or 5 days. Following
incubation, [°H] thymidine was added to each well for 22 hours before the cells were
harvested. Non-specific mitogen stimulation with ConA served as a positive control.
Data is represented as the average count per minute of triplicate wells. A representative
of 4 individual experiments is shown. Error bars represent the standard deviation.

2.3.2 RAPAMYCIN AND ANTI-LFA-1 PREVENT THE REJECTION OF RAT
ISLET XENOGRAFTS
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All recipients achieved normoglycemia following transplantation of 500 Wistar-
Furth islets. Untreated recipients rapidly rejected their islet grafts, however in mice
treated with rapamycin alone there was a modest prolongation of islet xenograft survival,
but by day 80 all recipients had rejected their grafts (P<0.05 vs untreated) (Figure 2-2).
In recipients treated with anti-LFA-1 alone there was a significant prolongation of islet
graft survival and 97 percent of recipients’ maintained normoglycemia for over 100 days
(P<0.05 vs untreated). When anti-LFA-1 treatment was combined with rapamycin, islet
graft protection increased and 99 percent of recipients maintained normoglycemia for
over 100 days (P<0.05 vs untreated) (Table 2-1). A small group (3) of C57BL/6 mice
were also transplanted with WF rat islets and treated with rapamycin and anti-LFA-1. All
mice (3/3) maintained normoglycemia for over 100 days. Of mice that achieved long-
term normoglycemia, a sample population was randomly selected and a survival
nephrectomy was performed on the graft bearing kidney. All nephrectomized mice

rapidly returned to hyperglycemia.
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Figure 2-2. Treatment with anti-LFA-1 alone or in conjunction with rapamycin
promotes long-term rat islet xenograft survival in BALB/c, but not with rapamycin
treatment alone. Data represented as the percentage of graft survival in mice over the
course of transplantation.

Treatment n Graft Survival (Days) MST + SD
No Treatment 5 10,17, 21, 22, 24, 188 +5.5
Rapamycin alone 5 32, 38,41, 54, 81 492 +19.5
Anti-LFA-1 alone 15 62, >100, >100, >100, >100, >100,
>100, >100, >100, >100, >100, >100, 97.5+9.8
>100, >100, >100,
Rapamycin + Anti- 30 73,>100, >100, >100, >100, >100,
LFA-1 >100, >100, >100, >100, >100, >100,
>100, >100, >100, >100, >100, >100, 99.1+4.9
>100, >100, >100, >100, >100, >100,
>100, >100, >100, >100, >100, >100

Table 2-1. Graft survival in BALB/c mice transplanted with Wistar-Furth rat islets.
Mice received no treatment, rapamycin alone, anti-LFA-1 antibody alone, or rapamycin
in combination with anti-LFA-1. Mean graft survival time (MST) is reported in days
post-transplantation + standard deviation.
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2.3.3 RAPAMYCIN AND ANTI-LFA-1 TREATMENT IS ASSOCIATED WITH A
REDUCTION IN ISLET GRAFT INFILTRATION

All grafts were collected either following rejection or after 100 days for histologic
examination of the islet graft and identification of cellular infiltrate. Grafts of untreated
mice lacked insulin positive staining, however a large influx of mononuclear cells was
present at the site of the graft (Figure 2-3). In rapamycin treated mice, virtually no
insulin staining could be detected and again a large influx of cells was present within the
graft. Anti-LFA-1 alone was successful in promoting long-term islet graft survival and
was associated with a significant increase in the amount of insulin positive staining.
However, treatment with anti-LFA-1 alone was not successful in preventing the influx of
cells to the site of islet grafts, and at least some infiltrate could be detected. Grafts from
mice treated with the combination of rapamycin and anti-LFA-1 contained robust insulin
staining. This combination treatment was also associated a profound decrease in cellular
infiltrate, although this finding was not absolute. In an effort to characterize the
infiltrating cells present in the graft we performed CD4, CDS§ and CD11b staining to
detect the presence of CD4" T helper, CD8" T cells, and monocytes/macrophages/
granulocytes respectively. Significant CD4" staining was present in the grafts of
untreated mice and this finding was also consistent with the grafts of rapamycin alone
treated mice (Figure 2-4). CD4" T cells were also present in the grafts of anti-LFA-1
alone treated mice although to a lesser extent compared to the untreated and rapamycin
treated groups. CD8" T cells were present in the grafts of islet recipients, albeit to a
much lower extent in all recipient treatment groups. Consistent with the length of graft
survival, the groups that received no treatment or rapamycin alone, a greater amount of

CD8" T cells could be detected in the grafts. Treatment with anti-LFA-1 abrogated the
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extent of CD8" T cell infiltration within the graft. Untreated mice or treatment with
rapamycin alone did not prevent the recruitment of CD11b" cells to the graft site.
However, treatment with anti-LFA-1 greatly reduced the extent of CD1 1b* cellular

infiltration.

No Treatment Rapamycin

Figure 2-3. Insulin staining and histologic examination of the xenografts at the time of
rejection or >100 days post-transplantation. Islet grafts retrieved from untreated
recipients showed virtually no insulin positive cells (brown stain) and a large infiltration
of mononuclear cells. Dispersed insulin positive staining was detected in the grafts from
rapamycin treated mice and a large cellular influx. Extensive insulin positive staining as
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well as a large cellular influx was present in anti-LFA-1 treated recipients. Rapamycin
and anti-LFA-1 combination therapy was associated with robust insulin positive staining
and a marked reduction in the infiltration of the islet graft. (Magnification 100x)

Untreated

Rapamycin

Anti-LFA-1

Rapamycin +Anti-
LFA-1

Figure 2-4. Immunohistochemical analysis of islet grafts from various treatment groups,
for characterization of infiltrating mononuclear cell types. Staining for CD4 (CD4" T
cells), CD8 (CD8* T cells) and CD11b (monocytes/macrophages, NK and granulocytes)
was performed to identify these populations of cells within the islet grafts. Positive cells
are indicated by brown staining. (Magnification 100x)
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2.3.4 RAPAMYCIN AND ANTI-LFA-1 TREATMENT IS ASSOCIATED WITH A
REDUCTION IN THE LEVEL OF MOUSE ANTI-RAT ANTIBODY

Recipient sera was analyzed using flow cytometry to determine the effect of the
various treatments on the production of mouse anti-rat antibody levels. In mice that
received no treatment, there was a significant shift of the peak compared to the naive
untransplanted control, indicating that significant production of mouse anti-rat antibody
had occurred (Figure 2-5). Treatment with rapamycin decreased the production of
antibodies slightly compared to the untreated group, however large amounts of mouse
anti-rat antibodies could still be detected. In contrast, treatment with anti-LFA-1 alone or
in conjunction with rapamycin resulted in a significant decrease in the production of
mouse anti-rat antibodies to levels that were similar to the untransplanted control

antibody levels.
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Figure 2-5. Analysis of mouse anti-rat antibodies in untreated and treated recipients
using flow cytometry. A large production of mouse anti-rat antibodies was observed in
the serum of untreated mice as indicated by the shift in the histogram peak. Treatment
with rapamycin slightly decreased the production of anti-rat antibodies in these recipient
mice. Treatment with anti-LFA-1 alone or in combination with rapamycin almost
completely abrogated the production of mouse anti-rat antibodies.
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24 DISCUSSION

The aim of the present study was to determine the efficacy of rapamycin and anti-
LFA-1 treatment on the survival of rat islets transplanted to BALB/c mice. Rapamycin’s
beneficial effect in preventing the rejection of allo-islet grafts has been clearly
demonstrated clinically (5). However, rapamycin’s effectiveness in xenogeneic islet
transplantation is not well established. LFA-1 has been identified as a major factor in
islet xenograft rejection by previous studies (20;31). Therefore it was our objective to
determine the effectiveness of a short-term therapy combining a general
immunosuppressant (rapamycin) with a monoclonal antibody (anti-LFA-1) in preventing
the rejection of a xenogeneic islet graft.

Initially, we performed mixed lymphocyte reaction (MLR) assays to determine
the effect of rapamycin, anti-LFA-1 or a combination of both had on the proliferation of
lymphocytes in vitro. In wells that received either rapamycin, anti-LFA-1 or both there
was a marked decrease in proliferation of the lymphocytes as indicated by a decrease in
the counts per minute (CPM). This was in contrast to the untreated wells or the ConA
positive control, which exhibited a robust proliferative response. The inhibitory effect of
either rapamycin or anti-LFA-1 was independent of the respective administration
vehicles. These results indicate that treatment with either drug or in combination
markedly suppressed a potential immune response in vitro at all time points examined.

We then examined the effect of rapamycin and anti-LFA-1 treatment in vivo and
discovered that the combination of the two drugs resulted in long term (>100 days) islet
xenograft survival in over 99% of recipients (29 of 30 mice). Treatment with rapamycin,

prolonged islet graft survival, however, this treatment did not result in long-term graft
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survival in any of the recipients. Anti-LFA-1 alone alternatively, was successful in
promoting long-term islet xenograft survival in over 97% (14 of 15 mice) of recipients,
indicating the majority of the beneficial effect of the combination therapy is attributed to
anti-LFA-1 therapy. In addition, a small group of C57BL/6 mice were transplanted with
Wistar-Furth rat islets, to determine if the benefit of this combination therapy was limited
to BALB/c mice only. All of the C57BL/6 mice receiving Wistar-Furth rat islets and
treated with the combination therapy maintained normoglycemia for over 100 days,
indicating that the benefit of this therapy was not strain specific (data not shown). The
constructive effect of the combination therapy appeared to be the most significant in the
prevention of infiltration of the islet grafts by mononuclear cells. While some infiltrate
could be detected in the combination treated mice grafts, the majority of the grafts were
virtually free of cellular infiltrate and robust insulin staining could still be detected
following 100 days post transplantation in all combination treated grafts. Conversely,
mice that had rejected their grafts, large influxes of CD4" and CD11b" cells Weré
detected in the graft, indicating the importance of helper T cells and macrophages
respectively, in concordant xenograft rejection. In addition, treatment with the
combination therapy almost completely abrogated the production of anti-rat antibodies in
recipient mice. Treatment with rapamycin alone, did not prevent the production of anti-
rat antibodies. The increased production of anti-rat antibody in recipients with rejected
grafts and the corresponding lack of antibody production in mice with long-term graft
survival, suggests a key mechanism of antibody mediated graft rejection in this model.
Indeed, other studies have also found that co-stimulation blockade modulates the

antibody response and helps maintain graft function (32).
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Neonatal porcine islets have been described as suitable source of islets for
transplantation clinically (23;33), and at present represent one the most promising sources
of islets to meet the high demand for pancreatic tissue in human islet transplantation.
However, many experimental models which are used, implement porcine islets which are
transplanted into mice recipients, representing a discordant relationship (27). If porcine
islets are to become a source of pancreatic tissue in human islet transplantation where the
relation is not as phylogenetically disparate, it is important to compare the mechanism of
graft rejection as the relationship between the donor and recipient goes from discordant to
concordant or vice versa. Therefore, we performéd the present study which represents a
concordant xenogeneic islet transplantation, to compare the response of the immune
system with that of a discordant islet transplantation which has been previously reported
by our lab (20). Previous studies have demonstrated the importance of CD4" T cells in
discordant xenograft rejection, with an emphasis on the indirect pathway of antigen
presentation (29;34). However, it has been reported that as the relation between donor
and recipient becomes more concordant, that the direct pathway of antigen presentation is
increasingly active in graft rejection (35), although the indirect pathway appears to
maintain a significant role in graft rejection (36). Our therapy was aimed at preventing
both the indirect and direct patﬁways. 'Anti-LFA-1 treatment, which primarily targets
recipient T and B cells, also has been shown to protect against graft rejection in an
indirect antigen presentation dominated model and functions primarily through
interrupting T and B cell homing and activation (19-21). The inhibition of anti-rat
antibody production in recipient mice treated with anti-LFA-1 suggests that the anti-LFA-

1 antibody successfully interrupts the indirect pathway of antigen presentation. This is
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substantiated by the fact that T cell dependent antibody responses to xenografts are
inferred evidence of indirect antigen recognition since T-B cell activation requires the
assistance of helper T cells, with antigens acquired and presented by the specific B cell
recognizing the rat antigens. Rapamycin, being a general immunosuppressant, is
effective at inhibiting Ty cell proliferation and consequently, reducing the activation of
various effector populations including T¢, B cells, NK cells, and macrophages, which can
potentially contribute to graft rejection (6;8;9). Additionally, because rapamycin acts as a
general immunosuppressant, following treatment, both host and donor immune cells are
inhibited. This has immediate implications for both the indirect and the direct pathways.
Because the lifetime of naive passenger leukocytes is limited, treatment with rapamycin
for two weeks effectively suppresses the direct pathway, to some extent, in our model.

Our study demonstrated the efficacy of rapamycin and anti-LFA-1 in promoting
the survival of rat islet xenografts in BALB/c mice. The importance of LFA-1 in
suppressing xenograft rejection in our model was apparent. The combination of
rapamycin with anti-LFA-1 was associated with a decrease in the cellular infiltration of
the islet grafts as well as a reduction in the production of anti-rat antibody in recipient
mice. The results of our study indicate that the combination of short-term
immunosuppression with immunomodulation through monoclonal antibody therapy,
could form a significant component of future therapeutic standards in clinical islet

xenotransplantation.
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CHAPTER 3

RAPAMYCIN AND ANTI-LFA-1 TREATMENT RESULTS IN THE
INDUCTION OF TOLERANCE TO RAT ISLET XENOGRAFTS

3.1 INTRODUCTION

Islet transplantation has provided an attractive alternative treatment for patients
with type 1 diabetes mellitus (T1DM). However, islet transplantation is not available to
the vast majority of diabetics because of two main factors. The first is the shortage of
donor pancreases, which is further compounded by the observation that typically more
than one donor pancreas is required to achieve insulin independence (1;2). The second, is
need for continuous immunosuppression, which is associated with a number of harmful
side effects (3;4). These shortcomings have prompted investigators to seek out new
sources of insulin producing tissue and new methods of preventing the rejection of the
transplanted islets, which are not associated with the toxicity of the currently
implemented immunosuppressive regimen. The focus of our research is to develop a
tolerizing regimen, which is given short-term, and is capable of sustaining long-term
acceptance of transplanted islet grafts, thereby circumventing the need for continuous
immunosuppression. Xenogeneic sources of islets could provide a potentially unlimited
supply of'islets for transplantation in humans. While many xenogeneic sources of insulin
producing tissue have been used experimentally, pigs are arguably the most ideal source
for humans. Pig islets are often transplanted into mice to investigate effective anti-
rejection therapies. This relationship between donor and recipient is termed discordant,

due to the phylogenetic disparity between pigs and mice. If porcine islets are to become a
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source of islets in clinical transplantation, the immune response must be examined as the
relation between donor and recipient becomes more concordant, as pigs are more closely
related to humans than pigs are to mice (5). Rat islet donors transplanted into diabetic
mice provide an attractive method of studying the immune response and the effectiveness
of anti-rejection therapies in concordant xenogeneic transplantation. By elucidating the
mechanisms of concordant xenograft rejection, this information can be applied to
devising effective anti-rejection therapies for clinical islet transplantation.

Rapamycin (sirolimus) forms a critical component of the immunosuppressive
regimen of the Edmonton protocol. Rapamycin is a potent immunosuppressive drug and
its effectiveness is attributed to its ability to inhibit T and B cell proliferation by
inhibiting the mammalian target of rapamycin (mTOR). Recently, several studies have
been published which report that rapamycin contributes to the induction of antigen
specific tolerance (6;7) as well as selectively expanding CD4"CD25 Foxp3 " regulatory T
cells (8), and preventing new onset diabetes and inducing immune tolerance in NOD
mice (9).

Leukocyte function associated antigen-1 (LFA-1) has emerged as an important
contributor of T cell activation since it was discovered that LFA-1 interaction with
ICAM-1 on APCs produces its own positive signal (10). As an integrin, LFA-1 is also
involved in the migration of lymphocytes, making LFA-1 an especially attractive target
of monoclonal antibodies for the prevention of rejection of transplanted tissue (11). The
targeting of recipient LFA-1 and donor ICAM-1 has been shown to prolong concordant
islet xenotransplantation (12;13), and in discordant islet transplantation the ICAM-

1/LFA-1 interaction was found to be critical for xenograft rejection (14). Recently, a
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humanized form of anti-LFA-1, Efalizumab was approved for phase IV clinical trials for
the treatment of psoriasis (15).

We have previously reported on the efficacy of a short-term administration of
rapamycin with anti-LFA-1 monoclonal antibody in the prevention of concordant islet
xenograft rejection in BALB/c mice. In this study, we set out to determine whether the
combination of rapamycin and anti-LFA-1 was merely prolonging graft survival or

whether this therapy was resulting the induction of tolerance to the rat islet xenografts.

3.2 MATERIALS AND METHODS
3.2.1 EXPERIMENTAL ANIMALS

Inbred male BALB/cByJ (BALB/c, H-2%), BALB/c rag-/- (C.129S7(B6)-
Ragl™™°™(1) and C57BL/6J (B6, H-2") mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and Wistar-Furth (WF, RT1Y) and Lewis (RT1") rats were
purchased from Harlan Laboratories (Indianapolis, IN). Recipient BALB/c and BALB/c
rag -/- mice were rendered diabetic by a single intraperitoneal injection of streptozotocin
(250 mg/kg body weight; Sigma-Aldrich, Oakville, ON) 4 to 5 days before
transplantation. All diabetic recipients had two consecutive non-fasting blood glucose
levels above 17 mmol/l prior to transplantation. The blood glucose of each recipient
mouse was monitored via blood samples from the tail vein. Glucose levels were
measured using a OneTouch Ultra glucometer (LifeScan, Burnaby, BC). All mice and
rats were housed under pathogen-free conditions, fed standard laboratory food and water
ad libitum, and cared for according to the guidelines established by the Health Sciences

Amnimal Policy and Welfare Committee.
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3.2.2 ISLET ISOLATION AND TRANSPLANTATION

WEF rat pancreatic islets were isolated via distension of the pancreas, followed by
collagenase (Sigma, Oakville, ON) digestion, density gradient centrifugation with dextran
(Sigma, Oakville, ON) and handpicking of the islets. Islets were cultured overnight in
Hams F10 media at 37°C and 5% CO,. A total of 500 isolated rat islets were transplanted
under the left kidney capsule of diabetic mice as previously described (16). Engraftment
was considered successful when the blood glucose level was <10 mM. Graft rejection
was defined as the first of consecutive days of hyperglycemia (22 mM glucose) and
rejection was confirmed by histological analysis of the graft. Survival nephrectomy of
the graft-bearing kidney was performed on a subset of recipients with long-term graft

function (>100 days post-transplant) for the confirmation of graft-dependent euglycemia.

3.2.3 ANTI-REJECTION THERAPIES

BALB/c transplant recipients received the following anti-rejection treatment
intraperitoneally: Rapamycin (0.2 mg/kg on days O thru 14 post-transplantation; a
generous gift from Dr. James Shapiro, Edmonton, AB) and anti-LFA-1 monoclonal
antibody (KBA; rat 1gG2a; hybridoma kindly provided by Dr. Ron Gill, Denver CO;

200pg on days 0, 1, 7, 14, 21 and 28 post-transplant) which is also referred to as the

combination therapy.

3.24 PREPARATION AND ADOPTIVE TRANSFER OF DONOR SPLEEN CELLS
Spleens were isolated from naive BALB/c mice and BALB/c mice that were

transplanted and treated with rapamycin and anti-LFA-1, and maintained normoglycemia
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for greater than 100 days post-transplantation (referred to as tolerant spleen cells). The
spleens were transferred aseptically to a petri dish containing cold sterile saline. The
spleens were mechanically disrupted by grinding the spleen between two sterile slides.
The cell suspension was collected and counted via hematocytometer and light microscopy
excluding erythrocytes in the count. A 50x1 0° cell aliquot was adoptively transferred
intraperitoneally via 25G needle. Spleen cells were adoptively transferred to BALB/c rag
-/- mice which lack T and B lymphocytes. These mice were previously rendered diabetic
by STZ injection and transplanted with either Wistar-Furth or Lewis rat islets as
described previously. No anti-rejection therapy was given to the BALB/c rag-/- mice and
the islet grafts were allowed to establish for 100 days prior to adoptive transfer of spleen
cells. Mice that were adoptively transferred with donor spleen cells, were monitored as

described previously for a period of 50 days post-adoptive transfer.

3.2.5 IMMUNOHISTOCHEMICAL STAINING

Four um-thick sections of formalin-fixed tissues were stained to determine the
presence of insulin containing cells. Insulin containing cells were detected by applying
guinea-pig anti-porcine insulin primary antibody (1:1000; DAKO Corporation,
Carprinteria, CA) for 30 min, followed by the addition of biotinylated goat anti-guinea
pig IgG secondary antibody (1:200; Vector Laboratories, Burlington, ON). The avidin-
biotin complex/horseradish peroxidase (ABC/HP; Vector Laboratories) and 3, 3-
diaminobenzidinetetrahydrochloride (DAB; BioGenex, San Ramon, CA) was used to
produce a brown color. All sections were counterstained with Harris’ hematoxylin and

eosin.
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Subpopulations of T cells (CD4 and CDS), granulocytes, macrophages and natural
killer cells (CD11b) were also determined on tissues immersed in OCT compound and
snap frozen at —80° C. Five um sections of tissue were air dried for 10 min then fixed in
acetone for 3 min at 4°C. These sections were then washed in PBS and non-specific
binding was eliminated by incubating the tissue section in 2% FBS/PBS for 20 min. In
addition, endogenous biotin or biotin-binding proteins present in the section were also
eliminated using the avidin/biotin blocking kit (Vector Laboratories, Inc., Burlington,
ON). Rat anti-mouse CD4 antibody (1:100; BD Pharmingen) or rat anti-mouse CD§
antibody (1:100; BD Pharmingen, Mississauga, ON) or rat anti-mouse CD11b (1:500;
BD Pharmingen, Mississauga, ON) was applied to each section for 30 min at room
temperature. Biotinylated rabbit anti-rat [gG secondary antibody (1:200; Vector
Laboratories, Inc. Burlington, ON) was added and incubated for 20 min. Avidin-Biotin
Complex/Horseradish Peroxidase (ABC/HP) Reagent (Vector Laboratories, Inc.
Burlington, ON) was applied and 3, 3-diaminobenzidinetetrahydrochloride (DAB,;
BioGenex, San Ramon, CA) was used to produce a brown color. Sections were

counterstained with Harris’ hematoxylin.

3.2.6 SKIN GRAFTING

Skin grafts were harvested from C57BL/6 mice, which acted as a 3™ party graft.
Syngeneic BALB/c skin graft served as a control. Briefly, the dorsum of the mouse was
shaved and sterilized using 95% ethanol. Using a 8mm punch biopsy (Acuderm, Fort
Lauderdale, FL), a circular piece of full thickness skin was isolated and rinsed in saline

followed by a penicillin/streptomycin solution followed by another wash in sterile saline.
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The skin was then placed on the recipient’s 6mm wound and sutured in place. The skin
was covered with sterile gauze soaked in saline and wrapped using an adhesive bandage.
Dressing changes were performed 2 days following skin transplantation and every week

thereafter.

3.2.7 SERUM ANTIBODY MEASUREMENT

We determined the production of mouse anti-rat antibodies in BALB/c rag -/-
mice adoptively transferred with naive, tolerant or tolerant mixed with naive spleen cells.
The levels of mouse anti-rat IgG antibodies were measured from the blood serum of each
adoptively transferred mouse using flow cytometry. Peripheral blood samples from mice
were collected at the time of rejection or following long-term islet xenograft survival.
The serum was isolated via incubation at room temperature for at least 3 hours, followed
by centrifugation at 10,000 rpm for 10 min. Rat spleen cells (1x10°) obtained from the
same rat islet donors were incubated with mouse serum at 1/128 dilution for 1 hour at
37°C (5% CO,, 95% air). Spleen cells were then washed with PBS and incubated with
FITC-conjugated goat anti-mouse IgG (rat adsorbed, 1:100; Southern Biotechnology
Associates, Birmingham, AL) for 1 hour at 4°C. The percentage of cells bound to
antibody was detected from single-parameter fluorescence histograms on a BD
FACSCalibur (BD Bioscience, ON) after gating on viable mononuclear cells. Controls
for this experiment include sera from non-transplanted naive BALB/c rag -/- mice,
unstained rat spleen cells, and rat spleen cells stained with secondary antibody alone

without mouse serum.
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3.2.8 STATISTICAL ANALYSIS
Statistical differences in graft survival among groups were analyzed using the

Kaplan-Meier log rank test. A p value of less than 0.05 was considered to be statistically

significant.

3.3 RESULTS

3.3.1 COMBINATION OF RAPAMYCIN AND ANTI-LFA-1 INDUCES

INDEFINITE RAT ISLET XENOGRAFT SURVIVAL

We have previously reported that treatment with rapamycin and anti-LFA-1
monoclonal antibody prevents the rejection of rat islet xenografts in BALB/c mice. In an
effort to determine whether this combination therapy was merely delaying graft rejection
or was inducing long-term tolerance to the islet xenografts, we allowed a subset of mice
to go past 100 days post-transplantation with no additional anti-rejection therapy. All
five mice that were studied past 100 days maintained normoglycemia for greater than 200
post-transplantation (Figure 3-1). A nephrectomy of the islet graft bearing kidney was
performed in all mice to verify the presence of islet graft dependent euglycemia.
Following the removal of the islet graft bearing kidney, all five mice returned to
hyperglycemia. Histological analysis of the islet grafts revealed robust insulin positive
cells in most grafts and a moderate level of islet graft infiltration including some sporadic

CD4" T cells and virtually no CD8" T cells (Figure 3-2).
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Figure 3-1. Blood glucose levels of five mice receiving a short-term therapy of
rapamycin and anti-LFA-1 and monitored for 200 days post-transplantation. A survival
nephrectomy was performed at day 200 to verify the presence of graft dependent
euglycemia. All mice following the removal of the islet graft bearing kidney reverted to
hyperglycemia.
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Figure 3-2. Immunohistochemical analysis of islet grafts for insulin staining and
characterization of infiltrating mononuclear cell types at 200 days post-transplantation.
Staining for CD4 (CD4" T cells), and CD8 (CD8" T cells) was performed to identify
these populations of cells within the islet grafts. Positive cells are indicated by brown
staining. (Magnification 100x)
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3.3.2 'ADOPTIVE TRANSFER OF TOLERANT SPLEEN CELLS RESULTS IN

DELAYED REJECTION

Spleen cells of naive or tolerant mice were adoptively transferred to BALB/c
rag -/- mice. Following a post-transplantation period of 100 days to allow WF rat islet
engraftment, 50x10° naive spleen cells were adoptively transferred to BALB/c rag-/-
mice. All mice (3/3) rejected their grafts acutely with a mean survival time (MST) of
13.7 days following adoptive transfer (Table 3-1). The majority of mice that were
adoptively transferred with tolerant spleen cells rejected their WF rat islet grafts (7/8).
However, mice that were transferred with tolerant spleen cells demonstrated a delay in
the rejection of the islet xenografts (MST of 23.8 days) compared to mice receiving naive
spleen cells (p = 0.24 vs naive). In addition, one mouse receiving tolerant spleen cells
maintained normoglycemia for 50 days post-adoptive transfer, which was the end point of
the study. Spleen cells from naive mice and tolerant mice were combined in a 1:1 ratio
and adoptively transferred to BALB/c rag-/- mice to examine the effect of tolerant spleen
cells on the naive spleen cells in WF rat islet graft rejection. One mouse maintained
normoglycemia for greater than 50 days (1/6). The MST of mice transferred with a
combination of naive and tolerant spleen cells was 22.5 days, which was comparable to
mice receiving tolerant spleen cells (MST of 23.8 days) alone (Table 3-1) (p = 0.66 vs
naive). In a similar experiment, BALB/c rag -/- mice were transplanted as before, but
instead received either a Lewis rat islet xenograft or a C57BL/6 islet allograft. Following
adoptive transfer with tolerant spleen cells, all miée (6/6) rejected their Lewis rat islet

xenografts with a MST of 26.7 days. BALB/c rag -/- mice transplanted with C57BL/6
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islets and reconstituted with 50x10° tolerant spleen cells, all rejected their islet grafts

acutely (3/3) with a MST of 12.3 days post-adoptive transfer (Table 3-2).

Adoptive Transfer n Graft Survival (Days) MST (Days) £ SD
Spleen Cell Donor
Naive spleen cells (50x10° 3 10, 14,17 13.7+£3.5
cells)
Tolerant (50x10° cells) 8 | 9,13, 14, 14, 20, 30, 40, >50 23.8+14.8
spleen cells ]
Naive/Tolerant (50x10° 6 7,11,12, 14,41, >50 22.5+18.2
each) spleen cells ‘

Table 3-1. Graft survival in BALB/c rag -/- mice adoptively transferred with spleen cells
from either naive mice, tolerant mice, or a combination of the two types of donors. Mice
receiving naive spleen cells acutely rejected their islet grafts. Mice receiving spleen cells
from tolerant mice, or a combination of naive and tolerant spleen cells, demonstrated a
delay in rejection as measured by blood glucose, with one mouse from each group
maintaining its Wistar-Furth rat islet xenograft for over 50 days. Mean graft survival
time (MST) is reported in days following adoptive transfer + standard deviation.

Islet Donor n Graft Survival (Days) MST (Days) £ SD
Lewis rat 6 10, 13, 19, 34, 41, 43 26.7 £14.5
C57BL/6 mice 3 9,9,19 123+5.8

Table 3-2. Graft survival in BALB/c rag -/- mice transplanted with either xenogeneic
Lewis rat islets or allogeneic C57BL/6 mouse islets and adoptively transferred with
tolerant spleen cells. Mean graft survival time (MST) is reported in days following
adoptive transfer + standard deviation.

3.3.3 ISLET GRAFT REJECTION IS ASSOCIATED WITH GRAFT
INFILTRATION BY MONONUCLEAR CELLS

All grafts were collected either following rejection or after 50 days post-adoptive
transfer, for histologic examination of the islet graft and identification of cellular
infiltrate. Grafts of BALB/c rag-/- mice adoptively transferred with naive spleen cells

lacked insulin positive staining and a large influx of mononuclear cells was present at the
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site of the graft (Figure 3-3). Intense staining was detected for CD4" T cells and in
addition, CD8" T cells and CD11b" cells could be detected at the site of the graft albeit to
a lesser extent than CD4" T cells (Figure 3-4). The majority of mice that were adoptively
transferred with naive and tolerant spleen cells combined, lacked insulin positive staining.
In addition, a heavy infiltration of CD4" T cells could be detected at the site of the graft.
CD8" T cells and CD11b* cells were also detected, but again, were found at decreased
intensity when compared to amount of CD4" T cell staining. Insulin positive staining
was scarce or not detected in the majority of mice receiving tolerant spleen cells (data not
shown), however a significant amount of insulin positive staining was detected in the
mouse with >50 days graft survival following adoptive transfer (Figure 3-3). In addition,
the intensity of staining for CD4, CD8 and CD11b, was diminished in mice receiving
tolerant spleen cells, although at least some CD4*, CD8", and CD11b" cells could be

detected at the site of the xenograft (Figure 3-4).

B ' i h i:‘a\& 3 Ml SRR Wy ORI el S0 v,é". 2R Y ;
Adoptively Transferred Adoptively Transferred Adoptively Transferred
with Naive Spleen Cells  with Tolerant Spleen Cells with Naive/Tolerant
Spleen Cells

Figure 3-3. Histologic examination of islet xenografts at the time of rejection or 50 days
post-adoptive transfer. Islet grafts of BALB/c rag -/- mice adoptively transferred with
naive spleen cells demonstrate an intense infiltration of mononuclear cells and no insulin
positive cells (brown color). Islet grafts of one BALB/c rag -/- mice adoptively
transferred with tolerant spleen cells was positive for insulin staining. No insulin positive
staining was detected in the grafts of mice adoptively transferred with a mixture of naive
and tolerant spleen cells. (Magnification 100x)
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Figure 3-4. Immunohistochemical analysis of islet grafts for characterization of
infiltrating mononuclear cell types. Staining for CD4 (CD4" T cells), CD8 (CD8" T
cells) and CD11b (monocytes/macrophages, NK and granulocytes) was performed to
identify these populations of cells within the islet grafts. Positive cells are indicated by
brown staining. (Magnification 100x)

3.3.4 ISLET GRAFT REJECTION IS ASSOCIATED WITH AN INCREASE IN
MOUSE ANTI-RAT ANTIBODY PRODUCTION

Adoptively transferred recipient’s sera was analyzed using flow cytometry. In
mice that received naive spleen cells, and subsequently rejected their WF rat xenogratfts,
there was a significant shift of the histogram peak compared to the negative controls,

indicating that a significant production of mouse anti-rat antibody had occurred (Figure
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3-5). In mice that were adoptively transferred with naive and tolerant spleen cells
combined, a significant level of anti-rat antibody was detected. Mice that received
tolerant spleen cells and rejected their islet grafts, had increased levels of anti-rat
antibodies present in their sera compared to untransplanted controls. Anti-rat antibody
production was closely correlated to graft rejection. One BALB/c rag-/- mouse receiving
tolerant spleen cells, that maintained xenograft function for greater than 50 days, had no
detectable increase in mouse anti-rat antibody production compared to untransplanted

controls (Figure 3-5).

” 138 — Toll\ler_gnt gg
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Figure 3-5. Analysis of mouse anti-rat antibodies in BALB rag -/- mice using flow
cytometry. An increase in the level of mouse anti-rat antibodies was observed in the
serum of mice adoptively transferred with spleen cells from naive and naive plus tolerant
mice. No increase in anti-rat antibodies could be detected in the serum of the mouse with
graft function after 50 days following adoptive transfer of tolerant spleen cells. The
production of mouse anti-rat antibodies was closely coupled to islet graft rejection events.

3.3.5 RAPAMYCIN AND ANTI-LFA-1 TREATED RECIPIENTS ARE TOLERANT
OF A SECOND IDENTICAL RAT ISLET XENOGRAFT

BALB/c mice were transplanted with WF rat islets and treated with rapamycin
and anti-LFA-1 as before. Following at least 100 days of normoglycemia, a survival

nephrectomy was performed of the islet graft bearing kidney. Graft dependent
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euglycemia was confirmed, as all mice reverted to hyperglycemia. Once two
hyperglycemic readings were obtained, the contralateral kidney (right) was transplanted
either with the same WF rat strain or a Lewis rat islet graft. No anti-rejection therapy
was administered whatsoever. Of mice that were transplanted with WF rat islets for their
second islet transplant, 4 of 4 maintained normoglycemia for greater than 100 days post-
transplant, with no requirement for anti-rejection therapy (Table 3-3). To verify that
these mice were still capable of mounting an appropriate immune response, third party
skin grafts were performed. While a syngeneic BALB/c mouse skin graft was accepted,
C57BL/6 mouse skin grafts were ultimately rejected (data not shown). A similar
experiment was performed but instead of a re-transplantation with a WF rat graft as
before, mice received a Lewis rat islet graft. Interestingly, mice that received a second
islet transplant of Lewis rat islets, 2 of 3 mice rejected their islet grafts (as of the time of

writing)(Table 3-3).

Islet Donor n Graft Survival (Days)
Wistar-Furth rat 5 >88*, >100, >100, >100, >100,
Lewis rat 3 56, 63, >87*

Table 3-3. Graft survival measured in BALB/c mice following a second islet transplant
of the right kidney capsule. BALB/c mice were either transplanted with the identical
donor as the first transplant (Wistar-Furth rat) or with a different strain of islet donor
(Lewis rat). No anti-rejection therapy was administered. * indicates that this mouse is
still ongoing at the time of writing.

3.4 DISCUSSION

The aim of this study was to determine whether the combination of rapamycin and
anti-LFA-1 was merely prolonging graft survival or whether this therapy was mediating

the induction of tolerance to the rat islet xenografts. Rapamycin’s beneficial effect in
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preventing the rejection of allo-islet grafts has been clearly demonstrated clinically (17).
Historically however, immunosuppressive drugs including rapamycin, have largely been
classified as tolerance “unfriendly”. Recently however, an abundance of literature has
uncovered that the stigma of immunosuppressive drugs acting as a barrier to tolerance,
may not apply to rapamycin (6-9). Therefore, we tested the efficacy of répamycin along
with another effective anti-rejection agent, anti-LFA-1, to induce tolerance to concordant
islet xenografts in BALB/c mice.

To determine whether the combination of this anti-rejection therapy was merely
delaying graft rejection or was in fact inducing tolerance to the rat islet xenografts, we
monitored a subset of mice past 100 days to determine whether the mice would
eventually reject their WF rat islet graft. Of the mice that were monitored, 5/5
maintained normoglycemia for greater than 200 days post-transplantation or 172 days
after the last anti-rejection therapy was administered. This suggests that rapamycin and
anti-LFA-1 is extremely efficacious at inducing indefinite concordant islet xenograft
survival.

To test whether tolerance was transferable from mice receiving rapamycin and
anti-LFA-1 to mice with an identical WF rat islet graft, the spleen cells of combination
treated mice were isolated and adoptively transferred to BALB/c rag-/- mice who were
transplanted with an identical WF rat islet graft. Because BALB/c rag-/- mice lack T and
B cells, this model allowed us to determine whether the spleen cells being transferred
were tolerant of the WF rat islet graft or whether they would reject the graft, without the
interference of the host’s adaptive immune system. Spleen cells from naive

untransplanted BALB/c mice were capable of acutely rejecting WF rat islet grafts in
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BALB/c rag-/- mice. Despite a lack of rejection in BALB/c mice following the
combination anti-rejection therapy, spleen cells from these mice were capable of rejecting
an identical WF rat islet graft when adoptively transferred to BALB/c rag-/- mice, in the
majority of cases, albeit at a slower rate compared to mice which received naive spleen
cells. To determine if tolerance is induced dominantly, spleen cells from tolerant mice
were combined with spleen cells from naive mice to test whether the tolerant cells were
capable of suppressing the naive spleen cells. While the kinetics of rejection were
delayed when the tolerant cells were added to the naive cells, the majority of mice
receiving tolerant and naive cells eventually rejected their rat islet xenografts. To
investigate whether tolerant spleen cells were strain or species specific, islet grafts from
Lewis rats or C57BL/6 mice were transplanted into BALB/c rag-/- mice. Following a
100 day period to allow the islets to engraft, BALB/c rag-/- mice were reconstituted with
50x10° tolerant spleen cells and their blood glucose levels were measured. BALB/c rag-
/- mice that were transplanted with Lewis rat islets, all rejected their islet grafts (n=6)
after transfer of tolerant spleen cells. Likewise, BALB/c rag-/- mice transplanted with
C57BL/6 islet grafts, all rejected their islet grafts upon transfer of tolerant spleen cells
with similar kinetics as mice receiving naive spleen cells alone. This evidence would
suggest that spleen cells from rapamycin and anti-LFA-1 treated mice, induce incomplete
tolerance once adoptively transferred. This is based on the observation that 3 of the 8
mice receiving tolerant spleen cells rejected their islet grafts slower compared to those
mice receiving naive spleen cells alone, with one mouse maintaining islet graft function
for greater than 50 days post-transfer. It appears that the tolerant spleen cells were

capable of suppressing the acute rejection caused by naive spleen cells when the two

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



populations were mixed and transferred, as the MST of mice was similar to those mice
which received tolerant cells only (22.5 vs 23.8 days respectively). However, the
majority of mice receiving naive and tolerant spleen cells rejected their grafts,
emphasizing that the spleen cells from mice treated with rapamycin and anti-LFA-1 are
incompletely tolerant. While tolerant spleen cells were capable of rejecting Lewis rat
islet grafts with similar efficiency as WF rat islets (26.7 vs 23.8 days respectively), when
the tolerant cells were transferred to BALB/c rag-/- mice with a C57BL/6 islet graft, the
graft was rejected with similar kinetics as those which were exposed to naive spleen cells
(12.3 vs 13.7 days respectively). This would suggest that while tolerance is incomplete in
this model, it appears to be species specific, however further investigation is required to
fully substantiate this conclusion. Although the mechanism behind which the tolerant
spleen cells reject islet xenografts at a slower rate has yet to be elucidated, the possibility
of a regulatory population of cells present within the spleen cell mixture has not been
ruled out. Regulatory T cells are known to have potent immunomodulatory effects on
islet graft rejection (18-21), and could possibly éccount for the delayed graft rejection
observed following transfer of tolerant spleen cells.

Islet graft infiltration was characteristic of those mice that rejected their grafts.
Heavy infiltration of CD4" T cells could be detected at the site of rejected grafts, with
CD8" T cells and CD11b" cells also present, but to a lesser extent, indicating the
importance of helper T cells in mediating graft rejection. BALB/c rag-/- mice that were
transferred with tolerant spleen cells, in general, displayed a reduced intensity of staining

for CD4, CD8 and CD11b. The mouse which received tolerant spleen cells, and
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maintained normoglycemia for greater than 50 days displayed a markedly reduced
infiltration of the islet graft.

Mouse anti-rat antibody production was closely correlated to graft function as the
serum of mice that rejected their xenografts contained higher levels of anti-rat antibodies.
Conversely, the sera of the mouse with graft function after 50 days post-adoptive transfer
contained virtually no increase in anti-rat antibodies compared to naive untransplanted
controls. Given this data, it would appear likely that both cellular and humoral mediated
immune responses participate in the rejection of the islet grafts in this experimental
model.

To further examine whether rapamycin and anti-LFA-1 anti-rejection therapy was
inducing tolerance, we nephrectomized mice that were treated with rapamycin and anti-
LFA-1 and maintained islet graft function for >100 days, and re-transplanted with a WF
or Lewis rat islet graft. Interestingly, 100% of mice (4/4) were tolerant of a second WF
rat islet graft and maintained normoglycemia for over 100 days following the second
transplant. In contrast however, as of the time of writing, only 33% of recipients (1/3)
who received Lewis rat islets at the time of the second transplant maintained
normoglycemia. In contrast to our adoptive transfer experiment, tolerance in this
experimental model appears to be not just species specific, but strain specific as well.
There are several factors which could explain this discrepancy. The possibility exists that
the spleen in mice treated with rapamycin and anti-LFA-1 may not contain a significant
level of regulatory cells, which could be required for the protection of the islet graft. It
has been shown that tolerance which is at least partly induced via the presence of

regulatory T cells occurs locally, at the site of the graft and in the regional lymph nodes
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(18;22;23). Therefore, by transferring cells from the spleen, we may only be transferring
peripheral cells which are not tolerant of the islet graft. Another possible explanation of
this discrepancy is based on the finding that extensive T-cell proliferation can occur
under conditions of lymphopenia. This process which is termed homeostatic proliferation
has been found to induce the acquisition of functional memory T cells which play a role
in the prevention of tolerance induction (24-26). BALB/c rag-/- mice, which lack T and
B cells, are classified as lymphopenic. It could be hypothesized that following adoptive
transfer of donor spleen cells, that these cells undergo homeostatic proliferation, creating
a barrier to the induction of tolerance.

Pig islets represent a potential source of islets for transplantation in humans.
Many experimental models utilize mice as pig islet recipients, which represents a
phylogenetically disparate relationship. It has been well documented that as the degree of
phylogenetic disparity increases between a donor and recipient, the indirect pathway of
antigen presentation dominates (27;28). As pigs are more closely related to humans (5),
the participation of the direct pathway of immune activation becomes increasingly active.
Therefore anti-rejection therapies will need to be efficacious in both direct and indirect
antigen presentation for pig islet xenotransplantation to succeed in the clinic. Rat islet
xenotransplantation into mice offers unique model for studying effective anti-rejection
therapies in concordant islet xenotransplantation. Rapamycin and anti-LFA-1 short-term
therapy appears to be extremely efficacious at inducing indefinite islet xenograft survival
as well as inducing tolerance to WF rat islet grafts. Further experiments are required to
determine if tolerance is induced through a regulatory T cell population, however several

studies have shown that rapamycin therapy can induce and selectively expand
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CD4"CD25 Foxp3™ regulatory T cells (6;8). The results of this study indicate that
rapamycin and anti-LFA-1 therapy could form a significant component of future anti-
rejection regimens aimed at inducing tolerance in clinical xenogeneic islet

transplantation.
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CHAPTER 4

GENERAL DISCUSSION AND CONCLUSIONS

4.1 GENERAL DISCUSSION

Type 1 diabetes mellitus (T1DM) is a chronic metabolic disorder characterized by
hyperglycemia, resulting from the autoimmune destruction of the insulin producing
cells of the pancreas. The discovery of insulin in 1921 dramatically changed the
treatment of T1DM and transformed what was an acutely fatal illness, into a chronic
disease (1-3). While the discovery of insulin was a tremendous leap forward in the
treatment of T1DM, it became apparent that exogenous insulin injections could not
provide the tight degree of glycemic control found in people with functional 3 cells. As
the life expectancy of patients with T1DM increased, the number of side effects,
associated with fluctuating glucose levels, also increased. These side effects can include
foot ulceration, retinopathy, neuropathy, and nephropathy, greatly shorten life
expectancy, as well as diminish the quality of life, highlighting the need for better
treatment alternatives for people with T1DM (4-14).

Several alternative treatment options have emerged for patients with T1DM
including: islet transplantation (15;16), pancreas transplantation (17;18), stem cell
differentiation (19-22), and P cell regeneration (23;24). Islet transplantation has recently
gained worldwide attention as a viable treatment alternative for patients with TIDM. The
Edmonton Protocol was the first report of insulin independence in 100% of patients at 1
year following an allogeneic islet transplantation (25). The recent success of human islet

transplantation has thrust islet transplantation to the forefront of treatment possibilities for
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patients with TIDM. Despite this dramatic advancement, islet transplantation at present
is not a viable treatment option for the majority of people with TIDM. There are two
primary reasons for this finding, the first being the shortage of donor pancreatic tissue,
and the second, the need for continuous immunosuppression to prevent the immune
mediated rejection of the transplanted islet graft. These shortcomings have prompted
investigators to seek out new sources of insulin producing tissue and new methods of
preventing the rejection of the transplanted islets which are not associated with the
toxicity of the currently implemented immunosuppressive regimen (26;27). To address
the issue of organ shortage, xenogeneic donors have been proposed as a potential source
of pancreatic tissue for human islet transplantation. While many xenogeneic sources of
insulin producing tissue have been used experimentally, pigs are arguably the most ideal
source for humans because of the structural similarity of porcine insulin to human insulin
(28), the potentially unlimited supply of porcine tissue (29), and the potential to decrease
the immunogenicity of the tissue by genetic manipulation (30;31). However, xenogeneic
islets elicit a strong immune response. This has prompted investigation of new ways of
preventing xenogeneic islet rejection that can be given short term and induce tolerance to
the xenogeneic islets, abrogating the toxicity associated with chronic
Immunosuppression.

Rapamycin (sirolimus) an immunosuppressive drug, is one of the mainstays of
treatment in the Edmonton Protocol (32). Rapamycin has a potent ability to inhibit T and
B cell proliferation (33-36), which has made it the therapy of choice in many different
types of transplantation (37). Immunosuppressive drugs historically, have been thought

to act as a barrier to tolerance induction. Several studies however, have suggested that
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rapamycin may actually promote the induction of antigen specific tolerance (38;39) as
well as selectively expand CD4"CD25 Foxp3" regulatory T cells (40), prevent new onset
diabetes and induce immune tolerance in NOD mice (41).

Leukocyte function associated antigen-1 (LFA-1) has emerged as an important
contributor of T cell activation. LFA-1 facilitates the migration of leukocytes to the site
of an immune response (42), stabilizes the APC/T cell immune synapse (43), and
produces its own positive activation signal (44). The targeting of recipient LFA-1 and
donor ICAM-1 has been shown to prolong concordant islet xenotransplantation (45;46),
and in discordant islet transplantation the ICAM-1/LFA-1 interaction was found to be
critical for xenograft rejection (47). Recently, a humanized form of anti-LFA-1,
Efalizamab was approved for phase IV trials for the treatment of psoriasis (48).

While rats do not represent a potential source of islets for clinical transplantation,
they do represent an attractive source of islets to study concordant xenogeneic islet
transplantation in mice. Porcine islets have been proposed as a suitable alternative source
of islets in clinical transplantation (29;49-51). However, at present, many experimental
models involving porcine tissue utilize mice as recipients, which represents a discordant
relationship (52). Pigs and humans are more closely related than pigs and mice (53),
consequently, the type of immune response which is elicited in each situation is different
(54;55). If porcine islets are to become a source of islets in clinical transplantation, the
immune response must be examined as the relation between donor and recipient becomes
more concordant. Analyzing the potential of clinical therapies to prevent xenograft
rejection and their ability to prevent concordant and discordant rejection is of significant

importance.
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Xenogeneic islets are subject to a robust immune response. However in Chapter 2
of this manuscript, it was demonstrated that a short-term administration of anti-LFA-1
alone or in conjunction with rapamycin, prevented the rejection of Wistar-Furth rat islet
xenografts in BALB/c mice long-term or >100 days. Islet grafts from mice surviving
long-term revealed robust insulin positive cells and a reduction in the extent of immune
cell infiltration including reduced levels of CD4" T cells, CDS8" T cells and CD11b" cells.
The effect of rapamycin and anti-LFA-1 on the humoral immune system was also
examined. While treatment with rapamycin did slightly decrease mouse anti-rat antibody
levels, anti-LFA-1 therapy alone or in conjunction with rapamycin, significantly reduced
mouse anti-rat antibody production to levels similar to untransplanted naive controls. In
addition, the potent efficacy of rapamycin, anti-LFA-1 or both, to completely abrogate
the proliferation of BALB/c lymphocytes was demonstrated in vitro. Chapter 2 revealed
the effectiveness of targeting LFA-1 in concordant xenogeneic islet transplantation as this
monotherapy was as effective as combining it with rapamycin. Given the data shown, it
appears likely that the prevention of islet graft rejection following these anti-rejection
therapies is attributed to the ability to target both the cell mediated and humoral immune
responses, with an emphasis on the humoral immune response. What was unclear at the
conclusion of Chapter 2 was whether the combination therapy was merely prolonging
graft function or whether it was inducing tolerance to the rat islet xenografts.

In Chapter 3 the ability of rapamycin and anti-LFA-1 short-term therapy to induce
tolerance to rat islet xenografts was examined. Despite the observation that anti-LFA-1
monotherapy proved to be equally as efficacious as combining with rapamycin, the

combination therapy of rapamycin and anti-LFA-1 was studied in Chapter 3, given recent
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findings that rapamycin treatment selectively expands CD4 CD25 Foxp3” regulatory T
cells (40) and induces allogeneic islet graft tolerance (38). The combination therapy was
administered short-term and was found to induce indefinite islet xenograft survival with
100% of mice maintaining xenograft function for over 200 days post-transplantation.
The spleen cells of combination treated recipients once adoptively transferred to BALB/c
rag-/- mice, did demonstrate a delay in the rejection of the islet graft compared to naive
spleen cells, although the difference was not significant. Tolerant spleen cells from
combination treated BALB/c mice were equally as effective at rejecting Lewis rat islet
grafts in BALB/c rag-/- mice. When the tolerant spleen cells were combined with naive
spleen cells, the tolerant spleen cells appeared to suppress the ability of the naive spleen
cells to acutely reject the islet graft, although this difference was not significant. Despite
the observation that the majority of mice rejected their islet xenografts once adoptively
transferred, one mouse from each of the tolerant spleen cell, and naive combined with
tolerant spleen cell groups maintained islet graft function for greater than 50 days after
transfer. This finding suggests that the tolerance induced via rapamycin and anti-LFA-1
therapy is incomplete. While it could not be determined definitively, the tolerant spleen
cells appeared to be species specific as the tolerant spleen cells rejected CS7BL/6 islet
grafts as effectively as naive spleen cells rejected WF-rat grafts. A lack of insulin
staining and islet graft infiltration with CD4" T cells, and to a lesser extent CD8'T cells,
CD11b" cells was characteristic of rejected islet grafts, as was an increase inA the
production of mouse anti-rat antibodies. However, insulin positive staining was still
detected in one mouse receiving tolerant spleen cells with graft function at 50 days. In

addition, reduced staining for CD4" T cells, CD8" T cells, and CD11b" was detected, as
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well as a reduction in mouse anti-rat antibody, compared to mice adoptively with naive
spleen cells. The ability of rapamycin and anti-LFA-1 to induce tolerance was next
examined in an animal model with an intact adaptive immune system. BALB/c mice that
were transplanted with WF rat islets and received rapamycin and anti-LFA-1 were
tolerant of a second WF rat islet graft, maintaining graft function for greater than 100
days following a second islet transplantation. Interestingly, the majority of BALB/c mice
were not tolerant of a second Lewis rat islet transplant, indicating that rapamycin and
anti-LFA-1 therapy induces strain specific tolerance. This discrepancy from the adoptive
transfer experiment could be explained by the possibility that the spleen in mice treated
with rapamycin and anti-LFA-1 may not contain a significant level of regulatory cells,
which could be required for the protection of the islet graft. Therefore, by transferring
cells from the spleen we may only be transferring peripheral cells, which are not tolerant
of the islet graft. Another possible explanation of this discrepancy could be that
following adoptive transfer of donor spleen cells, these cells may undergo homeostatic
proliferation, creating a barrier to the induction of tolerance. Clearly more
experimentation is needed to demonstrate the reproducibility of these observations, as
well as determine whether anti-LFA-1 monotherapy is equally as effective at inducing

tolerance in this experimental model.

4.2 CONCLUSION

The success of the Edmonton Protocol has provided tremendous support for islet
transplantation as a potential alternative therapy for patients with TIDM. However,

despite these recent advancements in islet transplantation, this therapy is not available to
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the vast majority of patients with T1DM because of the shortage of donor islets and the
toxicity of the immunosuppressive regimen. Xenogeneic islet transplantation holds
promise for clinical transplantation because of the potentially unlimited supply of islets.
As xenotransplantation approaches clinic trials, renewed concerns over effective anti-
rejection therapies in xenogeneic islet transplantation are emerging. For
xenotransplantation to succeed clinically, demonstrated safety, and more effective anti-
rejection protocols will need to be developed. We have shown that a short-term anti-
rejection therapy of rapamycin and anti-LFA-1 can successfully prolong concordant
xenogeneic islet grafts indefinitely and induce tolerance to these same islet grafts. It is
the hope that the research presented in this manuscript will provide insight into the nature
of the immune response to xenogeneic islet transplantation in humans and aid in the
development of effective, tolerance inducing therapies, so that patients with T1IDM will

once again know a life free from their disease.
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