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ABSTRACT

Neonatal porcine islets (NPI) may potentially solve the shortage of tissues for
human transplantation, however, it is critical that we must further characterized these
tissues before they can be used in clinical transplantation. It is not known to what extent
NPI will be susceptible to destruction by both humoral and cell-mediated mechanisms.
Gala(1,3)Gal is the major xenoantigen responsible for hyperacute rejection of pig organs.
This antigen is recognized by human xenoreactive natural antibodies and when these bind
and activate complement, the transplanted organs or tissues are rapidly destroyed. It is
generally believed that Gala(1,3)Gal is not expressed on islet endocrine cells and
therefore it has been speculated that these cells would be spared from humoral-mediated
destruction. However, we found that a subset of NPI consists of cells which expressed
Gala(1,3)Gal and expression was detected on both endocrine and non-endocrine cells.
Interestingly, both Gal-positive and Gal-negative cells were susceptible to humoral-
mediated destruction in vitro. To further characterize the expression of this antigen on
porcine islets, 9-day cultured (non-matured) NPI, NPI which have been matured by in
vitro culture, or by transplantation into nude mice, and adult pig islets were
immunostained with IB4 lectin and/or antibodies to insulin and cytokeratin 7.
Gala(1,3)Gal expression on porcine islet cells is age-dependent being most abundant on
non-matured B cells. This may explain in part why other studies did not detect this
antigen on endocrine cells.

One strategy to prevent destruction of islets by human immune cells is to use

immunoisolation device such as microcapsules. To test the efficacy of



microencapsulation in protecting NPI from the cytolytic effects of human antibody and
complement we exposed microencapsulated NPI to human serum and complement.
Microencapsulation protected NPI from the in vitro cytolytic effects of human antibody
and complement and the microencapsulated tissues can reverse diabetes in nude mice.
Finally, to examine the susceptibility of NPI to cell-mediated immune injury, the
proliferative response of human peripheral blood lymphocytes, as well as the ability of
natural killer (NK) and cytotoxic T lymphocytes (CTL) to lyse NPI cells were measured.
NPI cells were not susceptible to injury mediated by NK cells and/or CTL in vitro.
Taken together, these studies provided important information on the nature of
human immunological responses against NPI and the potential of these tissues to one day

be successfully transplanted into patients with type 1 diabetes.
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CHAPTERI

GENERAL INTRODUCTION

I-A) DIABETES MELLITUS

Diabetes is a Greek word which means a fountain and mellitus is the Latin word
for honey thus, diabetes mellitus literally means a “fountain of honey™” (1). In clinical
terms, diabetes mellitus is a chronic disorder in which the pancreas is unable to produce
insulin, does not produce enough insulin to meet the body’s needs or the body cannot use
the insulin that is produced. As a result high levels of glucose in the blood and urine are
observed. According to the Diabetes Resources Network in Canada (2), diabetes mellitus
is the leading cause of death by disease in Canada and also the leading cause of new
blindness in adults. It is responsible for 25% of cardiac surgery, 40% of end-stage renal
disease, and 50% of all non-traumatic amputations. The percentage of the total Canadian
population diagnosed with diabetes is now believed to be 5% or even higher in certain
groups such as the Native population. By including estimates of undiagnosed (and
therefore unreported) diabetes, the estimate of all cases is believed to be between 7 and
10% of the Canadian population. Over 1.5 million Canadians have been diagnosed with
diabetes. Another half of that number are believed to have diabetes but do not know it.
Incidence and prevalence of diabetes increases with age. It is estimated that by the year

2004, one in four Canadians over the age of 45 will have diabetes mellitus (2).



1. Insulin-Dependent Diabetes Mellitus

The World Health Organization (WHO) designates four major clinical classes of
diabetes; insulin dependent diabetes mellitus IDDM) or Type 1 diabetes, non-insulin
dependent diabetes mellitus (NIDDM) or Type 2 diabetes, malnutrition-related diabetes
mellitus (MRDM), and other types of diabetes associated with certain conditions and
syndromes for example pancreatic disease, disease of hormonal etiology, drug-induced or
chemical induced conditions, abnormalities of insulin or its receptors, and certain genetic
syndromes (3). In addition, diabetes first recognized during pregnancy is termed
gestational diabetes, but such cases cannot be specifically classified as to type until
postpartum period (3). This chapter will focus its discussion on IDDM.

IDDM occurs when the pancreas is unable to produce insulin. It is characterized
by absolute insulin deficiency, abrupt onset of severe symptoms, proneness to ketosis and
dependence on exogenous insulin to sustain life (3). IDDM is one of the most common
chronic childhood illnesses, affecting an estimated 50,000 new cases per year worldwide
(4, 5). It often appears suddenly in early adolescents, however, type 1 diabetes may occur
at any age and affects about 10% of all people with diabetes. To manage the condition
and stay alive, an individual with type 1 diabetes requires daily insulin injections, as well
as healthy meal planning and regular exercise. In 1993, studies performed by the Diabetes
Control and Complications Trial (DCCT) Research Group demonstrated that intensive
insulin therapy to maintain blood glucose concentrations close to normal range can delay
the onset and slow progression of long-term complications in IDDM (6). These

complications include kidney failure, blindness, and heart failure.



2. Etiology of IDDM

IDDM resuits from a chronic autoimmune destruction of the pancreatic B cells,
probably initiated by exposure of a genetically susceptible host to an environmental agent
(7). Although the candidate genetic and environmental factors appear to be quite
prevalent, B cell autoimmunity develops in less than 10% and progresses to diabetes in
less than 1% of persons in the general population. The autoimmune process is mediated
by macrophages and T lymphocytes with circulating autoantibodies to various B cell
antigens. Epidemiologic studies have defined autoimmunity as the presence of
autoantibodies (8). Earlier studies have described the epidemiology of B cell
autoimmunity by measuring islet cell antibodies (ICA) in the classical
immunofluorescence test using pancreatic tissue (9). This test has been very difficult to
standardize and is now being replaced by combinations of several assays for antibodies
against specific f cell antigens, such as insulin (IAA) (10, 11), glutamic acid
decarboxylase (GAD) (12, 13), ICA 69 (14), 37-kda antigen (15), and ICA512 (16).

a) Genetic factors

In contrast to the wealth of data conceming genetic markers associated

with clinical diabetes, little is known about the genetic determinants of B cell
autoimmunity. No particular HLA type seems to be associated with B cell autoimmunity,
although inconsistent associations between insulin or GAD autoantibodies and HLA-DR,
DQ phenotypes have been reported. The HLA-DR2, DQB1*0602 haplotype, which
almost completely protects from type 1 diabetes (17) is found in about 15% of GAD and

[AA-positive young relatives of IDDM patients (18). However, over 90% of those



strongly or persistently ICA positive are HLA-DR3 or 4, similar to IDDM patients (19).
Children with B cell autoimmunity identified from the general population also show a
variety of HLA genotypes, but 90% of those persistently ICA positive are DRB1*04,
DQB1*030 (20, 21). This suggest that HLA genes may not be involved in the initiation of
B cell autoimmunity, but rather determine progression to diabetes. More subjects with 8
cell autoimmunity need to be genotyped to precisely determine the role of HLA and
additional type 1 diabetes candidate genes (22-26).
b) Environmental factors

i) viruses

The concept that a preceding viral infections can trigger diabetes mellitus
has been given serious thought for many years (27). The idea that viruses might cause
some form of [IDDM comes from numerous case reports showing temporal relationship
between the onset of certain viral infections (for example, rubella, mumps and
Cocksackie B viruses) and subsequent development of diabetes (28-31). ICA or IAA has
been detected after mumps (32), rubella, measles, and chicken pox (33), Cocksackie virus
(34), and ECHO4 (35) infections. Newborns and infants are particularly more susceptible
to develop a persistent infection and among patients with congenital rubella syndrome;
70% have ICA (36). The evidence is strongest for picornaviruses, which include human
(enteroviruses and rhinoviruses) and animal pathogens (mouse EMC virus and Theiler’s
virus). Picornaviruses induce type 1 diabetes in numerous animal models, and their
tropism to human B cells has been demonstrated (37). A molecular mimicry between the

P2-C protein of Coxsackievirus and the GAD protein (38) may be responsible for B cell



autoimmunity. Cross-sectional studies of anti-Coxsackievirus antibodies in B cell
autoimmunity have been weak and inconclusive (39, 40). However, a prospective study
of ICA-negative Finnish relatives found a strong relation between enteroviral infections
and development of ICA or IDDM during a 3-year follow-up (41). Other case reports and
epidemiological studies support the idea of virus-induced diabetes by showing a) viral
specific antigens in the islets of Langerhans and destruction of B cells in the pancreas of
diabetic patients (42); b) the presence of viral antibodies with rising titers in paired sera
from newly diagnosed IDDM patients (42, 43); c) high frequency of Cocksackie B virus-
IgM specific antibody in newly identified diabetic children (44, 45); d) B cell damage in
children who died of well-documented, overwhelming viral infections (46); and e) the
isolation of viruses from patients with acute-onset diabetes and the demonstration that
these isolated viruses could induce diabetes in mice (42, 47).

ii) dietary factors

Exposures to cow’s milk, bovine serum albumin (BSA), or B-casein prior
to gut cellular tight junction closure or during gastroenteritis when the intestinal barrier is
compromised are alternative causes of p cell autoimmunity. Cow’s milk or wheat
introduced at weaning trigger insulitis and diabetes in animal models (48), perhaps
through a molecular mimicry between BSA and a rat B cell protein p69 (49). Human data
are few and conflicting. A human homologue of p69 (ICA69) shows two different regions
of homology with BSA (50). A study of 94 relatives (median age 5 years) did not find any
association between breast feeding or early exposure to cow’s milk and the presence of

GAD, IAA, or ICA 69 autoantibodies (51). The role of ICA 69 in IDDM and the



existence of the molecular mimicry between ICA 69 and BSA are controversial (52).
Although anti-BSA antibodies are more prevalent in ICA/IAA-positive than in ICA/IAA-
negative relatives of IDDM patients or unrelated controls (53), this could be explained by
higher responsiveness to BSA in HLA-DR3 subjects, who account for a majority of
autoimmunity cases (54). Anti-BSA antibodies are not elevated in most of the relatives
followed to diabetes (54).

The association between cow’s milk and autoimmunity could be due to the effect
of B-casein immunostimulating hexapeptide present in enzymatic hydrolysate of milk
from Bos taurus cows, but not from Bos indicus cows (7). Chemical compounds (for
example streptozotocin; 55) or dietary nitrates and nitrozamines (56) induce B cell
autoimmunity in animal models. Multiple hits of dietary B cell toxins may render
genetically resistant individuals susceptible to diabetogenic viruses leading to IDDM
éN.

An interesting hypothesis is that cow’s milk might exert detrimental effects on gut
or systemic immunoreactivity leading to disturbed peripheral tolerance mechanisms
and/or enhanced susceptibility to viral infections (58). Upon digestion, several caseins
give rise to opioid peptides, which bind to opiate receptors on immune cells leading to
activation of mast cells or to modulation of T-cell and macrophage reactivity. Whereas -
casein of Bos taurus (allele A1) gives rise to B-casomorphin 7, B-casein of Bos indicus
(allele A2) does not. In non-obese diabetic (NOD) mice, B-casein Al was found to be
diabetogenic when added to an elemental non-diabetogenic diet, whereas B-casein A2

was not. Furthermore, admixture of the p-opioid antogonist naloxone suppressed the



diabetogenic effect of B-casein (58). Interestingly, most of the milk produced in the
Western world contains substantial amounts of B-casein Al. The consumption of A1 but

not A2 per capita appears to correlate with regional (national) diabetes risk (59).

I-B) CURRENT TREATMENTS FOR IDDM
1. Subcutaneous Insulin Injection

The discovery of insulin at the University of Toronto in 1922 was one of the most
dramatic events in the history of the treatment of type 1 diabetes (60). Conventional
subcutaneous insulin injections have largely prevented the acute metabolic complications
of IDDM, however the long-term complications, particularly micro-and macroangiopathy
are still the major source of morbidity and mortality among the diabetic population.
Despite close monitoring of blood glucose and the use of multiple injections of regular
insulin to closely regulate blood glucose, this treatment cannot fully and constantly
control metabolic dysfunction in patients with IDDM. The relative ineffectiveness of the
subcutaneous insulin therapy is mainly attributable to its inability to reproduce tight
reciprocal control between blood glucose and insulin levels (61). Another variable of
potential importance is the site of insulin delivery, which occurs directly in the systemic
circulation after subcutaneous injections, as opposed to the physiological situation, where
the hormone is secreted into the portal vein and a significant portion of insulin is
extracted by the liver. The subcutaneous therapy, thus, is not able to reproduce the
physiologic insulin gradient between the liver and the systemic circulation, which

perfuses the peripheral insulin-sensitive tissues. Consequently, insulin-treated patients



will expose the liver to lower insulin levels and their peripheral tissues to higher insulin
levels than the normal subjects.

An alternative approach for reaching and sustaining near-normoglycemia, as close
as possible to the physiological model is the replacement of pancreas or islets by
transplantation. The possibility of transplanting pancreatic tissue has interested
experimental investigators since 1889 when Von Mering and Minkowski (62)
demonstrated that removal of the canine pancreas resulted in hyperglycemia and
suggested pancreatic transplantation in dogs. In 1893, Williams and Harsant (63) were the
first to attempt islet tissue transplantation in a diabetic patient using bits of sheep
pancreas.

2. Pancreas Transplantation

Early attempts at transplanting the pancreas (64, 65) were considered unsuccessful
because the exocrine enzymes autodigested the transplanted tissue and injured the host
(66). It was on December 16, 1966 that the first human pancreas transplant was done by
Kelly, Lillehei, and associates for a uremic diabetic recipient of a simultaneous kidney
transplant (67). Although graft pancreatitis developed, endocrine function was sustained
for several weeks, before rejection of both organs occurred. This initial attempt clearly
showed that a pancreas transplant could establish a normoglycemic, insulin-independent
state for a human with type 1 diabetes. A second pancreas transplant (again simultaneous
with a kidney) was done on December 31, 1966. In contrast with the first, this was a
whole pancreas-duodenal-proximai jejunal allograft, and exocrine secretions were drained

externally via a cutaneous jejunostomy (67). Another 12 pancreas transplants were done



by Dr. Richard Lillehei and associates from 1967 to 1973 (68, 69), completing a series of
14 (70). Although most grafts functioned immediately (patients became insulin-
independent), all except one were rejected within 1 year. The results were not as good as
had been hoped and the need to go back to the drawing board was apparent by the early
1970s. As many as 7,505 pancreas transplants have been reported to the International
Pancreas Transplant Registry from 1966 to 1995 by more than 170 institutions 0.
Approximately 85% were in diabetic renal allograft recipients (72). Since 1986, success
rates (insulin-independence for >1 year) as calculated by the Pancreas Transplant
Registry, have been over 75% for pancreas transplants performed simultaneous with a
kidney (SPK), and over 50% when performed as a solitary procedure (71). With good
HLA matches, however, the success rate with bladder-drained solitary pancreas transplant
has also been over 70%. With the new immunosuppressive agents available, HL.A
matching for solitary pancreas transplants may be less important. In a recent multi-center
analysis of institutions using FK506 in pancreas transplant recipients (71), graft survival
rates were over 80% for all categories of recipients (SPK, pancreas after kidney (PAK),
pancreas transplant alone (PTA)). Similar results were obtained in a single center analysis
(73, 74).

Although pancreas transplantation offers a strong opportunity to induce, quite
reproducibly, remission of hyperglycemia in IDDM patients, one of its major drawbacks
is the major surgical procedure it requires which results in a significant morbidity and a
small but definite mortality (75, 76). In addition, vascularised pancreas transplant

recipients require profound long-term immunosuppression with serious side effects (77,



78). Multiple-dose immunosuppressive treatment is invariably required to prevent the
host’s immune response, and many patients will also require either short courses of high
dose corticosteroids or antilymphocyte globulin (ALG) or OKT3 for the management of
acute rejection crises (70). The potential recurrence of autoimmune disease in the
transplanted pancreas remains an open issue. In spite of previous observations that such
an immune response can only be recognized in an identical twin receiving segmental
pancreatic graft from the sibling without immunosuppression (79) there had been
evidence that showed autoimmune disease may also recur in immunosuppressed IDDM
patients receiving cadaveric pancreatic allografts (80). The recurrence of autoimmune
response also applies to islet grafts (81), however unlike the whole pancreas, islets can be
treated by a variety of methods designed to reduce their immunogenecity.
3. Islet Transplantation

Islets of Langerhans occupy only 2% of the volume of the pancreas (76). Thus the
complications associated with transplanting the remaining 98% of the gland, including
the exocrine cells and harmful proteolytic enzymes, may be avoided by transplanting only
the isolated endocrine tissue, which is all that is required to relieve the diabetic state. Islet
transplantation offers the potential advantages of pre-transplant reduction of
immunogenecity thus possibly obviating the need for continuous life-long recipient
immunosuppression. Moreover, islet cells can be pre-treated in culture, transplanted into
immunopriveleged sites, and/or transplanted days to weeks after recipient pre-treatment
with donor antigen (as outlined in Table 1-1; 76). Long-term preservation of large

amounts of isolated islets can also be performed by cryopreservation techniques. Isolated
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islets of Langerhans derived from rodent pancreas can be frozen and stored at -196 °C for
months or years without evident loss of viability (82, 83). Islet transplantation is a rather

simple procedure associated with only minor risks, if any (84). In this case the application
of islet transplantation may be extended to non-uremic type 1 diabetics including diabetic

children which is the ultimate target group for transplantation of isolated pancreatic islets.

Table 1-1. Comparison between whole pancreas and islet transplantation.

Whole pancreas Islet
GRAFT
Preparation Surgery Surgery+Laboratory
Preservation <24h >24h
Quality control Not possible Possible
Tissue pretreatment Not possible Possible
Tissue banking Not possible Possible
IMPLANTATION
Technique Complex Simple
Site Normal Ectopic

(From: Purello F, Pipeleers D. Transplantation in diabetes: a cell biological problem. J Endocrinol Invest
1995; 18: 311-319).

Pancreatic islets were first described by Paul Langerhans in 1869, when his thesis
as a medical student in Virchow’s laboratory was published (85). Following the
successful autologous transplantation of pancreatic fragments in a dog by Minkowski in
1892 (86) in an attempt to prevent the development of diabetes mellitus, the idea of
separating islet tissue from the exocrine tissue of the pancreas before transplantation was
suggested by Ssobolew (87). The message of Ssobolew was not well taken and it took
sixty years until the first method was described to isolate islets via hand dissection under
the microscope (88). This method was traumatic and yielded only a small numbers of

11



islets per pancreas. The first major contribution to islet transplantation was made by
Moskalewski (89) who used the enzyme collagenase to digest chopped guinea pig
pancreas. Lacy and Kostianovsky (90) improved the technique by intraductal distention of
the pancreas to disrupt the exocrine tissue prior to mechanical mincing and enzymatic
digestion of the gland. The islets were then separated from the digested pancreas by
centrifugation in sucrose gradients. These modifications resulted in isolation of
approximately 300 intact islets from a single rat pancreas. Later on centrifugation on
Ficoll gradients proved to be most effective (compared to sucrose) since it provided a
better osmotic environment for the islets (91, 92).

The first report of transplanting isolated rodent islets was in 1970 by Younoszai
and associates (93). They demonstrated temporary amelioration of chemically induced
diabetes in rats. Ballinger and Lacy (94) were the first to demonstrate a sustained and
significant reduction of hyperglycemia (as measured by urine volumes, urine glucose and
weight gain) by transplanting 400-600 isolated islets to the peritoneal cavity or thigh
muscle of inbred diabetic Lewis rats. In 1973, Reckard and Barker (95) demonstrated
complete normalization of glucose in rats for as long as 7 months following
intraperitoneal injection of 800-1,200 autologous islets. Kemp and co-workers (96)
demonstrated that the same number of islets, approximately 800 (that only partially
ameliorated the diabetic state) could completely normalize plasma insulin and glucose
concentrations when embolized to the liver by the portal vein. The physiological
significance of the hepatic portal circulation has been demonstrated by a number of

investigators (97-100). As well as the intraperitoneal (93-95, 101-103) and intraportal
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sites (96, 97, 103-105), islets have been transplanted to the spleen (100, 106, 107), a
surgically created peritoneal-omental pouch (108), the renal subcapsular area (98-100,
106-111), the testicles (112), the ventricles of the brain (113), and the thymus (114). With
respect to transplantation site, the most consistent results occurred when the graft is
placed in a highly vascular bed with portal venous drainage.

The experimental success of islet transplantation in rodents prompted studies in
larger animals, including primates, with the idea of applying islet transplantation to the
treatment of diabetes in humans. It soon became apparent that the standardized rat
isolation techniques would not work in the more compact and fibrous mammalian
pancreas, in particular the human pancreas (105-120). The yield of islets from one human
donor was insufficient to ameliorate the diabetic state. Unlike rodents, multiple donors
could not be used in a population of outbred large animals as allogeneic islets would be
rejected before function of a technically successful graft could be determined. Mirkovitch
and Campiche (116) partially solved the problem of islet yield by eliminating the
purification step (density gradient separation) used in the rodent model. They reversed
diabetes in 20 of 25 dogs with intrasplenic autografis of dispersed pancreatic tissue
prepared from the tail of the gland. Kretschmer and associates (117) demonstrated that
normoglycemia occurred in 20 of 21 dogs receiving intrasplenic autografts of dispersed
pancreatic fragments prepared from the entire gland. Preparation of the grafts involved
mincing the entire pancreas in a mechanical tissue chopper followed by collagenase
digestion in a shaking water bath. Using these techniques, or modifications thereof,

autografts of dispersed pancreatic fragments prepared by enzymatic digestion and
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mechanical dispersion have been shown by other investigators to reverse the diabetic state
in dogs (121-126).

After years of research developing methods to isolate islets from large animals
and exploring different transplant sites, it finally became possible to begin clinical islet
transplantation in the late 1980s. A total of 305 adult islet allotransplants were performed
for patients with type 1 diabetes at 35 institutions worldwide between 1974 and 1996; 215
such transplants were performed at 27 institutions between 1990 and 1996 (127). More
than 60% of these were transplanted at 6 institutions . including 55 at the University of
Minnesota; 34 at the University of Giessen; 27 at Washington University; 26 at the
University of Pittsburgh; 22 at the University of Miamij; 21 at the Institute H. San
Raffaele; and 7 at the University of Alberta. Insulin independence for more than one week
was documented in a total of 33 (10.8%) of the 305 recipients transplanted between 1974
and 1996 and in 30 (14.0%) of the 215 recipients transplanted between 1990 and 1996.
The number of recipients who remained insulin-independent for more than 4, 3, 2, and 1
year(s) is 1 (0.5%), 4 (1.9%), 7 (3.3%), and 13 (6.0%), respectively. The recipient with
the longest (>5 years) insulin-independent follow-up was transplanted at the Washington
University and continues to sustain euglycemia in the absence of exogenous insulin (128).

Insulin independence after single-donor (1:1) islet allotransplantation was
reported in 16 of the 33 recipients mentioned above; 5 recipients achieved insulin
independence after 2:1; S after 3:1; and 7 after >3:1 donor-recipient islet transplants.
Insulin independence was achieved in 16 recipients of an islet-after-kidney (IAK)

transplant, in 14 recipients of a simultaneous islet-kidney (SIK) transplant, in 1 recipient
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of a simultaneous islet-liver (SIL) transplant (127), in 1 non-uremic recipient of an islet
transplant alone (ITA) (129), and in 1 recipient of an intraportal islet allograft prepared
from a previously transplanted pancreas after graftectomy (130). Well-matched single-
donor islet allografts have rarely been performed and none of the 16 type 1 diabetic
patients who became insulin-independent after single donor-islet allotransplants received
a 5- or 6-antigen matched islet graft which suggests that HLA matching might not be a
critical factor in islet allograft survival.

Of the 33 insulin-independent recipients between 1974 and 1996, 25 had no
residual B cell function pre-transplants as demonstrated by basal or stimulated plasma C-
peptide levels <0.2 ng/ml. Six had undergone a previous pancreas transplant, two a
previous islet transplant. On average, 11,118+1,152 islet equivalents/kg were required to
establish insulin independence (127). The purity of the islet graft varied from 5% to 98%.
Moreover, in 30 of the 33 insulin-independent recipients, islets were transplanted into the
liver; 1 recipient received an intrasplenic islet allograft; in another islets were
transplanted into an epiploic flap; and in another, encapsulated islets were injected
intraperitoneally (131, 132). Twenty nine of the 33 insulin-independent recipients
received monoclonal or polyclonal T-cell antibodies for induction immunosuppression.
Maintenance immunosuppression included steroids in all but 5 of the 33 insulin-
independent recipients. In all but four, cyclosporine was the mainstay of maintenance
immunosuppression; in 1, tacrolimus (FK506). Triple-drug maintenance
immunosuppression was used in 25 of the 33 recipients; of those 25, 22 received

azathioprine and 3 mycophenolate mofetil. The average time to achieve insulin
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independence was 179+24 days. The mean duration of insulin independence was
>443+78 days. A total of 10 recipients are still insulin-independent as of July 1, 1998
(127). The results of above series of clinical investigations established the minimal
requirements (as outlined in Table 1-2; 84) that are critical for the preparation of islets

intended for clinical islet transplantations.

Table 1-2. Minimal requirements to be met by islet preparations intended for clinical islet transplantations.

® [slet Mass >8,000 IEQ/kg body weight in type 1 diabetic recipient
>3,500IEQ/kg body weight in patients to be autotransplanted after
pancreatectomy

® [slet Purity >80% (percentage of the islet volume in the total cell volume)

® |slet Viability >80% (assessed by a microfluorometric membrane integrity test)

® [slet in vitro function Documented biphasic response to a glucose challenge and return to

baseline phenomenon

® [slet culture Exclusion of microbial contamination

(From: Bretzel RG, Hering BJ, Federlin KF. Islet cell transplantaiion in diabetes mellitus - from bench to
bedside. Exp Clin Endocr Diab 1995; 103: 143-159).

I-C) BARRIERS TO SUCCESS OF ISLET TRANSPLANTATION
1. Limited Supply of Human Islet Tissue

A major barrier to the future success of islet transplantation is the limited
availability of human islet tissue. Because the demand for intact and viable pancreatic
donor tissue intended for islet transplantation already exceeds the availability, new
sources for transplantable islet tissue are drastically needed. Each year in the US,

approximately 5,000 brain-dead donors with intact circulation become available, and only
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a portion of these are suitable for islet or pancreas transplantation (133). Yet there are
approximately 30,000 new cases of type 1 diabetes each year (134), not to mention the
huge number of people with type 2 diabetes, some of whom might be candidates for
transplants since there is not enough insulin produced by the pancreas to meet the body’s
requirements (as opposed to those who cannot use the insulin that is produced by the
pancreas). The possibility of using islets donated by living donors is not an attractive
option, in part because of the risk of the donor developing diabetes (135).

The limitation in the supply of adult islet tissue could theoretically be alleviated
by exploiting the growth capacity of fetal tissue, however, the potential of human fetal
endocrine pancreas is clouded by a variety of political and ethical issues (136). While
nonhuman primates might be preferred as a source of islets for diabetic patients, the
number of full-sized primate pancreas that could be obtained is far short of the number
needed (137). Thus, a variety of animal species have been considered as islet donors, but
pigs and cows, which are already used commercially for food, seem to hold the most
promise. Pigs seem to be appealing for a variety of reasons. First, many physiologic
similarities exist between swine and humans (138). Pigs are omnivores, and their glucose
levels are similar to those of humans. Second, pigs are used in large numbers on a daily
basis for human consumption. Pancreas is a waste product of the slaughtering process
thus, no ethical problems should result from the utilization of porcine islet donors. In
addition, pigs may be raised in controlled environment, thus making the use of their
organs/tissues as xenografts more acceptable. Pigs can be subjected to genetic

manipulation, which means that transgenic pigs can be developed with genes expressed in
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their B cells that could help resist immune attack and even enhance insulin secretion
(139). Third, a product of the pig pancreas, i.e., porcine insulin, differs from human
insulin by only one amino acid and has been routinely and safely used to treat diabetic
patients for decades.

a) Adult porcine islets

The first description of a method for the isolation of porcine islets appeared in
1974. Sutherland et al. (118) use a modification of the collagenase technique described
for rat isolation to isolate porcine islet tissue and used the material for autotransplantation
studies in pigs. No evidence of function was obtained from the autografts, and no
information was provided on the morphologic and functional integrity or degree of purity
of the islet preparation obtained by this method. In 1986, Ricordi ef al. (140) reported that
an average of 79, 000+6,028 islets per pancreas can be obtained from adult pigs by an
enzymatic and mechanical procedure. The viability of the islets was tested by glucose
stimulation in vitro (140) and by transplantation in diabetic mice (141). Marchetti ef al.
(142) were able to isolate an average of 500, 000 islets per pig pancreas, using a method
based on collagenase digestion and filtration of the digested tissue. No purification
process was used, and the islets showed morphologic integrity at histologic examination.
The purity of the final preparation was 10% to 20% islets. The following year, Hesse et
al. (143) documented results after islet autotransplantation in pigs, using an isolation
method that was derived from the dog model (144). No information was provided on
quantitative and qualitative assessment of the islet preparations before

autotransplantation, and most of the preparations were not purified at the time of
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transplantation. The high incidence of complications in which an unpurified preparation
was used has led to a number of studies in developing new isolation method to improve
the quality and quantity of isolated islets (145-150). However, the task has never been
easy because the quality and numbers of islets that can be obtained from adult pigs are
very much dependent on the age, breed, weight, and diet of the animals (150-154). In
addition, adult pig islets are fragile and difficult to maintain in tissue culture (149). Adult
pig islets are often irregular in shape and lack an outer capsule membrane. Moreover,
peripheral islet cells in adult pig islets are directly apposed to acinar cells and loose
vascular channels are present within the islet making it easy for these tissues to fragment
during isolation procedure (145). Wamnock ez al. (149) have found that remarkable purity
can be obtained from their isolation but majority of the adult pig islets were lost during
the purification stage and these losses was found to amount to 95% of the islet mass. In
addition, during consecutive isolations an outstanding yield could be achieved in one,
while in others the yield are very poor, suggesting some inherent variability in the donors.
In spite of the advances made in the isolation protocols of adult pig islets, there are still
serious problems in obtaining healthy adult pig islets and new measures must be sought to
solve these problems before these tissues could be acknowledge as a potential source of
insulin-producing tissue for transplantation.

b) Fetal porcine islets

The potential use of porcine fetal pancreas tissue is attractive because of the
capacity for growth and the ease of maintaining sterility. In addition, the procedure for

obtaining this tissue is less traumatic than that used for adult pancreases, so the cells are
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hardier when placed into culture or transplanted (136). These fetal pancreatic cell
preparations are very complex; fortunately, the exocrine cells spontaneously die off when
cultured or transplanted, but the surviving population consists of a mixture of
mesenchymal, precursor, protodifferentiated, and mature islet cells. The use of fetal
porcine islets for treating patients with type 1 diabetes was performed by Groth and
associates in Sweden (155). Although there was no evidence to indicate engraftment of
the fetal cells, all patients in this study tolerated the procedure well and no adverse effects
were recorded. Unlike adult pig islets, tissue culture of collagenase digested fetal porcine
pancreas produces viable islet-like cell clusters (156, 157), which have the ability to cure
diabetes in nude mice within two months post-transplantation (156). A general finding,
however, in rat (158-161), porcine (156), and human fetal pancreatic B cells is that they
exhibit a poor insulin secretory response to glucose, and the onset of maturation of
glucose-induced insulin secretion is more evident in the post-natal period (158-161).
Thus, recent attention has been paid to the potential of pancreatic cells obtained from the
neonatal pigs (162).

¢) Neonatal porcine islets

Neonatal porcine islets (NPI), in particular have the advantage of being more
mature than the fetal islets and yet maintaining considerable capacity for growth. Korbutt
et al. (162) has developed a simple, standardized procedure for isolating large numbers of
neonatal porcine islets with a reproducible and defined cellular composition. After 9 days
of culture, the average number of neonatal porcine islets recovered from one pancreas

was approximately 50,000 (range = 28,210-90, 966). As opposed to adult pig islets which
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are known to consist of approximately 80-90% endocrine cells, neonatal porcine islets
consist primarily of 35% fully differentiated endocrine cells and 57% epithelial cells or
endocrine precursor cells (162). In vitro viability assessment of the cultured islets showed
that in the presence of 20 mM glucose, the islets were capable of releasing 7-fold more
insulin than at 2.8 mM glucose. When exposed to 20 mM glucose plus 10 mM
theophylline, the stimulation index increased to 30-fold compared to basal release.
Moreover, transplantation of 2,000 neonatal porcine islets (consisting of 6x10° B cells)
under the kidney capsule of alloxan-induced diabetic nude mice corrected hyperglycemia
in 100% (20/20) of recipients within 8 weeks post-transplantation and remained
euglycemic until the graft-bearing kidney was removed at 100 days post-transplantation
(Figure 1-1; 162). Examination of the neonatal porcine islet grafts revealed that they were
largely composed of insulin-positive cells (Figure 1-1; 162) and the cellular insulin
content of these grafts was 20 to 30-fold higher than at the time of transplantation. These
results indicate that abundant NPI which have the potential for growth can be routinely

isolated in the laboratory and may possibly be used for clinical transplantation.
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Figure 1-1. Blood glucose levels of diabetic nude mice transplanted with NPL. Inserts are
light micrographs of NPI (before and after transplantation) stained for insulin and
glucagon. (From: Korbutt ez al. Large scale isolation, growth, and function of porcine
neonatal islet cells. J Clin Invest 1996; 97: 2119-2129).
2. Immunological Responses to Neonatal Porcine Islets
Before NPI can be transplanted to humans, the immunological responses to these
tissues must first be examined.
a) Humoral-mediated immune response
i) hyperacute rejection
A major barrier to discordant (e.g. pig-to-human) xenotransplantation of

whole organs is the occurrence of hyperacute rejection (HAR), a process believed to be

initiated when naturally occurring xenoreactive antibodies in the recipients sera binds to
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antigens present on the surface of endothelial (and other) cells within the Xenograft.
Antibody binding in turn activates complement, which rapidly destroys the transplanted
organ or tissue within minutes to few hours (163-167). HAR is characterized
pathologically by interstitial hemorrhage and diffuse thrombosis. It occurs nearly always
in some combinations of donor and recipient species, but rarely in others, these
combinations being called “discordant” and “concordant”, respectively (164, 168). The
susceptibility of a given combination to HAR was thought to have a genetic basis,
reflecting at least in part the phylogenetic distance between the donor and the recipient
(168-171). During the past seven years, the molecular mechanisms underlying the
susceptibility of porcine organs to HAR by humans or nonhuman primates, and the basis
for the discordance in these species combinations, have been shown to be related to two
primary factors: (1) the binding of xenoreactive natural antibodies (XNA) of the recipient
to antigens on endothelial cells in the graft; and (2) the incompatibility of complement
regulatory proteins in the transplant with the complement system of the recipients,
allowing uncontrolled activation of complement (137).

Upon binding to porcine endothelium, IgM XNA activate the complement cascade
(166, 172) and also directly activate endothelial cells to an inflammatory state (173).
Endothelial cell cytolysis induced by fresh serum is commonly observed in vitro (172-
174). Because the integrity of the endothelium is lost (174) and thrombosis is promoted
(173), IgM XNA plays a crucial role in the triggering of hyperacute xenograft rejection.
The role of IgG XNA is not well established. It has been reported that IgG XNA do not

activate complement in vitro (166, 175, 176) although some authors disagree (179). IgG
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XNA are, however, able to cooperate with NK cells in vitro to kill porcine endothelial
cells through an antibody-dependent cell-mediated cytotoxicity (ADCC) mechanism
(180-182). Alteration of the hemocompatible endothelial barrier by this mechanism could
initiate an early delayed vascular rejection (180). The IgG XNA-dependent NK cell-
mediated cytotoxicity against porcine aortic endothelial cells (PAEC) is absolutely
dependent upon FcyRIIIA (CD16A), as demonstrated by blocking experiments (181,
183).

While one might imagine that human XNA would recognize a wide array of
porcine antigens, greater than 80% of the complement-fixing XNA in a human serum
recognize a single structure, galactosea(1,3)galactose or Gala(1,3)Gal ( 184). Anti-
Gala(1,3)Gal antibodies develop in humans and higher primates within the first months
of life in parallel with the colonization of the gastrointestinal tract with bacteria
containing a(1,3)-linked galactose residues in their cell walls (185); consequently, there
exists a window period in which these IgM antibodies are not present in neonatal
primates (186). The absence of preformed IgM anti-Gala(1,3)Gal antibodies in neonatal
primates enables porcine cardiac xenografts transplanted heterotopically into unmedicated
newborn baboons to survive beyond the hyperacute period (187-189), making this an
appropriate model for studying the subsequent immunologic barriers to
xenotransplantation. In these recipients, a second primate anti-porcine immunologic
response occurs after 3-4 days, resulting in graft loss accompanied by dense xenograft
infiltration with monocytes/macrophages, natural killer (NK) cells, and deposition of

induced IgG antibodies (190).
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ii) Gala(1,3)Gal antigen

The most important target for human xenoreactive antibodies has been identified
as the terminal carbohydrate Gala(1,3)Gal epitope (191, 192, 193). The Gala(1,3)Gal
carbohydrate residue is present in high concentrations on all porcine endothelial cells
(194-196) and has been detected on fetal porcine islet cells (197, 198). Species such as
pigs, phylogenetically distant from human beings, express an al ,3-galactosyltransferase
(a1,3GT) that catalyzes the transfer of an a-galactosyl residue to a terminal B-galactose
leading to the oligosaccharide Gala(1,3)GalB(1,4)GIcNAcB-R, which is present on all cell
surface glycoproteins and glycolipids (191, 198). The a1,3GT is present in all mammals
except humans, apes, and Old World monkeys (Figure 1-2; 199), in which the a1,3-GT
gene has been inactivated as the result of frame shift and nonsense mutations (186).
Humans therefore develop antibodies to Gala(1,3)Gal as a result of exposure to
Gala(1,3)Gal on the surface of enteric bacteria and other pathogens (191).

The importance of Gala(1,3)Gal as a target of human xenoreactive antibodies was
initially demonstrated by carbohydrate competition studies, in which it was shown that
only carbohydrates containing a-galactose residues were capable of blocking human
xenoantibody reactivity with porcine endothelial cells (200, 201). These studies were
confirmed by Sandrin’ s group (202), who demostrated that transfection of COS cells
(Gala(1,3)Gal-negative cell line from Old World monkey origin), with cDNA for al,3-
GT cause de novo expression of Gala(1,3)Gal and rendered these cells sensitive to human
serum-mediated cytotoxicity. Furthermore, absorption of human serum against al1,3-GT-

transfected COS cells stripped the serum of xenoantibodies capable of reacting with
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porcine endothelial cells. Finally, Collins et al. (203) demonstrated that elimination of
Gala(1,3)Gal from porcine cells rendered these cells resistant to human xenoreactive

antibodies and complement.
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Figure 1-2. Reciprocal evolution of Gala(1,3)Gal epitopes and the anti-Gal antibody in
mammals. The Gala(1,3)Gal epitope has been produced in mammals by
a(1,3)galactosyltransferase (a1,3GT) for more than 125 million years, since before the
divergence of placentals and marsupials. Non-mammalian vertebrates all lack al,3GT
and do not produce Gala(1,3)Gal epitopes. Production of this epitope was suppressed in
ancestral Old World primates after they diverged from New World monkeys, and
probably after apes and monkeys diverged from each other. Suppression of Gala(1 ,3)Gal
was followed by production of the natural anti-Gal antibody, which is not made in non-
primate mammals, prosimians, or New World monkeys. (From: Galili U. Anti-gal
antibody prevents xenotransplantation. Science & Medicine 1998; 5: 28-37).
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While it is now widely accepted that expression of Gala(1,3)Gal is necessary for
the binding of xenoreactive antibodies to a porcine cell, some studies suggest that it is not
sufficient. For example, Platt ef al. (204) found that porcine integrins with Gala(1,3)Gal
substitutions block antibody binding far more effectively than some other proteins that
have more Gala(1,3)Gal. Alvarado e al. (205) demonstrated that a seven-fold range in
binding of human anti-Gala(1,3)Gal antibodies to cells from a large population of pigs is
not related to differences in cell-surface Gala(1,3)Gal. These observations suggest that
the binding of XNA to a cell surface is influenced to a large extent by three dimensional
array of epitopes, which depends on the nature of the protein core and its positioning on
the cell surface.

The HAR phenomenon was speculated to be less of a problem with islet
transplantation because islet cells seem to have very little of the Gala(1,3)Gal epitope
(206) and because the vascularization of transplanted islets seems to come entirely from
recipient endothelial cells (207). HAR was also suggested to be more of a problem for
fetal or neonatal pancreas cells because duct cells, which are precursor cells for islet cell
formation, appear to express the Gala(1,3)Gal epitope (208).

The xenograft rejection process seems far more complex than just Gala(1 »3)Gal
epitope-dependent HAR because there appear to be other antibody- and complement-
mediated assaults that provide a serious challenge to the success of these transplants (209,
210). Several investigators in both small and large animal models have shown that HAR
can be prevented through the depletion or inhibition of the recipient complement system.

However, graft loss still occurs after several days (211). This process of rejection is
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referred to as acute vascular rejection (AVR) or delayed xenograft rejection (DXR). The
most extensive study of AVR has been performed in the guinea pig-to-rat heart transplant
model. AVR in this model has pathological similarities to HAR. Both types of rejection
are characterized by vascular changes, including interstitial edema, hemorrhage, and
fibrin accumulation (212). However, AVR differs from HAR in that a prominent
infiltration of monocytes and NK cells and a widespread interstitial deposition of fibrin
develops over the 72-96-hour engraftment period. Saadi ef al. (213) reported that
deposition of xenoreactive antibody and the formation of the membrane attack complex
on porcine aortic endothelial cells lead to the induction of interleukin (IL)-1a and this
cytokine appears to function in an autocrine or paracrine fashion to promote at least some
of the changes in endothelial cells. This probelem may be exacerbated by
vasoconstriction and microvascular thrombosis, resulting in vascular stasis, where small
amounts of endothelial cell-derived IL-1a would remain in the microenvironment
creating a positive feedback loop leading to furthe endothelial cell stimulation (214). If
IgM-XNA and IgG-XNA, as well as elicited antibodies, are depleted or inhibited, it might
be expected that NK cells and monocytes would not attach to the donor organ endothelial
cells, assuming that the only mechanism of binding is via their Fc receptors to Ig bound to
the endothelial cells. However, human (or rat) NK cells may be able to directly bind to
porcine (or guinea pig) endothelial cells based on specific recognition of those endothelial
cells without requiring participation by IgG (215, 216). In addition, if endothelial cells are
activated in the absence of XNA and complement, these cells may bind via ligands newly

expressed on the endothelial cells. It has been shown that NK cells can damage
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endothelial cells (216, 217); it is not unlikely that activated monocytes would also lead to
endothelial cells activation and/or damage. Monocytes are also capable of expressing
tissue factor and under certain circumstances a prothrombinase complex, as well as
synthesizing complement components (218). Thus, the action of these cells in the absence
of XNA and complement may lead to endothelial damge that would potentiate the
inflammatory and procoagulant phenotype.

b) T cell-mediated immune response

It is generally accepted that two signals are needed for T cell activation,
engagement of the antigen-specific T cell receptor and a second non-antigen specific
inductive stimulus, or costimulator, provided by a metabolically active antigen-presenting
cell (APC). Two pathways of graft antigen presentation would fulfill this two-signal
requirement for T cell activation: 1) direct pathway, where host T cells recognize antigen
on the surface of donor APC that are capable of costimulatory activity (donor APC-
dependent), and 2) indirect pathway, whereby host T cells recognize graft antigens which
are processed and presented by host APC (host APC-dependent). In allograft rejection,
both pathways are believed to play a role although the direct pathway is perhaps most
crucial initially, whereas, during xenograft rejection the indirect pathway is thought to be
dominant. Gill et al. (219, 220) have demonstrated that elimination of donor APC from
mouse islet allografts led to indefinite survival, while similar treatment of concordant rat-
to-mouse) islet xenografts had little benefit for survival. Furthermore, rejection of the
islet xenografts showed a specific dependence on CD4+ T cells, and not to the presence

of donor APC and host CD8+ cells (220). It has also been shown that marked
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prolongation of islet xenografts can be achieved in adult pig-to-mouse model by the
administration of anti-CD4 antibody (221). Islet xenograft rejection may therefore occur
predominantly through the processing and presentation of xenogeneic antigens in
association with class I MHC molecules of host APC, leading to a CD4-dependent
inflammatory response-where other cells (i.e. macrophages and NK cells) recruited by
this response, may also contribute to rejection. It has also been shown in skin xenograft
model that removal of mouse CD4+ T cells with anti-CD4 antibody can prolong monkey
or rabbit skin xenograft survival even after whole MHC-disparate allogeneic mouse skin
had been rejected (222). Other studies also showed that islet allografts from transgenic
mice that are deficient in class | MHC expression survived long-term as allografts but are
acutely rejected as xenografts (223, 224). The role of direct antigen presentation in
xenograft rejection appears to be minor, however, one must not neglect the possibility
that direct recognition may also contribute to cell-mediated destruction of xenogeneic
cells. Work by Murray er al. (225) has demonstrated that human T cells can recognize
porcine endothelial cells directly and Yamada et al. (226) recently observed that human T
cells that recognize porcine class I MHC antigens through the direct pathway can
discriminate among swine leukocyte antigens (SLA) in a manner that allows for

xenospecific responses.
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I-D) STRATEGIES FOR PREVENTING REJECTION OF NEONATAL

PORCINE ISLETS
1. Humoral-Mediated Rejection

Several approaches have been used to prevent problem of complement-mediated
HAR of porcine xenografts caused by preformed antibodies directed against
Gala(1,3)Gal. This immune response may be overcome by circulating human blood
plasma over Gala(1,3)Gal immunoadsorbent columns to remove anti-Gal antibodies
(227), however, this procedure is transient since anti-Gala(1,3)Gal antibody levels
quickly return to normal in the blood (228). Another method is to inhibit triggering of the
complement cascade by treatment with excess amounts of a soluble form of complement
receptor (229-231). A third strategy is to generate transgenic pigs that over express
a(1,2)-fucosyltransferase that competes with the substrate for Gala(1,3)Gal attachment so
that a fucose group, representing a natural human blood group antigen, is substituted for
Gala(1,3)Gal (232-236). Reducing the level of Gala(1,3)Gal expression on porcine
endothelium by high level expression of the enzyme a(1,2)-fucosyltransferase (H-
transferase) was based on the knowledge that both a(1,3)GT and a(1,2)-
fucosyltransferase use the same acceptor substrate Galp(1,4)-GIcNAc (236). a( 1,2)-
fucosyltransferase has preferential access however, as a result of specific amino acid
sequences in its cytoplasmic domain that target its localization to particular compartments
within the Golgi apparatus. Theoretically, the consequent high-level surface expression of
terminal Fuca(1,2)Gal residues (instead of Gala(1,3)Gal) should not induce complement-

mediated HAR of porcine xenografts, as primates do not possess preformed antibodies
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against this structure. A fourth approach is to knock out the pig gene that encodes a1-3GT
(237, 238). This would presumably eliminate the main cause of HAR, but the technology
for porcine knockouts is not yet available (228). At present, it is not possible to generate
pigs lacking the Gala(1,3)Gal epitope because porcine pluripotent cells, which are
essential for gene inactivation, are not yet available (238). The fifth strategy is to generate
transgenic pigs that express human complement-regulatory proteins (239-246) such as
CD55 (decay accelerating factor, DAF), CD46 (membrane cofactor protein, MCP-1) and
CD59 (protectin). These proteins do not prevent anti-Gala(1,3)Gal antibody binding to
endothelial cells to trigger the classical pathway of complement activation; rather they
inhibit downstream steps in the complement cascade so that cell lysis may be prevented
(228). Several transgenic pig herds have been developed that express one or more of the
human genes encoding CD55, CD46 and CD59 (241, 244-247). These transgenic pigs
include Large White/Landrace cross-pigs which were produced by intrazygotal pronuclear
microinjection of 6.5 kb human CD55-DNA minigene construct or by sperm-mediated
gene transfer of 6.75 kb DNA construct containing complete human DAF minigene
(246). Pascher er al. (247) demonstrated that transgenic expression of the human
complement regulatory protein human CD55 reduces complement activation and prevents
HAR in a xenogeneic liver perfusion model over the 3-hour evaluation period.
2. Cell-Mediated Rejection

Whether xenoantigens are presented directly or indirectly by APC, a requirement
for a costimulatory signal exists in both pathways. Thus, one current immunosuppressive

strategy to overcome cell-mediated destruction of islet grafts is blocking costimulatory
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signal by treatment with the soluble protein CTLA4Ig. CTLA4Igis a homolog of the
CD28 antigen and it binds to members of the B7 family with a 20-fold greater affinity
than CD28. This molecule effectively blocks the costimulatory second signal emanating
from the CD28-B7 interaction (248). In vitro studies have demonstrated that CTLAAIg
can block B7-dependent immune responses, which results in donor-specific anergy. In
vivo administration of this long-lived fusion protein can prevent the rejection of
xenogeneic islets (248-250).

Since the late 1980's a number of new immunosuppressive agents with novel
mechanisms of action and distinct therapeutic efficacies have emerged (251-261) in an
attempt to overcome the cell-mediated graft rejection. The extensive experience gained
with the use of immunosuppressive drugs to treat allograft rejection has been very useful
for the prevention of cell-mediated xenograft rejection. Cyclosporine A (CsA) is the most
widely used immunosuppressive agent in clinical transplantation. This fungal metabolite
is the first immunosuppressive agent to selectively act only on a lomited population of
lymphocytes and to be devoid of myelotoxicity (262). However, the use of CsA is limited
by a number of side effects, the most serious of which is nephrotoxicity. Azathioprine and
steroids are the other immunosuppressive agents currently used. Azathioprine is an
inhibitor of RNA synthesis and as a consequence it blocks the proliferative response of
sensitized lymphocytes. The main side effects of azathioprine is bone marrow depression,
and this to a large extent dose-related (263) Steroids like prednisone and prednisolone
have a marked lymphocytotoxic and anti-inflammatory activity. They depress the immune

response in a number of ways, in particular by blocking lymphocyte proliferation
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probably by preventing activation of the cytokine [L-1 gene (264). Hypertension, sodium
and fluid retention, pathologic fracture of long bones, pancreatitis, and suppression of
growth in children are among the many adverse effects of steroids. Although present-day
immunosuppression is dangerous due to its various side effects and narrow therapeutic
window, extraordinary advances are being made in the field of immunology that should
lead to the development of more selective and safer approaches. Glucocorticoids are
particularly toxic and have adverse side effects on islet function (257), so there is hope
that some steroid-sparing regimens, using such promising drugs such as 15-
deoxyspergualin, leflunomide, mycophenolate mofetil, and sirolimus (rapamycin), will
turn out to be useful. In addition, several immunosuppressive agents have been shown to
dramatically prolong xenograft survival and have toxicity profiles compatible with their
future use in clinical xenotransplantation (259). Immune reactions against islets may
differ from those found with solid organ transplants and thus may require specially
tailored drug regimens.

Transplantation of islets into immunopriveleged sites such as the thymus (114,
2635, 266) and testes (112) is another strategy that has been used to avoid cell-mediated
rejection of islet allografts. Islets transplanted into the abdominal testis has been shown to
protect islets from immune destruction without the requirement of systemic
immunosuppression (267-270). Sertoli cells are thought to confer immuneprivilege to the
testis, possibly by producing factors that act locally to inhibit immune responses.
Expression of Fas (CD95) ligand in the testes has been shown to be responsible in part for

maintaining the immunopriveleged status of this site (271, 272). Fas receptor (FasR) and
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its ligand (FasL) are components of the immune system that play a role in killing
activated T cells. Binding of FasL to FasR-bearing activated T cells leads to apoptosis of
these cells (273-275). More recently, it has been shown that allografts consisting of
purified Sertoli cells alone can survive long-term in immune-competent mice. Korbutt er
al. (276) have also demonstrated that long-term graft survival of allogeneic rat islets
without systemic immunosuppression can be achieved by co-transplantation of
allogeneic islets with allogeneic testicular cell aggregates. Transplantation of a sufficient
quantity of testicular aggregates (containing 11x10° cells, 75% Sertoli cells), together
with 2,000 purified Lewis rat islets, reversed the diabetic state for >95 days in 100% of
the streptozotocin-diabetic Wistar-Furth recipients. Similar grafts consisting of islets
alone or islets plus 50% fewer testicular cell aggregates survived for only 10 days.
Functioning composite allografts harvested from normoglycemic animals at
approximately 100 days showed healthy B cells in close association with Fas L-expressing
Sertoli cells (276).

The effect of co-transplantation of neonatal porcine Sertoli cells on the survival of
NPI xenografts is not known and still under investigation. Preliminary results from our
laboratory however, indicate that neonatal porcine Sertoli cells can survive under the
kidney capsule in Balb/c mice for periods of 6 weeks without immunosuppression.
Sertoli cells are not only responsible for the synthesis of a wide variety of proteins and
hormones required for the orderly differentiation of sperm cells, they also secrete a
number of immunosuppressive agents (277) such as clusterin. This is a heterodimeric

glycoprotein found in a wide variety of tissues under a number of different names such as
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sulfated glycoprotein-2 (SGP-2), SP-40, 40, Apo J, and gplll (278). This 70-80 kDa
protein is the most abundant protein synthesized by Sertoli cells and its exact function is
not known. However, clusterin has been identified as a component of circulating
cytolytically inactive terminal complement complex and appears to associate with C5b67
and C8 and C9 to form clusterin-C5b-9, which is analogous to SC5b-9 (279). This protein
was shown to inhibit complement-mediated cell lysis (280). Clusterin has also recently
been shown to accelerate the formation of immune complexes in vitro which suggests
that the protein has a binding site for immunoglobulins (281). From these findings, it has
been speculated that clusterin may protect sperm from complement-mediated attack. In
addition to clusterin, Sertoli cells also secrete cytokines such as transforming-growth
factor-B (TGF-B) which is a multi-regulatory molecule that can stimulate or inhibit
aspects of cellular growth and differentiation (282). TGF-B also antagonizes many
responses of lymphocytes by counteracting the effects of pro-inflammatory cytokines
which may be beneficial to the protection of neonatal porcine islet xenografts from T cell-
mediated destruction. With this idea in mind, co-transplantation of neonatal porcine islets
with neonatal porcine Sertoli cells may be a useful method in preventing both
antibody/complement and T cell-mediated destruction of islet xenografts.
Immunoisolation device has also been shown to protect islets from damage by
immune cells. The principle of this device is that the permeability of the membrane
would be open enough to allow nutrients and oxygen to reach the islets and for insulin to
be released into the bloodstream, but restrictive enough to exclude immune cells and even

antibodies (283, 284). Remarkably, islets completely separated from their normally rich
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blood supply and innervation has been shown to survive and secrete insulin inside such
devices (285). The most widely used immunobarrier approach is microencapsulation
where islets are contained within a bead of alginate gel and then coat the bead with poly-
L-lysine or some other material (such as agar) to provide permselectivity and strength
(Figure 1-3; 286-291). Interest in the potential of microencapsulation has been enhanced
by a recent report in which monkeys with spontaneous diabetes given adult porcine islets
contained in alginate/polylysine capsules were cured for periods as long as 803 days
without immunosuppression (287). This striking finding must be comfirmed by other
investigators before this approach can be used in future human trials.

In spite of this apparent success, there are still major questions about how best to
design microcapsules; some of the issues that must be taken into account include
biocompatibility of material with host tissue and the contained islets, amount of
permselectivity required, and distance from the surface of the capsule to the islet, which
not only will influence delivery of oxygen and nutrients, but may also determine
susceptibility to toxic cytokines such as interferon-y and TNF-a. There are other
concerns, such as release of antigens and debris of the capsular material in the peritoneal
cavity, which may evoke an inflammatory response that might be difficult to stop because

the capsules cannot be easily retrieved.
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(insulin)
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Figure 1-3. Schematic diagram of microencapsulated islet. The immunoisolation
membrane protects the islet from immune cells yet allowing nutrients, glucose and
oxygen to enter the membrane and cellular wastes, and hormones to get out of the
membrane.

I-E) PANCREATIC B CELL GROWTH, DEVELOPMENT, AND
REGENERATION
During embryogenesis, cells make developmental choices that commit themselves
and their progeny to specific differentiation pathways (292). In mammals, the pancreas
develops by fusion of dorsal and ventral primordia that appear as evaginations of the gut.
This occurs in embryos of about 20 somites, which corresponds to day 10 of development
in mouse and day 11 in the rat (292). The two primitive glands grow independently,

forming both endocrine and exocrine tissue, and finally merge during midgestation (293,
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294). The exocrine pancreas regulates electrolyte balance and secretes enzymes necessary
for nutrient digestion and absorption. The endocrine pancreas, consisting of
circumscribed collections of hormone-producing cells known as the Islets of Langerhans,
senses and integrates nutrient signals in order to maintain euglycemia (294). Mature
pancreatic islets are composed of four major cell types with distinct hormonal production
profiles: the glucagon-secreting a cell, the insulin-secreting B cell, the somatostatin-
secreting 3 cell, and the pancreatic polypeptide-secreting F cell (292). The ontogeny of
islet cells has been extensively studied. It is generally believed that all four types of
endocrine cells arise from common multipotent precursor cells that bud off from the
pancreatic ducts (295-297). Quantitative analyses of cell proliferation have demonstrated
that cell division within the islet is insufficient to cause the observed growth of the islet
tissue in fetal pancreas, indicating that there must exist a pool of rapidly proliferating
precursor cells (298). The existence of such precursor cells in the ductal epithelium is
supported by the morphological observation that fetal and neonatal islets are often closely
associated with ductal epithelium (299, 300). One of the markers used to identify islet
precursor cells is the enzyme catecholamine tyrosine hydroxylase which is expressed by
immature a cells and by some cells in pancreatic ducts (301, 302). However, the
relationship between cells expressing this marker during embryogenesis and the ductal
epithelial cells is not clear. Another marker used is the intermediate filaments (IF)
expression. The expression of intermediate filaments has been shown to be tightly
regulated during differentiation and development (303, 304). Cytokeratins (CK), are the

major IF proteins of epithelial cells and are expressed in a tissue-type specific manner,
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distinct subsets being expressed in different epithelial tissues (304, 305). Thus, CK
expression has also been used to study epithelial cell differentiation and to determine the
origin of certain epithelial tissues. In human pancreas, CKs 7 and 19 have been identified
as the typical IF components of ductal epithelium, whereas CKs 8 and 18 are expressed in
exocrine acini, ducts, and islets (306-308).

During islet development, precursor islet cells develop into one of the four cell
types after passing through a transient phase in which two or more of the hormone genes
are co-expressed in the same cell (309-312). Cells co-expressing glucagon and insulin
first become evident in the pancreatic primordia at 9.5 days postcoitum (dpc) in mice, but
their number decreases with further development. Somatostatin-secreting cells first
appear at 14.5 dpc, and pancreatic polypeptide-producing cells appear around birth (311,
312). The molecular mechanisms underlying islet cell differentiation are still poorly
understood, and what drives islet cells to become B cells is a topic of intense research. It
is generally believed that cell-specific expression is regulated at the transcription level by
transacting proteins which bind to short DNA sequences located upstream from the
transcription initiation site (292). Recently, several genes within the homeobox family of
developmental regulators have been shown to be expressed in the early forming pancreas,
including pancreatic and duodenal homeobox gene-1 (PDX-1), Pax4, Pax6 and ISL-1
(313). PDX-1 was independently discovered by multiple laboratories (314-316) and has
been described by a variety of names: IDX-1 (316), IPF-1 (315), STF-1 (314), IUF-1
(317). PDX-1 appears to be a “master regulator” of pancreas development and B cell

differentiation and function (318). In murine gene inactivation models and in a human
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subject with a homozygous mutation of the PDX-1 gene, the pancreas fails to develop. In
the adult endocrine pancreas, PDX-1 is primarily expressed in B cells, where it is a key
factor in the upregulation of insulin gene transcription and appears to have a role in the
regulation of the somatostatin, glucokinase, glucose transporter-2, and islet amyloid
polypeptide genes (318). Recent studies also suggest a role for PDX-1 in the neogenesis
and proliferation of B cells (319). The B cell in the adult endocrine pancreas has a life
span of approximately 30 days, after which it undergoes programmed cell death
(apoptosis; 320). The senescent B cells are replaced by processes of replication
(proliferation) and by the neogenesis of new B cells derived from progenitor cells that bud
from the ducts of the exocrine pancreas (mentioned above). Thus the entire mass of B
cells in the endocrine pancreas turns over every 30 days and, at any given time, is
dependent upon the balance among the relative rates of neogenesis, proliferation, and
apoptosis (320). This circumstance is an important aspect for the maintenance of glucose
homeostasis because the ability of the pancreas to produce sufficient insulin to meet the
body’s needs depends on the appropriate size of the B-cell mass. A reduction in p-cell
mass results in an insufficiency in the production of insulin, causing diabetes mellitus. In
IDDM, the B-cell mass is markedly reduced, owing to extensive immune destruction.
Islet-1 (ISL-1) is required for the formation of dorsal mesenchyme, and thereafter for the
generation of dorsal islet cells (321), Pax4 and Pax6 for the differentiation of B cells
(322) and a cells (323), respectively, and BETA2/NeuroD for the development of both

endocrine and exocrine cells (324).
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I-F) OBJECTIVES AND GENERAL OUTLINE

The main objective of this thesis is to characterize the cells present in NPI as well
as determine whether they will be susceptible to humoral and/or cell-mediated destruction
induced by human immune cells. Several studies have demonstrated that Gala(1,3)Gal
expression on porcine islets is confined to intra-islet capillary endothelial cells (196, 198)
which may be removed during the isolation procedure. Thus, it has been speculated that
porcine islets may not be hyperacutely rejected when transplanted into humans. However,
it has been shown that fetal porcine islet cells were sensitive to human
antibody/complement-mediated lysis in vitro (325) and rapid destruction of an isolated
islet graft has also been described in rabbit-to-primate in vivo model (326). The
expression of Gala(1,3)Gal on NPI and the sensitivity of these tissues to humoral-
mediated destruction is not known. If NPI will be used to treat patients with type I
diabetes in the future, it is critical that we must first examine whether these tissues will be
susceptible to human antibody and complement-mediated lysis.

It has been the general consensus that porcine islet endocrine cells (such as
insulin-producing B cells) do not express Gala(1,3)Gal. Previous histological studies
demonstrated that adult, fresh neonatal and fetal porcine islet cells (apart from endothelial
cells) lack Gala(1,3)Gal (209). In addition, double immunostaining studies showed that
Gal-positive cells do not secrete insulin, glucagon, or somatostatin and these may be
spared from potential antibody/complement-mediated rejection after transplantation.
However, studies presented in Chapter II of this text demonstrated that insulin- or

glucagon-secreting cells in NPI also express Gala(1,3)Gal and both Gal-positive and Gal-
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negative cells are susceptible to lysis mediated by human antibody and/or complement in
vitro. The reason for this controversy is not clear. Since majority of these studies used
adult pigs we suspect the Gala(1,3)Gal expression on porcine islets may be age-
dependent. Thus, in Chapter III the expression of Gala(1,3)Gal on non-matured, in vitro
and in vivo matured NPI as well as adult pig islets was further examined.

In Chapter II, NPI was shown to be susceptible to lysis induced by human
antibody and complement in vitro. A number of strategies to protect islets from
destruction by immune cells has been suggested. One of these strategies is to put the islets
inside a protective membrane such as microcapsules. In Chapter IV, the efficacy of
microencapsulation in protecting NPI from the cytolytic effects of human antibody and
complement in vitro was assessed. In addition, the capacity of microencapsulated NPI to
reverse hyperglycemia in diabetic nude mice was also examined. Finally, the other
immunological hurdle that might limit the transplantation of NPI into humans is the cell-
mediated immune response. In chapter V, the susceptibility of NPI to cell-mediated injury
in vitro was determined.

Overall, the studies presented in this manuscript deal with two very important
issues that will limit the use of NPI for transplantation into patients with type 1 diabetes.
First, the shortage in human islet supply might be possibly be overcome by the use of
NPI. These islets as has been demonstrated by Korbutt er al. (162) are easily maintained
in tissue culture and have the potential to grow (as supported in Chapter III and IV). The
growth potential of NPI is an advantage because it offers the possibility of further

understanding how islet cells develop and mature into insulin-producing B cells. Thereby,
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help investigators in diabetes research design methods in enhancing growth and possibly
create cells (by tissue engineering) that will be similar to B cells in function but lack
antigens recognized by immune cells. In addition, the possibility of co-transplanting adult
pig islets with NPI is a very attractive proposition. In this situation, the time that NPI
requires to grow and secrete sufficient insulin to maintain normoglycemia will not be a
limitation since adult pig islets will sustain normoglycemia during early weeks post-
transplantation and NPI will maintain euglycemia long-term. The second important issue
is the immunological responses to NPI (presented in Chapter II and Chapter V). This
issue demands intensive research so investigators in this field will have better
understanding of the immune cells involve in destruction of NPI grafts thereby help them
design methods or treatments to prevent rejection (as discussed in Chapter [V). The
knowledge acquired in these studies will also help clinicians decide what type of

treatment a patient will need to keep the islet graft.
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CHAPTERII
EXPRESSION OF GALa(1,3)GAL ON NEONATAL PORCINE ISLET BETA
CELLS AND SUSCEPTIBILITY TO HUMAN ANTIBODY-COMPLEMENT

LYSIS'

II-A) INTRODUCTION

Endocrine replacement by islet transplantation is an attractive alternative
treatment for patients with type 1 diabetes. Transplantation of pancreatic islets in patients
with diabetes has been shown to induce a state of normoglycemia (1-3) and long-term
insulin independence can be achieved when sufficient number of islets were transplanted.
Widespread clinical application of this treatment however, has been hampered by the
shortage of cadaveric organs for transplantation. One possible solution to this problem is
to use islet tissue from an abundant and accessible animal source. Pigs are very appealing
source of islets because they breed rapidly and share many biological features with
humans including the similarity in insulin structure (4). Despite many reports on the
isolation of adult porcine islets, several factors such as age, breed, and quality of organs
adversely affect the final yield (5,6) with the additional problem that once isolated, adult
porcine islets are fragile and difficult to maintain in tissue culture (7-9). A more attractive
source of tissue that does not have the same problem associated with adult pig is the

neonatal pig. Recently, Korbutt ef al. (10) developed a method to isolate large numbers

' A version of this chapter has been published . Rayat et al. 1998. Diabetes 47: 1406.
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of culture, NPI were shown to correct diabetes in nude mice and exhibit growth both
in vitro and in vivo (10).

Although NPI constitute an attractive source of insulin-producing tissue for
transplantation, the issue of humoral-mediated xenograft rejection (i.e. hyperacute
rejection) of such implants needs to be addressed. This rejection process is initiated when
naturally occurring xenoreactive antibodies in recipient sera bind to antigens present on
the surface of endothelial cells of donor organs. Antibody binding in turn activates
complement, which rapidly destroys the transplanted organ or tissue. The most important
target for these antibodies has been identified as the carbohydrate
Gala(1,3)Galp(1,4)GlcNAc-R or Gala(1,3)Gal epitope (11-13). This epitope is present in
high concentrations on all porcine endothelial cells (13-15) and although it has been
detected on fetal porcine islet cell clusters (16,17) the expression of Gala(1,3)Gal on NPI
has not been elucidated. Moreover, current literature suggests that Gala(1,3)Gal is not
expressed on fully differentiated islet endocrine cells, but rather on intra-islet ductal and
endothelial cells (16-19). However, it has been demonstrated that natural xenoreactive
antibodies bind to fetal (18), neonatal (20), and adult (21,22) porcine islet cells, and
exposure to human sera containing active complement in vitro results in rapid destruction
of these tissues (20-22). In this study we examined the expression of Gala(1,3)Gal on
cells present in NPI and related this expression to the susceptibility of these cells to

human antibody/complement-mediated lysis in vitro.
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II-B) MATERIALS AND METHODS
1. Preparation of Neonatal Porcine Islets

The method used to prepare NPI has been previously described (10). Briefly, 1 to
3 day-old Landrace-Yorkshire neonatal pigs (1.5-2.0 kg body weight) of either sex were
anesthetized with halothane and subjected to laparotomy and exsanguination. The
pancreas was removed, cut into small pieces, and digested with 2.5 mg/ml collagenase
(Sigma Chemical Co., St. Louis, MO). After filtration through a nylon screen (500 pm),
the tissue was cultured for 9 days in HAM’s F10 medium (Gibco, Burlington, ON)
containing 10 mmol/l glucose, 50 umol/l isobutylmethylxanthine (ICN Biomedicals,
Montreal, PQ), 0.5% bovine serum albumin (BSA; fraction V, radioimmunoassay grade;
Sigma), 2 mmol/l L-glutamine, 10 mmol/l nicotinamide (BDH Biochemical, Poole,
England), 100 U/ml penicillin, and 100 ug/ml streptomycin.
2. Immunohistochemical Analysis

The expression of Gala(1,3)Gal epitope and presence of insulin-positive cells
within intact neonatal porcine pancreas and NPI was assessed by double
immunohistochemistry staining. All samples were fixed in Bouin’s solution for 2 hours,
washed three times with 70% ethanol, and embedded in paraffin. Sections (5um) were
first stained with biotinylated BS-1 isolectin B4 from Bandeiraea simplicifolia BS-1
(1:25 dilution; Sigma) (14, 15) for 30 minutes at room temperature to detect the presence
of Gala(1,3)Gal epitope. The avidin-biotin complex/horseradish peroxidase (ABC/HP;
Vector Laboratories, Burlingame, CA) method was used and developed with 3,3-

diaminobenzidinetetrahydrochloride (DAB; BioGenex, San Ramon, CA) to produce a
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brown color. The same tissue sections were subsequently stained with guinea pig anti-
porcine insulin antibody (1:1,000 dilution; Dako Laboratories Canada Inc., Mississauga,
ON) for 30 minutes followed by biotinylated goat anti-guinea pig IgG secondary antibody
(1:200 dilution; Vector Laboratories) for 20 minutes. The avidin-biotin complex /alkaline
phosphatase method (ABC/AP; Vector Laboratories) and Fast Red as chromagen (Vector
Laboratories) was used to obtain a red reaction. Paraffin-embedded sections of porcine
aorta and porcine aortic endothelial cells (PAEC; Cell Systems, Kirkland, WA) placed on
poly-L-lysine coated slides were used as positive controls since they are both known to
express Gala(1,3)Gal. As expected, the vascular endothelium and isolated PAEC stained
positive for Gala(1,3)Gal antigen. Negative controls for the staining techniques consisted
of omission of the primary antibodies as well as sections of paraffin-embedded human
pancreas. These tests resulted in negative staining reactions.
3. Characterization of Dissociated NPI Cells

To further define the cellular specificity of Gala(1,3)Gal expression, 9-day culture
NPI were dissociated into single cells by gentle agitation in calcium-free media
containing 15 ug/ml trypsin (Boehringer Mannheim, Laval, PQ) and 4 pg/ml DNAse
(Boehringer Mannheim). The cell suspension was filtered through a 63 um nylon screen
to remove cell clumps and then centrifuged through Percoll (Sigma) of density 1.040 g/ml
to eliminate dead cells and debris. Single cell (10-15x10°) suspensions were subsequently
incubated with fluorescein isothiocyanate (FITC)-conjugated BS-1 isolectin B4 (1:50;
Sigma) for 1 hour on ice, washed, and submitted to FACS (EPICS Elite ESP flow

cytometer, Coulter, Hialeah, FL) analysis for the purification of Gala(1,3)Gal-positive
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and -negative islet cells. The fluorescence emitted by FITC-labeled cells was selected as
the sorting parameter. Positive controls for these experiments, included PAEC stained
with FITC-conjugated IB4 lectin using the same protocols as for NPI. The efficacy of the
cell separation was evaluated by comparing visually the fluorescence of sorted
Gala(1,3)Gal-positive and -negative cells, as well as by re-analysing each population by
flow cytometry to detect relative percentage of Gala(1,3)Gal-positive cells in each
population. The cellular composition of freshly dissociated and sorted cell populations
was determined by immunohistochemical staining for insulin (as described above) and
glucagon following adherence of the cells on poly-L-lysine coated slides and fixation in
Bouin’s. Glucagon-positive cells were detected using rabbit anti-porcine glucagon
antibody (1:1,000; Dako Diagnostics Canada Inc.) followed by biotinylated goat anti-
rabbit IgG secondary antibody (1:200; Vector Laboratories) and DAB as chromagen
(BioGenex).

For detecting the binding of preformed human natural xenoreactve antibodies to
NPI, 1x10° cells were incubated in varying dilutions (1:2, 1:8, 1:16, and 1:32) of heat-
inactivated (HI) pooled human AB serum (NABI, Miami, FL) for 1 hour on ice. The cells
were then washed, labeled with FITC-conjugated rabbit anti-human IgG or IgM (1:10;
Dako Diagnostics Canada Inc.) for 1 hour on ice, washed and the percentage of cells
binding to human antibodies was determined by FACS analysis.
4. Cytotoxicity Assay and Morphology

To determine the susceptibility of NPI cells to antibody/complement-mediated

lysis, fractions of unsorted and FACS-purified Gala(1,3)Gal-positive and -negative cells
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were exposed to fresh human AB serum collected from one donor or HI-pooled human
AB serum (NABI) with the addition of rabbit complement (Pel-Freeze, Brown Deer, WI)
obtained from 3 to 4 week-old rabbits. This complement was selected since rabbits at this
age are believed not to exhibit xenoreactive antibodies to other species such as the pig. To
confirm the absence of xenoreactive antibodies in this complement, we incubated
dissociated NPI in HI-rabbit complement (1:5 dilution; Pel-Freeze) for 1 hour on ice.
Positive controls for this experiment included NPI incubated in HI-normal adult rabbit
serum using the same protocol. Islet cells were then washed and stained with either R-
phycoerythrin-conjugated goat anti-rabbit IgG (1:100 dilution; Vector Laboratories) or
mouse anti-rabbit IgM (0.44 mg/ml; Serotec Canada, Mississauga, ON ) for 30 minutes
on ice. Rabbit IgM antibody binding on NPI cells was detected by further incubating the
cells with Cy™ 3-conjugated goat anti-mouse antibody (1:100 dilution; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA ) for 30 minutes on ice. Stained
cells were washed and analysed by flow cytometry. Positive controls (i.e. adult rabbit
serum) demonstrated that >90% of the islet cells bound both rabbit IgG and IgM
(Appendix). In contrast, NPI incubated in rabbit complement exhibited <1% binding of
rabbit IgG or IgM (Appendix). These results thus confirm that complement obtained from
3 to 4 week-old rabbits contains no xenoreactive antibodies to NPI.

Prior to the cytotoxicity assay, single islet cell suspensions were distributed over
poly-L-lysine-coated 24-well plates (5x10* cells/well) and cultured overnight in 1 ml of
HAM’s F10 media (supplemented as previously described). Five hundred microliters of

media was then removed from each well, replaced with the same amount of human serum
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(final concentration 50%, vol/vol), incubated for 1 hour at 37 °C, then 200 pl of media
was removed and replaced with rabbit complement and further incubated for 30 minutes
at 37°C. When fresh human serum was used (i.e. containing active complement), no
rabbit complement was added to the well. Controls included cells incubated in media or
HI serum only. After incubation, 60 pl of 2.5 mg/ml (final concentration 0.01%, wt/vol)
stock neutral red solution (Fisher Scientific Co., Edmonton, AB) was added to each well
for 30 minutes and the number of neutral red-positive (live) and negative cells (dead) was

determined. The percentage of total dead cells was calculated as follows:

% dead cells = cell viability (controls) - cell viability (serum +complement ) x 100

cell viability (controls)

The ultrastructure of NPI after exposure to human serum and complement was
examined by electron microscopy as previously described (10). Briefly, cells were fixed
in 2.5% (vo/vol) glutaraldehyde (Millonig’s buffer, pH 7.2), pot-fixed in 1.5% (wt/vol)
OsO4, washed in distilled water, then dehydrated successively in 50, 70, 80, 90, 100%
ethanol, before embedding in araldite. Sections were stained with lead citrate and uranyl
acetate then subsequently examined in Hitachi H 7000 (Hitachi Ltd., Tokyo, Japan)
transmission electron microscope.

S. Statistical Analysis

Data are expressed as means+SEM of n independent experiments. Statistical
significance of differences among various groups was determined using one-way analysis
of variance (ANOVA) and between two groups by paired T-test analysis. p<0.05 was

considered significant.
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II-C) RESULTS
1. Expression of Gala(1,3)Gal on Neonatal Porcine Pancreas and Islet Cells

The expression of Gala(1,3)Gal epitope within intact neonatal porcine pancreas
was localized on the lumen of vascular endothelium and pancreatic ducts (Figure 2-1A).
Insulin-positive B cells were scattered randomly in the pancreas as either single cells or
small clusters frequently arranged alongside or within the duct lining. The cell surface of
a small proportion of these B cells were stained positive for Gala(1,3)Gal epitope. In
freshly digested pancreatic fragments Gala(1,3)Gal was detected on capillary/ductal
fragments and on the majority of insulin-positive B cells (Figure 2-1B). Following 9 days
culture the cellular aggregates developed into spherical structures similar to adult
pancreatic islets. Inmunohistochemical analysis of these aggregates showed an increased
staining for Gala(1,3)Gal localized along the islets’ periphery as well as in the lumen of
intra-islet ductal elements (Figure 2-1C). Although the percentage of insulin-positive cells
increased during culture, the proportion of B cells expressing Gala(1,3)Gal appeared to
decrease. To more accurately demonstrate whether a proportion of pancreatic B cells
express Gala(1,3)Gal, single cell suspensions of 9-day culture islets were also examined.
Immunohistochemical analysis of these preparations clearly demonstrated Gala(1,3)Gal

expression on a proportion of the insulin-positive cells (Figure 2-1D).

80



Figure 2-1. Light micrographs of native neonatal porcine pancreas (A), freshly digested
neonatal porcine pancreatic aggregates (B), 9-day culture islets (C), and 9-day-cuiture
dissociated islet cells (D). Sections were double immunohistochemically stained for
Gala(1,3)Gal epitope (brown) and insulin (red). Arrows point to some double positive
cells.

81



2. Characterization of Neonatal Porcine Islet Cells

FACS analysis of the neonatal porcine single islet cell suspensions stained with
FITC-conjugated IB4 lectin demonstrated that 30.0+3.0% (n=15) of the cells expressed
Gala(1,3)Gal (purity=90.0+2.1%) while 70.0+2.0% (n=15; purity=98.3+0.4%) did not
(Figure 2-2 and Figure 2-3). A heterogeneity existed amongst the various pigs tested since
the mean percentage of islet cells staining positive for Gala(1,3)Gal in 4 of 15 piglets was
lower (range = 8.7-17.1%) than those prepared from the remaining animals (range = 20.2-
48.8%). Immunohistochemical analysis of unsorted NPI cell preparations indicated the
presence of 33.5+2.7% (n=12) insulin-positive and 39.1+5.0% (n=12) glucagon-positive
cells (Table 2-1). The Gala(1,3)Gal-positive fractions contained, 23.1+5.1% (n=10)
insulin-positive cells while 31.8+3.7% (n=10) were glucagon-positive. Similarly, the
Gala(1,3)Gal-negative population was composed of 37.6+4.4% (n=12) and 31.2+4.0%
(n=9) insulin and glucagon-containing cells, respectively.

The binding of preformed xenoreactive antibodies in normal human serum
directed against NPI was demonstrated by FACS analysis. At all tested dilutions of
human serum (1:2 to 1:32), FACS analysis revealed >90% (range=91-99%; n=4) of NPI
cells bound both human IgG and IgM antibodies (Figure 2-4). When cells were incubated
in the presence of FITC-labeled secondary antibodies no significant fluorescence was

detected.
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Table 2-1. Cellular composition of neonatal porcine islet cells.

Percentage of total cells
Condition Insulin-positive Glucagon-positive
Unsorted 33.5£2.7(12) 39.1£5.0(12)
Sorted
Gal-positive 23.1+5.1(10) 31.8+£3.7(10)
Gal-negative 37.6+4.4(12) 31.2+4.0(9)

Values are means+SEM of (n) independent experiments. Cell composition was determined by
immunohistochemical analysis as described in Methods.

Figure 2-2. Light micrograph of NPI cells stained with FITC-conjugated IB4 lectin.

Magenta arrow points to a cell which express Gala(1,3)Gal and white arrow points to a
cell lacking the antigen.
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Figure 2-3. FACS analysis of PAEC (A) and dissociated 9-day culture NPI (B) stained

with FITC-conjugated [B4 lectin. Dotted line represents negative controls not stained
with IB4.
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Figure 2-4. Binding of human xenoreactive antibodies to NPI. Single cell suspensions of
NPI were incubated with 1:32 dilution of HI-pooled human AB serum for 1 hour then
with 1:10 dilution of FITC-conjugated rabbit anti-human IgG (A) or IgM (B) for an
additional 1 hour. Dotted lines represent negative control islet cells incubated in FITC-
labeled secondary antibodies alone. Results are representative of 3 independent

experiments.
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3. Susceptibility to Antibody/Complement-Mediated Lysis

Incubation of NPI cells in the presence of heat-inactivated pooled human AB did
not result to significant lysis of these cells, however when rabbit complement was added
>90% of cells in unsorted as well as Gala(1,3)Gal-positive and -negative cell populations
were kKilled (Table 2-2). Similar results were obtained in all cell fractions when exposed
to rabbit complement alone. In contrast, cell preparations that had been exposed to
unmodified fresh human serum contained significantly (p<0.05) fewer damaged cells (41-
46% dead cells; Table 2-2). When a CHj, assay was performed to determine complement
activity, the condition in which rabbit complement was added exhibited values 1.5-fold
higher (CH5,=300 units/ml) than that measured in fresh human serum (CH,, = 193%£12.2
units/ml; n=10). When examined by electron microscopy, incubation of islet cells in
HAM'’s F10 media or HI serum containing no complement activity did not affect cell
viability. These preparations demonstrated numerous well-granulated and ultrastructurally
intact cells (Figure 2-5). In contrast, the majority of cells exposed to HI-AB serum with
rabbit complement or rabbit complement only exhibited ruptured plasma membranes with

condensed chromatin.
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Table 2-2. Susceptibility of neonatal porcine islet cells to human antibody/complement-mediated lysis.

Condition Unsorted %&dﬁuﬁ Gal-negative
HI-pooled AB serum 2.4+1.5 (13) 2.9+1.9(8) 4.3+£19 (13)
HI-pooled AB 97.4+1.7(9) 97.9+1.3(11)» 97.9=1.1(15)
serum+complement
Complement 92.5+3.1(9) 91.4+3.0(10) 90.9+2.9(14)
Fresh AB serum 40.7+4.9(6)" 46.9+:7.7(4) 45.7£3.2(6)°

Values are means=SEM of (n) independent experiments. Cells were exposed in 50% human serum for 1
hour and 20% rabbit complement for another half an hour. Fresh serum was from one individual with
blood type AB. The percentage of dead cells was calculated as described in Methods. Statistical
significance of differences was calculated by one-way ANOVA. a p<0.05 vs HI-pooled human AB serum;
b p<0.05 vs complement or HI-pooled human AB serum + complement.

Figure 2-5. Electron micrographs of dissociated NPI cells exposed to media (A), HI-pooled
human AB serum containing no complement activity (B), HI-pooled human AB serum with
rabbit complement (C) or with complement only (D). Control islets (A, B) appear
ultrastructurally intact and well granulated, whereas those exposed to complement (+/- serum)
exhibited ruptured plasma membranes (arrows) with condensed chromatin.
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II-D) DISCUSSION

NPI constitute an attractive source of xenogeneic insulin-producing tissue for
clinical transplantation, however, several aspects of the model need further investigation
before this tissue can be considered for treating patients with type 1 diabetes. In
particular, the susceptibility of porcine pancreatic endocrine cells to immunologic
destruction via complement activation has not been fully elucidated. In the present study,
neonatal porcine pancreatic islet cells were characterized for expression of the
xenoreactive Gala(1,3)Gal epitope and sensitivity to human antibody/complement-
mediated lysis in vitro. The data presented here demonstrate that Gala(1,3)Gal residues
are expressed in neonatal porcine pancreata and that this epitope is detected following
collagenase digestion and 9-day culture of islet cell aggregates. In the native pancreas,
Gala(1,3)Gal was detected on vascular endothelium, within ductal lumen, and on the
surface of insulin-positive B cells. Inmunohistochemical staining of freshly digested
pancreatic fragments, 9-day cultured NPI, and single islet cell suspensions revealed that a
proportion of insulin containing B cells clearly expressed Gala(1,3)Gal. To further
identify which pancreatic islet cells express Gala(1,3)Gal, we used the lectin IB4 to
FACS purify cells with detectable levels of Gala(1,3)Gal. It was shown that
approximately 30% of neonatal porcine islet cells express Gala(1,3)Gal residues and that
55% of these cells stained positive for either insulin or glucagon. Thus, approximately
17% of the total porcine NPI cell population can be characterized as Gala(1,3)Gal
expressing insulin/glucagon-positive cells. On the other hand, majority of NPI cells

(70%) were shown not to express Gala(1,3)Gal, and that 69% of this populaticn is
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composed of insulin and glucagon-positive cells. Heterogeneity therefore exists amongst
NPI cells, in that a sub-population of non-endocrine as well as endocrine cells express
Gala(1,3)Gal.

This study also demonstrates that Gala(1,3)Gal is highly expressed in developing
NPI cells, and that the proportion of insulin-producing B cells staining positive for
Gala(1,3)Gal residues appear greater in freshly isolated preparations as compared to those
allowed to mature further during the 9-day culture period. Furthermore, morphological
assessment of NPI grafts at >200 days post-transplantation in diabetic nude mice (i.e.
following further maturation), revealed implants predominantly composed of insulin-
positive cells with Gala(1,3)Gal reactivity restricted to mouse endothelial cells
originating from revascularization of the grafts (data shown in Chapter III). It is therefore
possible that Gala(1,3)Gal is expressed on a subpopulation of less mature NPI cells that
are either precursors of hormone secreting cells or transitional cytodifferentiated forms of
insulin/glucagon containing cells that eventually lose Gala(1,3)Gal expression once
becoming fully differentiated and/or functionally mature.

The results presented here differ from those obtained in other studies, suggesting
that Gala(1,3)Gal is not present on fetal (17) or adult (17,19) pancreatic endocrine cells
but limited to intra-islet ductal and endothelial cells (15,17,19). Since these data indicate
that Gala(1,3)Gal is expressed on immature/developing B cells, this possibly explains
why Mirenda er al. (19) did not detect Gala(1,3)Gal on adult porcine B cells but it
remains uncertain why McKenzie et al. (17) did not observe Gala(1,3)Gal residues on

fetal porcine endocrine cells. It is possible that differences in experimental design as well
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as age, strain and even from one individual animal to another may account for this
variability in Gala(1,3)Gal expression. For example, the islet cells isolated from
Yorkshire-Landrace pigs (used in this study) exhibited variability in Gala(1,3)Gal
expression. Similarly, Geller ef al. (23) reported variation in porcine xenogeneic antigen
expression amongst pigs within the same as well as different strains.

Using an in vitro cytotoxicity assay, approximately 50% of NPI cells are rapidly
lysed by the activation of human complement. Exposure to HI human serum containing
rabbit complement led to the lysis of more than 90% of the islet cells. Since rabbit
complement was tested not to contain xenoreactive antibodies, the increased cytotoxicity
seen in this condition is likely due to higher levels of complement activity than that
measured in fresh human serum. Furthermore, the present study confirms Korbutt e al.
previous data using intact NPI (20) and are in agreement with those previously reported
with fetal (18) and adult (21,22) porcine islet cells. In contrast, Mirenda ef al. (19) has
recently shown no cytotoxic effect or alteration in adult porcine islet function despite
binding of human IgG or IgM antibodies and deposition of complement. It is possible that
differences in age and strain of the pigs as well as selection of cytotoxicity protocols, may
account for these differences. For example, previous reports that examined porcine islet
viability after exposure to human sera provide no data regarding complement activity in
the sera tested (18,19,22). It is therefore possible that an observed lack of islet cell
toxicity is simply related to diminished complement activity during collection and/or the
time required to pocl sera from multiple donors. In order to exclude the possible loss of

complement activity during storage freshly prepared serum from one individual or HI
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serum (i.e. as a source of xenoreactive antibodies) supplemented with rabbit complement
was used.

The observation that NPI cells were destroyed in the absence of xenoreactive
antibodies with rabbit complement alone are in agreement with other in vitro studies
using either porcine endothelial (24) or adult islet (22) cells. Although, the role of
classical and alternative pathways in complement activation within different species
combinations remains controversial (24-29), several other xenotransplant models have
also demonstrated hyperacute rejection of discordant xenografts mediated by complement
activation viq the alternative pathway (28,29). In these cases, HAR can occur in the
absence of xenoreactive antibodies and is very aggressive, perhaps because the kinetics of
complement activation is independent of antibody binding. The present study suggests
that Gala(1,3)Gal expression on NPI cells might not be a critical factor in inducing
complement-mediated lysis since majority (>90%) of NPI cells were killed after treatment
with complement alone. Moreover, NPI cells lacking Gala(1,3)Gal are also killed. It is
possible that Gala(1,3)Gal-negative cells may be lysed by two different mechanisms
namely, by binding of xenoreactive antibodies to non-Gala(1,3)Gal epitopes (causing
complement activation) or by activation of the alternative complement pathway. Several
reports have suggested that human preformed anti-Gala(1,3)Gal antibodies are the major,
if not exclusive, xenoreactive antibodies responsible for hyperacute rejection (11,30-32)
and that adsorption of these antibodies may reduce the serum’s cytotoxicity (33,34).
However, it has also been shown that human anti-Gala(1,3)Gal antibodies are capable of

recognizing alternative ligands which still remain uncharacterized (35). In addition, Oriol
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et al. (14) reported that carbohydrate epitopes with terminal lactosamine (BGall-
4GlcNAC) or sialic acid (aNeuAc2-3BGal1-4GIcNAc) are also present on porcine
vascular endothelium, suggesting the possibility that other xenoreactive antibodies are
directed against different carbohydrate epitopes.

In summary, this study shows that NPI are composed of cells expressing
Gala(1,3)Gal, and that expression of this epitope is not restricted to non-endocrine cells.
Furthermore, cells that express or lack Gala(1,3)Gal are both susceptible to complement-
mediated lysis. This form of immunologic destruction takes place even in the absence of
preformed natural antibodies, indicating a key role of the alternative pathway of
complement system in the destruction of NPI cells in vitro. Taken together, these results
suggest that NPI grafts may be subjected to complement-mediated destruction if
implanted into patients with type 1 diabetes, however, this must be confirmed in an in

vivo model.
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CHAPTER III
GALa(1,3)GAL EXPRESSION ON PORCINE ISLET CELLS IS AGE-

DEPENDENT

III-A) INTRODUCTION

The observation in 1967 that isolated rat islets when transplanted into syngeneic
animals were capable of reversing experimentally induced diabetes and its associated side
effects was considered a revolutionary breakthrough in the field of islet transplantation
(1). Prolonged islet cell survival across allogeneic barriers along with improved methods
of isolation and the availability of more effective immunosuppressive agents prompted
the initiation of clinical trials which mandated the use of isolated islets to reverse
hyperglycemia in patients with type 1 diabetes (1). As a result, both short-term and long-
term insulin independence following human islet allotransplantation has been reported
and has encouraged many centres in the world to continue clinical trials of this form of
therapy for diabetic patients (2-8). However, the critical shortage of human donor tissue is
one of the major factors that limits the wide clinical application of this procedure. A
potential solution to this problem is the use of non-human donor islets such as pigs.
Porcine islets represent the most likely practical alternative source of insulin-producing
tissue since pigs are inexpensive, readily available, and exhibit physiological and
morphological characteristics comparable to humans. Porcine insulin is also structurally

similar to human insulin and has been used safely for treating patients with type 1
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diabetes for many years. Adult pig islets are often used however, adult pig islets are
difficult to isolate and exhibit poor growth potential. Recently, Korbutt ez al. (9)
developed a simple procedure for isolating abundant islets from neonatal pigs. These
islets were shown to have growth potential both in vitro and in vivo.

The expression of Gala(1,3)Gal on porcine islet cells remains controversial.
Several studies have shown that Gala(1,3)Gal is not expressed on porcine islet endocrine
cells (10-13), while studies performed in Chapter II demonstrated that approximately 30%
of NPI cells expressed Gala(1,3)Gal and this expression was also detected on endocrine
cells (14). The discrepancy between these studies is not clear, however, it is possible that
Gala(1,3)Gal expression on porcine islet cells may be age-dependent. In this study we
further examined the expression of Gala(1,3)Gal on non-matured, in vitro and in vivo
matured NPI as well as adult pig islets and determined if Gala(1,3)Gal expression is age-
dependent. In addition, the growth characteristics of NPI are not completely understood.
It is generally believed that during fetal and neonatal life, islets of Langerhans are newly
formed from precursor cells that bud off from the pancreatic ductules (15-17). The
existence of such precursor cells in the ductal epithelium is supported by the
morphological observation that fetal and neonatal islets are often closely associated with
ductal epithelium. Cytokeratin (CK) proteins are phenotypic markers that could be used
to trace the differentiation of ductal to islet cells. These proteins constitute the
intermediate filaments of the cytoskeleton in epithelial cells and are expressed in a tissue
type-specific manner, distinct subsets being expressed in different epithelial tissues (17,

18). In human pancreas, CK7 has been identified as the typical intermediate filament
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components of ductal epithelium and therefore will be used in this study as a marker for

NPI cytodifferentiation and growth.

II1-B) MATERIALS AND METHODS
1. Preparation of Neonatal Porcine and Adult Pig Islets

Isolation of NPI have been previously described (9). Briefly, Landrace-Yorkshire
neonatal pigs ages 1-3 days (1.5-2.0 kg body wt) of either sex were anesthetized with
Halothane and subjected to laparotomy and exsanguination. The pancreases were
removed, cut into small pieces, and digested with 2.5 mg/ml collagenase (Sigma, St.
Louis, MO). Afer filtration through a nylon screen (500 um), the tissue was cultured for
9 days in HAM’s F10 medium (Gibco, Burlington, Canada) containing 10 mmol/1
glucose, 50 pmol/l isobutylmethylxanthine (ICN Biomedicals, Montreal, Canada), 0.5%
bovine serum albumin (Fraction V, radioimmunoassay grade; Sigma), 2 mmol/1 L-
glutamine, 10 mmol/l nicotinamide (BDH Biochemical, Poole, U.K.), 100 U/ml
penicillin, and 100 pg/ml streptomycin.

Isolation of adult pig islets was previously described (19). Briefly, miniature
swine Troll (age 18-19 months) were totally pancreatectomized under general anaesthesia
and pancreata were intraductally distended with UW-solution (Du Pont, Bad Homburg,
Germany) containing 0.4% (w/v) collagenase (Serva, Heidelberg, Germany) and digested
in a continuous digestion-filtration device at 32 °C. Free islets were separated from non-

islet tissue utilizing a Ficoll-Na-diatrizoate density gradient on a Cobe 2991 cell
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separator. Purified islets were cultured at 37 °C for 24 hours then dissociated into single
cells.
2. In Vitro Maturation of NPI

After 9 days of culture, non-matured NPI were washed with Hank’s balanced salt
solution (HBSS) supplemented with 10 mmol/l HEPES. Islets were then resuspended in
0.44 ml HBSS and 0.55 ml of 1.5% (w/v) highly purified alginate (Metabolex, Inc.,
Hayward, CA) dissolved in HBSS. The resulting islet/alginate mixture was vortexed to
obtain a homogeneous solution, then transferred into a 1.0 ml syringe. Microcapsules
(250-350 pm in diameter) were formed by passing the alginate /islet suspension through
an electrostatic generator followed by collection in a 120 mmol/1 CaCl, (10 mmol/1
HEPES, 0.01% Tween 20) solution for 10 minutes. The capsules were washed by gravity
sedimentation in supplemented HAM’s F10 medium and cultured in the same medium
with autologous pig serum for 7 days at 37°C. After culture, alginate capsules were
dissolved by incubating encapsulated islets in calcium-free medium for 15 minutes at
37 °C. The naked islets were washed with calcium-free medium three times and
dissociated into single cells as described below.
3. Preparation of NPI and Adult Pig Islet Cells

After culture, NPI and adult porcine islets were dissociated into single cells by
gentle agitation in calcium-free medium containing 15 pg/ml trypsin (Boehringer
Mannheim, Laval, Canada) and 4 ug/ml DNAse (Boehringer Mannheim). The cell
suspension was filtered through a 63 pum nylon screen to remove cell clumps and then

centrifuged through Percoll (Sigma) of 1.040g/ml density to eliminate dead cells and
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debris. Cells were then washed with phosphate-buffered saline (PBS) three times and
kept either in suspension for FACS analysis (in the case of non-matured NPI cells) or
distributed over adhesion microscope slides ( FGR Steinmetz Inc., Surrey, Canada) for
immunohistohistochemical analysis.
4. In Vivo Maturation of NPI

Non-matured NPI were transplanted under the left kidney capsule of Halothane-
anesthetized Scid mice (6-8 weeks old; Taconic Farms Inc., Germantown, NY). Aliquots
of 2,000 NPI were aspirated into polyethylene tubing (PE-50), pelleted by centrifugation,
and gently placed under the kidney capsule with the aid of a micromanipulator syringe.
Once the tubing was removed, the hole in the renal capsule was sealed using a disposable
high-temperature cautery pen (Aaron Medical Industries, St. Petersburg, FL). The animals
were returned to their cages and islet grafts were allowed to establish at the transplant
site. Nephrectomy of the graft-bearing kidney was performed at specified time interval
post-transplantation. Tissues were then processed for immunohistochemical analysis to
determine Gala(1,3)Gal and CK7 expression as well as the presence of insulin-secreting
cells in the grafts.
5. Immunocyto/histochemical Analysis

a) Single label immunocytochemical analysis

NPI and adult pig islet cells were fixed in Bouin’s solution for 30 minutes,
washed three times with 70% ethanol, and stored at 4 °C. Expression of Gala(1,3)Gal on
NPI cells and grafts as well as on adult pig islet cells was detected using biotinylated

Gala(1,3)Gal-specific BS-1 isolectin B4 from Bandeiraea simplicifolia (1:25 dilution;
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Sigma). Cytokeratin expression was determined using the microwave antigen retrieval
method where paraffin graft sections were first treated with 0.1M citrate buffer (3 times
of 30 seconds each with a maximum strength of a domestic microwave) then digested
with trypsin solution (0.1% trypsin and 0.125% CaCl,) for 5 minutes. Samples were
washed three times with PBS. For single islet cell preparation, cells were exposed to
citrate buffer and microwave heat for 30 seconds (6 times of 5 seconds each). CK7 was
detected using a monoclonal mouse anti-human CK7 antibody (1:200 dilution; Dako
Diagnostics Canada Inc., Mississauga, Canada) and biotinylated anti-mouse IeG
secondary antibody (1:200 dilution; Vector Laboratories, Burlingame, CA). Monoclonal
mouse anti-porcine vimentin (1:1,000; Dako Diagnostics) was used to detect rapidly
dividing cells within the NPI and adult pig islet cell preparations.

The presence of pancreatic hormones was determined using guinea pig anti-
porcine insulin antibody (1:1,000 dilution; Dako Diagnostics) followed by biotinylated
goat anti-guinea pig IgG secondary antibody (1:200; Vector Laboratories), rabbit anti-
porcine glucagon antibody (1:1,000 dilution, Dako Diagnostics), rabbit anti-human
somatostatin antibody (1:1,000 dilution; Dako Diagnostics), rabbit anti-human pancreatic
polypeptide antibody (1:1,000 dilution; Dako Diagnostics) and biotinylated goat anti-
rabbit IgG secondary antibody (1:200 dilution; Vector Laboratories). The avidin-biotin
complex/horseradish peroxidase (ABC/HP; Vector Laboratories) method was used and
developed with 3,3-diaminobenzidinetetrahydrochloride (DAB; BioGenex, San Ramon,

CA) to produce a brown color.
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b) Double label immunohistochemical analysis

NPI grafts were fixed in Bouin’s solution for 2 hours, washed three times in 70%
ethanol and embedded in paraffin. Sections of 5 um were first stained with either
biotinylated Gala(1,3)Gal-specific lectin or mouse anti-human CK7 antibody for 30
minutes followed by appropriate biotinylated secondary antibody (for CK7 only as
described above) for 20 minutes. The ABC/HP complex and DAB as chromagen were
used to detect cells that express Gala(1,3)Gal or CK7. The same tissue sections were
subsequently stained with guinea pig anti-porcine insulin antibody and biotinylated goat
anti-guinea pig secondary antibody. The avidin-biotin complex/alkaline phosphatase
(Vector Laboratories) method and Fast Red as chromagen (Vector Laboratories) were
used to obtain a red reaction.
6. Fluorescence Activated Cell Sorter (FACS) Analysis

To further characterize the cellular composition of Gala(1,3)Gal-positive and
negative NPI cells, non-matured NPI cells were first stained with fluorescein
isothiocyanate (FITC)-conjugated BS-1 isolectin B4 (1:50 dilution; Sigma) for 1 hour on
ice, washed three times, and submitted to FACS analysis (EPICS Elite ESP flow
cytometer; Coulter, Hialeah, FL) for the purification of Gala(1 ,3)Gal-positive and -
negative islet cells. The fluorescence emitted by FITC-labeled cells was selected as the
sorting parameter. Positive controls for this experiment included porcine aortic
endothelial cells (PAEC) stained with FITC-conjugated IB4 lectin using the same
protocol for NPI cells. The efficacy of the cell separation was evaluated by visually

comparing the fluorescence of sorted Gala(1,3)Gal-positive and -negative cells, as well as
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by re-analyzing each population by flow cytometry to detect the relative percentage of
Gala(1,3)Gal-positive cells in each population. Sorted cells were then stained for CK7
and/or insulin as described above.

7. Statistical Analysis

Data are expressed as means+SEM of n independent observations. Significant
differences among experimental groups were tested using analysis of variance (ANOVA)
and differences between two groups were tested using paired T-test. p < 0.05 was

considered to be statistically significant.

III-C) RESULTS
1. Cellular Composition of Non-Mature, In Vitro Mature NPIs, and Adult Pig Islets
One-color immunohistochemistry staining (Table 3-1) revealed that significantly
more cells in the non-matured NPI expressed Gala(1,3)Gal (19.7+3.3%) compared to in
vitro matured NPI (11.0+2.8%) and adult pig islets (5.1+1.3%). Similar pattern of
distribution was also observed for CK7 and vimentin. Vimentin is a marker for a wide
variety of mesenchymal cells. Expression of vimentin by epithelial cells is commonly
seen in rapidly growing tissue in culture or regeneration. Non-matured NPI consist of
28.0+4.2% CK7-positive cells compared to 10.5+1.8% of in vitro matured NPI and
1.3£0.5% of adult pig islets. Vimentin-positive cells in non-matured NPI (1 5.0+£3.9%)
was approximately 2-fold (7.6+1.3%) and 10-fold (1.4+0.5%) higher than in in vitro
matured NPI and adult pig islets, respectively which suggest that cells in the NPI are

rapidly dividing. The proportions of glucagon, PP, and somatostatin were similar to the
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patterns observed for Gala(1,3)Gal, CK7, and vimentin except that there was a slight
increase in the number of cells stained positive for glucagon and PP in the in vitro
matured NPI. This increase however, was not significant (Table 3-1). In contrast,
significantly less insulin-positive cells in non-matured NPI (33.7+3.8%) was observed
compared to in vitro matured NPI (42.1+3.1%) and adult pig islets (82.8+1.2%).
2. Distribution of CK7 and Insulin in Gala(1,3)Gal-Positive and -Negative NPI Celis

We have previously reported that approximately 30% of non-mature NPI cells
express Gala(1,3)Gal and 70% did not (14). After FACS analysis of non-mature NPI cells
stained with FITC-conjugated [B4-lectin the distribution of CK7 and insulin in
Gala(1,3)Gal-positive and -negative cell fractions was determined by
immunocytochemical analysis. Significantly more CK7-positive cells (Table 3-2) were
observed in Gala(1,3)Gal-positive population (24.4+10.4%) compared to Gala(1,3)Gal-
negative cell fraction(1.8+0.7%). In contrast, there were significantly more insulin-
positive cells in Gala(1,3)Gal-negative cell population than Gala(1,3)Gal-positive cell
fraction (32.4+3.8% vs 11.7+2.1%, respectively). We found no significant difference
however, in the number of cells stained positive for both CK7 and insulin in both
Gala(1,3)Gal-positive and -negative populations (0.7+0.2% vs 1.4+£0.9%).
3. In Vivo Expression of Gala(1,3)Gal and CK7

The expression of Gala(1,3)Gal and CK7 on NPI grafts were examined at several
time intervals post-transplantation. The distribution pattern of Gala(1,3)Gal staining was
most intense on day 1 post-transplantation (Figure 3-1A). IB4 lectin reacted strongly with

ductal epithelium and some centrally located islet cells. Similar intensity of
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immunostaining for Gala(1,3)Gal was observed on day 7 (Figure 3-1B) however, the
epithelial ducts can now be seen as branched structures located on the upper and bottom
portion of the islet graft. There were also Gala(1,3)Gal-positive cells present in the
middle of the graft. These observations were also evident on day 30 post-transplantation
except there were less Gala(1,3)Gal-positive cells seen in the middle part of the graft
(Figure 3-1C) and epithelial ducts appear to have migrated towards the center of the graft.
On day 45 post-transplantation a faint staining for Gala(1,3)Gal was seen within the
insulin-positive islets while intense staining was seen in majority of the vascular
structures (some surrounding the islets and some scattered in the graft) (Figure 3-1D). At
this time more insulin-positive cells were observed. On day >200 post-transplantation,
very few cells (restricted to mouse endothelium originating from revascularization of the
grafts) expressed Gala(1,3)Gal while majority of the cells within the graft were strongly
stained positive for insulin (Figure 3-1E).

Anti-CK7 antibody also reacted strongly to ductal epithelium (Figure 3-2). On day
1 post-transplantation the ductal epithelia were present as branched structures, while the
insulin-positive cells were arranged as short lines of single cells or small clusters of cells
closely attached to the ductal epithelium (Figure 3-2A). On day 7 post-transplantation, the
epithelial ducts consisted of one layer of cells forming a round structure or a network of
round and elongated structures with some insulin-positive cells intermingled with CK7-
positive duct cells (Figure 3-2B). On day 30 post-transplantation, more insulin positive
cells are found within the graft and majority of these cells do not express CK7 (F igure 3-

2C). Clearly around this time, large clusters of insulin-positive cells appear to be budding
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off from CK7-positive epithelial ducts. Some of the insulin-positive cell clusters were
still closely attached to the ductal epithelia and majority of these ducts are located in the
middle part of the graft. On day 45 post-transplantation, very few CK7-positive ducts
were observed as more insulin-positive cells were formed (F igure 3-2D) and on day >200

post-transplantation the graft consisted mainly of insulin-positive cells (F igure 3-2E).

Table 3-1. Cellular composition of non matured, in vitro matured NPI and adult pig islets.

Percentage of total cells
Islets aGal’ Vimentin® CK7* Pancreatic Insulin®* Glucagon® Somatostatin®
Polypeptide®

Non-matured 19.743.3 15.0£3.9 28.0+4.2 8.7+1.7 33.743.8 19.5+3.0 8.2+1.0
NPI (14) (12) (19) 12) (13) (13) (14)
Invitro 11.0£2.8 7.6+1.3 10.5£1.8 104209 42.1+3.1 23.3%1.4 8.0+0.9
matured NPI @) €)) ) ) ®) 9) )
Adult 5.1£1.3  1.430.5 1.3£0.5 4.5+1.3 82.8+1.2 9.74£3.2 4.0£1.0

(6) “) (6) @) (6) 6) 6)

Islets were dissociated into single cells and fixed with Bouin's solution. Cells were then stained with appropriate
antibodies and positive reaction was detected by HP/ABC. (n) represents the number of samples in each case.
*p<0.01 ; ®p<0.05 by ANOVA.

Table 3-2. Expression of CK7 and/or insulin in Gala(1,3)Gal-positive and -negative non-mature NPI
cells.

Percentage of total cells
Cell Population n CK™T Insulin® CK7/Insulin
Gala(1,3)Gal-positive 7 24.4+10.4 11.7£2.1 0.7+0.2
Gala(1,3)Gal-negative 9 1.8+0.7 32.4+3.8 1.4+0.9

Gal-positive and -negative cells were fixed with Bouin’s and stained for CK7 and/or insulin. Positive
reaction was detected using the ABC/HP and /or AP/ABC. * p<0.003 ;
® p<0.005 by Mann-Whitney U Rank Sum Test.
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Figure 3-1. Expression of Gala(1,3)Gal and insulin on NPI xenografts. Expression of
Gala(1,3)Gal was detected on NPI grafts harvested on days 1 (A), 7 (B), 30 (C), 45 (D)
and >200 (E) post-transplantation. Gala(1,3)Gal (brown) was detected using biotinylated
IB4 lectin and insulin-positive cells (red) were detected using anti-porcine insulin
antibody. On days 1 and 7 more cells in the graft express Gala(1,3)Gal, then decreased on
days 45 and >200 where majority of the cells are insulin-positive.
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Figure 3-2. Expression of CK7 and insulin on NPI xenografts. Grafts were harvested on
days 1 (A), 7, (B), 30 (C), 45 (D) and >200 (E) post-transplantation. CK7-positive
epithelial ducts (brown) are detected using anti-human CK?7 antibody and insulin-positive
cells (red) are stained with anti-porcine insulin antibody. On day 30 (C), clusters of
insulin-positive cells appear to be budding off from the epithelial ducts.
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III-D) DISCUSSION

In this study we demonstrate both in vitro and in vivo that Gala(1,3)Gal
expression on porcine islet cells is age-dependent. We found that Gala(1,3)Gal was
highly expressed in young and developing NPI cells (as characterized by expression of
CK?7) and decreases when these cells have differentiated into functionally mature insulin-
producing B cells. It has been shown that during development certain antigens are
expressed at some stages only to disappear as the cells mature (20) and Gala(1,3)Gal may
be one of these antigens. The function(s) of many oligosaccharides present on glycolipids
and glycoproteins is not known due to its complicated pathways that have evolved to
synthesize them. There has been suggestions that oligosaccharides on cell-surface
proteins provided the cell with a protective coat that allowed the cell freedom to change
shape and move. This activity is more foreseeable in developing islet cells than in mature
ones. Since we have shown in neonatal pig pancreas that insulin-positive B cells were first
randomly scattered as single cells or small clusters of cells frequently arranged alongside
or within the duct lining (14). Further culture of the neonatal pancreatic tissue for 9 days
resulted in the formation of spherical structures containing insulin-positive cells similar to
adult pig islets. Gala(1,3)Gal and other oligosacchirides may be responsible for the
formation of spherical structure and migration of endocrine cells to form an islet. It is also
possible that Gala(1,3)Gal and other oligosccharides may play a role in cell-to-cell
communication within the islet. It is known that individual islets present a typical
topographical distribution of different cell types with a central bulk of insulin-containing

P cells, a peripheral rim of a cells, PP-secreting cells and intermediate placed 3 cells (21).
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However, it is not known how this cellular arrangement is accomplished. Another
possible function of Gala(1,3)Gal is to provide protection from harsh conditions
surrounding the islet cells. For example, glycolipids on the plasma membrane of
epithelial cells are confined to the apical surface where they may help to protect the
membrane from low pH and degradative enzymes frequently present in the pancreas.

The mechanisms underlying NPI cell differentiation are still poorly understood. It
is generally believed that, in embryos, the pancreatic duct contains undifferentiated
precursor cells that migrate away from the duct to form islet and acinar cells (22).
Endocrine cell differentiation occurs as soon as the pancreatic cell precursors emerge
from the pancreatic duct and cell-specific expression is regulated at the transcription level
by transacting proteins (such as Pdx1 and Nkx2.2), which bind to short DNA sequences
located upstream from the transcription initiation site (23, 24). In the neonatal rat,
Bouwens et al. (17) showed that the expression of the ductal CKs in islets and the
observed continuity of islets with ductular epithelium are strongly suggestive for the
differentiation of ductular cells to islet endocrine cells. In this study, we have shown that
NPI contain a high proportion of precursor duct-like cells that differentiate into insulin-
producing f cells. The presence of more CK7-positive cells in non-matured NPI
compared to in vitro matured NPI and adult pig islet cells indicates the existence of
transitional cytodifferentiation forms. Furthermore, the number of vimentin-positive cells
is also higher in non-mature NPI than those seen in in vitro matured NPI and adult pig
islets. culture or regeneration. In addition to differentiation of ductal cell precursor, it is

also possible that pre-existing non-p endocrine cells (i.e. a, 8 and PP-secreting cells) may
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differentiate into f cells to meet the functional demand and maintain euglycemia. In the
whole human fetal pancreas a parallelism between the increase in B cell volume and in
total glandular tissue has been observed (25), while the relative a cell volume reached a
peak at a fetal age of 17-19 weeks and was followed by a marked decrease until the start
of neonatal life. It was also observed that the 3 cells reached their highest volume density
in the neonatal period (26, 27). This may explain in part the lower number of non-g
endocrine cells in the adult pig islets compared to non-matured and in vitro matured NPI.
It has been the assumption that islet cells co-expressed two or more hormones during
development (22). These mixed cells probably represent precursors which would
differentiate into mature cells expressing a single specific product (22). In mouse, double
label immunohistochemical studies revealed that ail cells which expressed insulin also
contained glucagon. (22, 28). Cells containing both insulin and glucagon were also
detected in human and porcine fetal pancreas at the electron-microscopic level. Islet
growth can also occur by replication of pre-existing B cells. Replication has been thought
to be the principal means of expansion after birth, but with a capacity that diminishes
with age (29). Preliminary data in our laboratory indicates that approximately 13% of NPI
cells proliferate as measured by incorporation of BrdU (data not shown).

Taken together, these results demonstrate that expression of Gala(1,3)Gal on
porcine islet cells is age-dependent and may explain in part why in other studies this
antigen was not detected on endocrine cells. This results also suggest that adult pig islet
cells may be less susceptible to killing by complement. However, when we treated the

adult pig islet cells with rabbit complement, these cells were also killed (data not shown).
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These further support our findings in Chapter II that Gala(1 ,3)Gal may not be critical in
the lysis of porcine islet cells and that hyperacute rejection of this tissue can be mediated
by complement alone. The factors involved in islet growth are only partially defined and
whether Gala(1,3)Gal plays a role in the development and maturation of islets remains to
be determined. A better understanding of B cell or islet growth may lead to new therapies
for the treatment of diabetes and the ability to amplify islet tissue in vitro would facilitate

islet transplantation as a therapy (29).
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CHAPTER IV
MICROENCAPSULATION OF NEONATAL PORCINE ISLETS: PROTECTION
FROM HUMAN ANTIBODY/COMPLEMENT-MEDIATED CYTOLYSIS IN

VITRO AND LONG-TERM REVERSAL OF DIABETES IN NUDE MICE!

IV-A) INTRODUCTION

Islet transplantation is an attractive alternative treatment for patients with type 1
diabetes (1-7). There are however, currently two major barriers to overcome before islet
transplantation can be offered as a therapy for diabetic patients. One is the poor
availability of human pancreatic tissue and the other is the need for permanent
immunosuppression to prevent rejection. In respect to the former, pigs are an attractive
source of islets because they breed rapidly, have large litters, and porcine insulin has been
used to treat patients with type 1 diabetes for many years. Recently, Korbutt ez al. (8)
developed a simple and reliable method to efficiently isolate large numbers of islets from
neonatal pigs. These islets are easily maintained in tissue culture, correct diabetes in nude
mice and have growth potential both in vitro and in vivo (8, 9). Although these
characteristics make neonatal porcine islets (NPI) a very attractive source of insulin-
producing tissue for clinical transplantation, we recently demonstrated that NPI are

susceptible to lysis mediated by human antibody and complement in vitro (10, 11). One

' A version of this chapter has been submitted for publication. Rayat et al. 1999.
Transplantation.
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microencapsulation enhances survival of dog islets both in vitro and in vivo (12, 13) as
well as partially protect NPI xenografts after implantation into diabetic NOD mice (14). It
remains unknown however if microencapsulation can protect NPI from injury caused by
human antibody and complement or if these islets can survive and correct diabetes long-
term. The aims of this study were to examine the capacity of microencapsulation in
protecting NPI from injury induced by human antibody and complement in vitro and to

assess their ability in reversing hyperglycemia in diabetic nude mice.

IV-B) MATERIALS AND METHODS
1. Animals

One to three day-old Landrace- Yorkshire neonatal pigs (1.5 to 2.0 kg body
weight) of either sex were used as islet donors. Male, inbred, athymic nude Balb/c mice
(age 6 to 8 weeks) were used as recipients of NP (the Jackson Laboratories, Bar Harbor,
ME). Mice were rendered diabetic by intravenous injection of 90 mg/kg body weight
alloxan (Sigma Chemical Co., St. Louis, MO; freshly dissolved in 1 mmol/l hydrochloric
acid) 4 to 5 days before transplantation. All recipients in the study had blood glucose
levels above 20 mmol/]. Blood samples were obtained from the tail vein to monitor
glucose level (Medisense glucose meter; Medisense Canada, Mississauga, ON). Animals
were maintained under virus-antigen-free conditioned rooms with free access to sterilized

tap water and pelleted food.
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2. Preparation and Encapsulation of NPI

The method used to isolate NPI has been previously described (8). Briefly,
neonatal pigs of either sex were anesthetized with Halothane and subjected to laparotomy
and exsanguination. The pancreas was removed, cut into small pieces, and digested with
2.5 mg/ml collagenase (Sigma). After filtration through a nylon screen (500 pum), the
tissue was cultured for 7 days in HAM’s F10 medium (Gibco, Burlington, ON)
containing 10 mmol/l glucose, 50 umol/1 isobutylmthylxanthine (ICN Biomedicals,
Montreal, PQ), 0.5% bovine serum albumin (BSA; fraction V, radioimmunoassay grade;
Sigma), 2 mmol/l L-glutamine, 10 mmol/l nicotinamide (BDH Biochemical, Poole,
England), 100 U/ml penicillin, and 100 ug/ml streptomycin at 37 °C (5% CO,, 95% air).

After culture, NPI were washed with Hank’s balanced salt solution (HBSS)
supplemented with 10 mmol/l HEPES. Islets were then resuspended in 0.44 ml HBSS and
0.55 ml of 1.5% (w/v) highly purified alginate (Metabolex, Inc., Hayward, CA) dissolved
in HBSS. Microcapsules (250-350 um) were formed by passing the alginate/islet
suspension through an electrostatic generator followed by collection in a 120 mmol/l
CaCl, (10 mmol/l HEPES, 0.01% Tween 20) solution for 10 minutes. The capsules were
washed by gravity sedimentation in supplemented HAM’s F10 medium and cultured in
the same medium at 37°C for two days. Controls included non-encapsulated islets which

were also cultured in HAM’s F10 for an additional 2 days.

118



3. In Vitro Human Antibody/Complement-Mediated Cytotoxicity Assay

The method for the in vitro cytotoxicity assay has been previously described (10,
11). Briefly, encapsulated and non-encapsulated NPI were incubated for 24 hours in
either heat-inactivated (HI; complement-depletc;,d) human AB serum or fresh human
serum (containing complement) diluted 1:1 with HAM’s F10 medium (supplemented as
above). After the incubation period, NPI were recovered from the petri dishes, washed in
HAM’s F10 medium, and the preparations were assessed for recovery of cellular insulin
and DNA contents as well as functional viability. Insulin content was measured after
extraction in 2 mmol/l acetic acid containing 0.25% BSA (8). Samples were sonicated in
acetic acid, centrifuged (800g, 15 minutes), then supernatants were collected and stored at
-20°C until assayed for insulin content by ELISA (Boehringer Mannheim, Laval, PQ).
For DNA content, aliquots were washed in citrate buffer (150 mmol/l NaCl, 15 mmol/l
citrate, 3 mmol/l EDTA, pH 7.4) and stored as cell pellets at -20 °C. Before the assay, cell
pellets were placed in 450 ul of lysis buffer (10 mmol/l Tris, 1 mmol/l EDTA, 0.5%
Triton X-100, 4°C, pH 7.5), sonicated, supplemented with 25 ul of Proteinase K solution
(8 mg/ml), vortexed, and incubated at 65 and 70°C for 45 and 10 minutes, respectively.
Lysates were supplemented with 25 pl of RNAse A solution (10 mg/ml), vortexed and
incubated for 1 hour at 37 °C. Aliquots of 25 and 50 ul were assayed in duplicate by
diluting them in 1.0 ml of DNA buffer (10 mmoVl/1 Tris, 1 mmol/l EDTA, pH 7.5) and
measuring fluorescence at a wavelength of 490 nm (excitation) and 515 nm (emission)

after addition of 1.0 ml Pico Green reagent (1/200 dilution with DNA buffer). Samples
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were run in parallel with and diluted in proportion to a seven-point (0-400 ng/ml)
standard curve which was generated using calf thymus DNA.

For assessment of in vitro functional viability, the secretory response to glucose of
non-encapsulated and encapsulated NPI was determined using a static incubation assay
(8, 10). The cultured fractions were recovered from the petri dishes, washed, and aliquots
of 50-100 NPI were incubated for 120 minutes in 1.5 ml of RPMI medium supplemented
with 2 mmol/l L-glutamine, 0.5% BSA and either 2.8 mmol/l glucose, 20 mmol/] glucose
or 20 mmol/l glucose plus 10 mmol/l theophylline. Tissue and medium were then
separated by gravity sedimentation and assayed for their respective insulin contents. The
insulin content of the medium was expressed as a percentage of the total content (i.e.,
tissue plus medium). Stimulation indices were calculated by dividing the amount of
insulin release at 20 mmol/1 glucose (+ theophylline) by that released at 2.8 mmol/l
glucose.

4. Transplantation of Encapsulated NPI and Metabolic Follow-up

Non-encapsulated or encapsulated islets (2,000) were transplanted under the
kidney capsule or intraperitoneally into alloxan-induced diabetic nude mice, respectively.
Recipients were monitored for blood glucose levels once a week between 8:00 and | 1:00
a.m. When the blood glucose level was <8.4 mmol/l, the transplant was deemed a
success. At 40 weeks post-transplantation, an oral glucose tolerance test (OGTT) and
intraperitoneal glucose tolerance test (IPGTT) were performed on NPI recipients with
normalized basal glycemia and in normal controls. After a 2-hour fast, D-glucose (3 mg/g

body weight) was administered as a 50% solution into non-anesthetized mice. Blood
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samples were obtained from the tail vein at 0, 15, 30, 60, and 120 minutes. Five to seven
days after the GTT’s, capsules were recovered by an intraperitoneal lavage for dithizone
staining or EM analysis (as described below). To confirm the efficacy of the encapsulated
NPI at correcting diabetes, the pancreas of each recipient was assayed for insulin content
as previously described (8). Similarly, animals with renal subcapsular grafts were
nephrectomized and subsequently monitored to confirm a return to hyperglycemia.
5. Morphological assessment of non-encapsulated and encapsulated NPI pre-and
post-transplantation

The morphology of encapsulated NPI (1,000) immediately prior to transplantation
was examined by dithizone staining (0.02% final concentration), immunohistochemical
staining for insulin (8, 11), and electron microscopy. Samples were fixed in Bouin’s
solution for 2 hours, washed three times with 70% ethanol, and embedded in paraffin.
Next, Sum sections were stained with guinea pig anti-porcine insulin antibody (1:1,000
dilution; Dako Laboratories, Mississauga, ON) for 30 minutes followed by biotinylated
goat anti-guinea pig IgG secondary antibody (1:200 dilution; Vector Laboratories,
Burlingame, CA). For electron microscopic (EM) analysis, NPI were fixed in 2.5%
(vol/vol) glutaraldehyde (Millonig’s buffer, pH 7.2), post-fixed in 1.5% (wt/vol) OsO4,
washed in distilled water, then dehydrated successively in 50, 70, 80, 90, and 100%
ethanol before embedding in araldite. Sections were stained with lead citrate and uranyl
acetate then subsequently examined in a Hitachi H 7000 (Hitachi Ltd., Tokyo, Japan)

transmission electron microscope.
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6. Statistical Analysis

Data are expressed as means+SEM of n independent observations. Statistical
significance of differences among groups was determined using one-way analysis of
variance (ANOVA) and between two groups using paired T-test. p<0.05 was considered

statistically significant.

IV-C) RESULTS
1. Cytotoxicity of Human Serum and Complement

Incubation of non-encapsulated NPI for 24 hours in the presence of complement-
containing fresh human serum resulted in a 53% loss of cellular insulin mass (p<0.001)
and a 51% reduction in recoverable DNA content (p<0.001) when compared to non-
encapsulated NPI cultured in complement-depleted HI human serum (Table 4-1). In
contrast, exposure of encapsulated islets to fresh human serum had no cytotoxic effect on
the islets (91.0+8.0% insulin and 94.0+8.0% DNA recovered). Similar results were
observed when encapsulated islets were exposed to HI human serum (96.0+£9.0% insulin
and 89.0+3.0% DNA recovered). It is worth noting at this point that these results are
comparable to what we found in Chapter II, where we showed that treatment of NPI cells
with HI human serum did not result to significant lysis but resulted to >50.0% killing of
the islets when exposed to fresh human serum as measured by neutral red staining (Table
2-2, Chapter IT). However, in Chapter II, it appears that a very small percentage (2-3%) of
NPI cells were killed after treatment with HI serum. We think that this is probably the

result of several manipulations experienced by the cells during FACS analysis since cells
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treated with media alone exhibited similar results. In the present study, we used insulin
and DNA recovery to assess viability of the islets since it is not feasible to assess the

quantity of lysis in intact islets by neutral red.

Table 4-1. Effect of human serum and complement on non-encapsulated and encapsulated NPI.

Percentage Recovery
Condition Serum n Insulin DNA
Non-encapsulated Hl 5 100.0 100.0
Fresh 5 47.0£6.0" 49.0:4.0*
Encapsulated “HI 5 96.0+9.0 89.0+£3.0
Fresh 5 91.0+8.0 94.0+8.0

Values are means+SEM of n independent experiments and are expressed as a percentage of the
corresponding values for non-encapsulated NPI cultured in heat inactivated (HI) pooled human AB serum
without complement. Statistical significance of differences between groups was calculated using one-way
ANOVA. *p<0.001.

The secretory activity of NPI was tested by comparing the percentage of cellular
insulin released at low glucose (2.8 mM), high glucose (20 mM), and high glucose plus
10 mM theophylline. Non-encapsulated NPI previously treated with complement
deficient heat-inactivated human serum exhibited a mean stimulation index of 4.9+0.7
when compared to the release at high glucose versus at low glucose. When exposed to 20
mM glucose in combination with 10 mM theophylline, the stimulation index increased to
more than 22-fold. On the other hand, insulin secretion of non-encapsulated islets

exposed to human serum containing complement was markedly altered (Table 4-2).
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Incubation at low glucose significantly (p<0.05) increased the secretory rate of non-
encapsulated NPI pre-treated with fresh human serum; whereas insulin secretion was
significantly reduced when exposed to high glucose plus theophylline. Thus the
calculated stimulation indices after incubation with either 20 mM glucose or 20 mM
glucose plus 10 mM theophylline were significantly lower (p<0.001 and p<0.05,
respectively) compared to non-encapsulated NPI previously cultured with HI human
serum. In contrast, no significant differences were observed in the insulin secretory
activity between controls (non-encapsulated exposed to heat-inactivated serum) and
microencapsulated NPI pre-treated with either fresh or heat-inactivated human serum.

Thus the calculated stimulation indices of these groups were comparable.

Table 4-2. Effect of human serum and complement on the insulin secretory capacity of NPI.

Isolated islet fraction

insuli vity [% D Stimulati Indi
28mM 20mM 20mM glucose + High:low  High +

Condition Serum n glucose glucose 10 mM theophylline theophylline:low
Non-Encapsulated HI 5 1.5+0.2 7.0+1.1  34.3%23 4.9x0.7 22.8+4.7
Fresh 5 6.2+0.9" 7.6x1.3 17.9+3.5° 1.1£0.1* 2.8+0.8°
Encapsulated HI 5 1.1+0.3 4.8203 299422 4.3+0.4 27.1£2.7
Fresh 5 1.3+0.1 5.840.8 34.3%]1.2 45204 26.4x2.2

Values are means + SEM of n independent experiments. In each experiment data were collected following culture in
heat inactivated human serum (HI) or fresh human serum at 37 °C as described in Materials and Methods. Stimulation
indices were calculated by dividing the amount of insulin released at high giucose (20 mmol/1) by that released at low
glucose (2.8 mmol/l). Statistical significance of differences between groups was calculated by one-way analysis of
variance. * p<0.001, ® p<0.05.
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2. Transplantation of NPI Into Diabetic Nude Mice

Figure 4-1A illustrates the blood glucose values during post-transplant follow-up
period in the following groups of recipients: 1) non-encapsulated NPI transplanted under
the kidney capsule, 2) non-encapsulated NPI implanted intraperitoneally, and 3)
encapsulated NPI placed intraperitoneally. After alloxan administration, all recipients
exhibited blood glucose values above 20 mmol/l. All animals transplanted
intraperitoneally with encapsulated NPI exhibited blood glucose values <8.4 mmol/l
within 8 weeks post-transplantation (Table 4-3, Figure 4-1A). This metabolic state was
maintained over the 40 weeks follow-up period. Similar results were achieved when non-
encapsulated NPI were implanted under the kidney capsule of diabetic nude mice (Table
4-3, Figure 4-1A). On the other hand, when non-encapsulated NPI were transplanted
intraperitoneally, all recipients failed to achieve euglycemia and survived for only
21.0+4.0 days post-transplant.

Glucose tolerance tests were performed on normoglycemic recipients and controls
at 40 weeks post-transplantation. Compared to age-matched normal control mice, animals
implanted with encapsulated NPI (intraperitoneally) or non-encapsulated NPI (kidney
capsule) showed significantly lower (p<0.05) glucose values at 15 and 30 minutes in both
OGTT and IPGTT (Figure 4-1B and 4-1C). There was no significant difference in the
glucose values at all time points between the two transplant groups. In all groups, the
glucose values at 120 minutes post-glucose administration was not significantly different

from the values at 0 minutes.
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Figure 4-1. A) Blood glucose values in alloxan-induced diabetic nude mice transplanted
with 2,000 NPI under the kidney capsule (non-encapsulated; @; n=10) or intraperitoneally
(encapsulated; A; n=16 or non-encapsulated; ll; n=6).

Blood glucose values during oral (B; OGTT); and intraperitoneal (C; IPGTT)
administration of glucose to nude mice transplanted with non-encapsulated (@; kidney;
n=10) or encapsulated (@; intraperitoneally; n=12) NPI in comparison to age-matched
normal control (l; n=6) mice at 40 weeks post-transplantation. Values are means +SEM.
Statistical significance of differences between groups was calculated by one-way analysis
of variance. *p<0.05 vs normal controls.
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Table 4-3. Metabolic follow-up of diabetic nude mice transplanted with 2,000 NPLI.

Weeks Post-transplantation

Experimental

Groups Site n 1 2 3 4 5 6 8 42
Normoglycemic animals*/Total number of recipients

Encapsulated i.p. 16 0/16 0/16 4/16 8/16 12/16 14/16 16/16  16/16

Non-

encapsulated k.c. 10 0/10 0/10 3/10 5/10 7/10 9/10 10/10 10/10

Normoglycemia defined as blood glucose values <8.4 mmo/l. i.p., intraperitoneum; k.c., kidney capsule.

Examination of recovered encapsulated NPI at 42 weeks post-transplantation
using dithizone revealed intact NPI with more intense dithizone staining compared to NPI
before transplantation (Figure 4-2A, 4-2B). Similarly, immunohistochemical (F igure 4-
2C, 4-2D) and electron microscopic (Figure 4-2E, 4-2F) analyses, showed fully
differentiated islets containing numerous insulin-producing cells and well-granulated
endocrine cells compared to islets before transplantation which contain less endocrine
cells and more non-endocrine cells. Throughout the experimental period, the capsules
remained intact with no signs of fibrosis observed on the capsules’ exterior.

In all recipients of encapsulated (intraperitoneally) or non-encapsulated NPI
(kidney capsule), removal of the islet grafts was followed by a rapid return to the diabetic
state. The pancreatic insulin content of recipients of encapsulated NPI was <2% (<0.7 ug)
of the insulin content of normal nude mice (38.0 ug; data not shown). These results
demonstrate that the normoglycemia observed in the recipients is attributable to insulin

production from grafts and not from residual pancreatic cells.
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Figure 4-2. Morphology of encapsulated NPI before (A, C, E) and after (B, D, F)
implantation to alloxan-induced diabetic nude mice. NPI were treated with dithizone
(A,B), immunostained for the presence of insulin-positive cells (C, D), and processed for
transmission electron microscopy (E, F).
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IV-D) DISCUSSION

Neonatal porcine islets constitute an attractive source of insulin-producing tissue
for clinical transplantation, however, several immunological obstacles must first be
overcome. We have shown that human IgG and IgM natural xenoreactive antibodies bind
to NPI cells (11), NPI cells express the Gala(1,3)Gal epitope (11), and NPI cells are
susceptible to human antibody/complement-mediated cytolysis (10, 11). Taken together,
one potential approach to prevent humoral-mediated destruction is to place the NPI grafts
in an immunoisolation device to block access of human antibody and/or complement. In
this study, we examined whether a highly purified alginate microcapsule can protect NPI
from injury induced by human antibody and complement in vitro. The data presented here
demonstrate that microencapsulated NPI are protected from the deleterious effects of
fresh human serum containing complement since cellular insulin and DNA recoveries as
well as insulin secretory activity were not adversely altered. In contrast, 24 hour exposure
of non-encapsulated NPI to human serum and complement resulted in more than 50%
loss of cellular insulin/DNA contents and an abnormal glucose responsiveness during an
in vitro static incubation. The mechanism responsible for the protective effect of the
alginate capsule is not known. We have however, determined that human IgM, but not
IgG, is unable to diffuse across the alginate capsule used in the current study (data not
shown). It is therefore possible that the alginate capsule blocks the passage of human IgM
and more importantly large molecular weight products of complement activation and
thereby, prevents destruction of the NPI. This concept is supported by the observation

that human IgM as opposed to IgG is the predominant type of human anti-porcine
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xenoreactive antibodies (15-21) and that alginate-poly-L-lysine microencapsulated
sensitized sheep erythrocytes were protected against activated complement fragments
(22). Whether microencapsulation will also protect NPI from cell-mediated immune
response remains to be determined. It may be more difficult to block this type of immune
response since small antigens that can escape through the pores of the capsule might
trigger a cellular immune response (most likely inflammatory) that will lead to
destruction of the islets. Cytokines (for example I[FN-y and TNF-a) and various toxic
products (for example nitric oxide) produced by immune cells attracted to the
encapsulated islets may cause the death of the islets.

Diabetic nude mice were transplanted with encapsulated and non-encapsulated
NPI in order to examine their efficacy at correcting diabetes in these animals. At week 8
post-transplantation, 100% of the mice receiving 2,000 encapsulated (intraperitoneally) or
non-encapsulated (kidney capsule) NPI exhibited blood glucose levels <8.4 mmol/l.
These data are comparable to our previous findings where 2,000 non-encapsulated NPI
gradually achieved normoglycemia within 8 weeks following implantation under the
kidney capsule of diabetic nude mice (8). Moreover, the present study demonstrates that
encapsulated NPI are equally effective at correcting diabetes in nude mice when
transplanted in the peritoneum. Furthermore, 2,000 non-encapsulated NPI were not able
to reverse diabetes after intraperitoneal implantation. This was an expected result because
it has been previously reported that intraperitoneal islet grafts are not very effective at

correcting diabetes (23, 24). It is possible that our alginate microcapsule provides a
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support matrix for the NP, thereby allowing them to survive and engraft in the peritoneal
cavity.

Unexpected results were however observed during the glucose tolerance tests,
because mice transplanted with encapsulated grafts not only exhibited comparable
glucose tolerance to recipients of renal subcapsular NPI, but also had lower blood glucose
levels at 15 and 30 minutes after glucose challenge when compared to normal controls.
This is the first report demonstrating that microencapsulated islet grafts placed
intraperitoneally can not only achieve long-term euglycemia but also glucose tolerance
comparable to normal control animals. These data indicates that the alginate capsule is
highly biocompatible thereby permitting optimal islet engraftment /survival, avoiding
fibrotic reactions around the encapsulated islets, resulting in sufficient islet cell mass to
achieve normoglycemia and glucose tolerance. Furthermore, the phenomenon that both
transplant groups had lower blood glucose levels compared to normal controls likely
results from different insulin secretory properties of porcine islets compared to mouse
islets, as previously shown in our previous studies when porcine islets were implanted
into diabetic nude mice (8).

Although NPI placed in either site were unable to achieve euglycemia
immediately post-transplant, they eventually developed the ability to establish and
maintain euglycemia during the 40 weeks follow-up period. At the time of
transplantation, NPI were not fully matured/differentiated, thus it is likely that following
transplantation they exhibited growth and/or differentiation of new B cells until a critical

mass was achieved to establish and maintain euglycemia. The morphological data
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indirectly support this concept, since at the time of transplantation NPI were composed of
relatively few insulin-positive cells, whereas several weeks after implantation the
recovered grafts were largely composed of B cells. These observations indicate that
microencapsulated immature NPI grafts continue to grow and differentiate when
transplanted into the peritoneum of diabetic nude mice.

In conclusion, microencapsulation protects NPI from the lysis mediated by human
antibody and complement. Since previous studies (10, 11) showed that NPI are
susceptible to human natural antibody/complement lysis in vitro, microencapsulation may
be a strategy to prevent this form of humoral-mediated destruction. F urthermore,
microencapsulation does not affect NPI survival and function following transplantation
into the peritoneum of diabetic nude mice. Moreover, microencapsulated NPI grafts
appear to mature and differentiate post-transplantation and they are not only capable of
maintaining long-term euglycemia in diabetic nude mice, but can also achieve glucose
tolerance. These results provide further information supporting the feasibility of using

neonatal porcine islet transplantation as a treatment for diabetes in humans.
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CHAPTER V
NEONATAL PORCINE ISLET CELLS INDUCE HUMAN CD4+ BUT NOT CD8+
LYMPHOCYTE PROLIFERATION AND RESIST CELL-MEDIATED

CYTOLYTIC INJURY IN VITRO'

V-A) INTRODUCTION

The severe shortage of human organ donors has stimulated extensive interest in
xenotransplantation as an alternative to human allotransplantation. Pigs are presently
considered the most likely source of organs since their organs have similar physiology
and size to human organs. In addition, pigs breed in large numbers and porcine insulin
has been used for many years to treat patients with diabetes. Recently, Korbutt ez al. (1)
developed a method of efficient isolation and in vifro culture of neonatal porcine islets
(NPI). These islets contain a high proportion of insulin-positive cells which are capable of
correcting hyperglycemia in nude mice. Thus, transplantation of NPI to reverse
hyperglycemia in humans is an attractive alternative treatment because NPI offer the
potential for unlimited supply of islets.

The presence in primate sera of preformed xenoreactive antibodies, primarily
directed against Gala(1,3)Gal leads to complement activation and hyperacute rejection

(HAR) of porcine xenografts within minutes to hours (2, 3). This rejection process has

' 4 version of this chapter has been accepted for publication. Murray et al. 1999.
Diabetes vol. 48.
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membrane bound human complement regulatory proteins or reduced levels of
Gala(1,3)Gal have been developed to overcome this type of rejection (4-6). In addition,
immunoisolation of porcine cells by microencapsulation also appear to be promising in
conferring protection against HAR (as shown in chapter IV, 7).

The subsequent immunological barrier to porcine-to-human xenotransplantation
has not been well-defined. Cell-mediated cytotoxicity is one possible defense mechanism
that could contribute to graft destruction. Human cell-mediated immune responses to
porcine stimulator cells have been identified (8-10). It has also been shown that human
CD8+ and CD4+ T cell subsets directly recognize swine SLA-I and SLA-II molecules,
respectively in vitro (11-13). In addition, both NK and T cells in human peripheral blood
lymphocyte populations can lyse pig lymphoid cells (14-16). These xenospecific
cytotoxicity has been shown to be mediated through perforin/granzyme B and/or Fas/Fas
ligand (FasL) pathways (17-19).

The susceptibility of NPI cells to lysis by human NK and cytotoxic T cells (CTL)
is not known. Given the potential usefulness of NPI to treat human type 1 diabetes, in this
study we examined the sensitivity of NPI cells to lysis by human peripheral blood
lymphocytes (PBL), and reported that NPI cells are not susceptible to killing by either

human NK or cytotoxic T cells in vitro.
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V-B) MATERIALS AND METHODS
1. Preparation of NPI Celis

The method used to prepare NPI was previously described (1). Briefly, 1 to 3 day
old Landrace-Yorkshire neonatal pigs (1.5 to 2.0 kg body weight) of either sex were
anesthetized with Halothane and subjected to laparotomy and complete exsanguination.
The pancreas was removed, minced, then digested with collagenase (2.5 mg/ml; Sigma,
St Louis, MO). After filtration through a nylon screen (500 pm), the tissue was cultured
for 7 to 9 days in HAM’s F10 medium (Life Technologies, Burlington, ON) containing
10 mmol/l glucose, 50 umol/1 isobutylmethylxanthine (ICN Biochemicals, Montreal,
PQ), 0.5% bovine serum albumin (fraction V, radioimmunoassay grade, Sigma), 2
mmol/] L-glutamine, 10 mmol/l nicotinamide (BDH Biochemical, Poole, England), 100
U/ml penicillin, and 100 pg/ml streptomycin. Freshly isolated pancreatic tissue and 7 to 9
day cultured NPI were dissociated into single cell suspensions by gentle agitation in
calcium-free medium containing 15 pg/ml trypsin (Boehringer mannheim, Laval, PQ) and
4 ug/ml DNAse (Boehringer Mannheim). The cell suspension was filtered through a 63
um nylon screen to remove cell clumps and then centrifuged through Percoll (Sigma) of
density 1.040 g/ml to eliminate dead cells and debris. Single cell suspensions were
subsequently used in the proliferation and CTL assays. To exclude an effect of trypsin
used in the isolation of NPI cells on the NPI cells-lymphocyte interaction, splenocytes
from neonatal pigs were treated with trypsin in parallel with the matched NPI cells and
tested for susceptibility to lysis. These trypsin-treated splenocytes showed similar

sensitivity as the untreated splenocytes to lysis.
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2. Isolation of Human PBL

Blood was collected from human volunteers under a protocol approved by the
University of Alberta research ethics committee using venopuncture or leukophoresis as
described previously (20). Briefly, human mononuclear cells were isolated by
centrifugation of blood diluted 1:2 with Hank’s balanced salt solution (Life Technologies,
Grand Island, NY) over Ficoll according to the instructions of the manufacturer
(Nycomed Lymphoprep, Life Technologies). The mononuclear cells were resuspended in
RPMI 1640 supplemented with either 10% pooled human AB or fetal bovine serum
containing 100 U/ml penicillin and 100 pug/ml streptomycin then depleted of monocytes
using a 1 hour incubation over fibronectin-coated plastic dishes at 37 °C to derive the
PBL (20). In the proliferation experiments, the PBL were incubated over fibronectin-
coated dishes a second time prior to use. In some experiments, CD4+ or CD8+ enriched
lymphocyte populations were obtained from the PBL by negative selection using a
cocktail of anti-human IgG and anti-CD16-conjugated immunomagnetic beads according
to the manufacturer’s instructions (Perspective Diagnostics, Cambridge, MA). To further
deplete contaminating cell populations, the cell suspension was then incubated with a
cocktail of anti-HLA class II and either OKT4 or OKT8 mAb as ascites at 4 °C for 30
minutes. The antibody-labeled cells were then washed and incubated with goat anti-
mouse IgG-coated magnetic beads and removed by negative selection as directed by the
manufacturer (Immunotech, Westbrook, ME). Enriched populations contained <1% of
HLA-DR+ and CD4+ or CD8+ cells, respectively when anlyzed by flow cytometry. The

preparations were functionally depleted of professional antigen-presenting cells (APC)
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since peak *H-methyl thymidine incorporation afier stimulation with phytohemagglutinin
(PHA; 0.5 pg/ml) was <10% maximal incorporation.
3. PBL Proliferation Assay

Single cell suspensions of NPI cells received 5,000 rad irradiation from a gamma
cell irradiator (Nordion International, Kanata, ON), then 1x10° cells were aliquoted to
each round bottom well (Falcon, Lincoln Park, NJ). Pilot studies indicated that this
number of stimulator cells produced the optimal proliferation of PBL. Whole PBL or T
cell subsets were then co-cultured with NPI cells for the indicated time at 1x10° cells/well
for PBL and CD4+ T cells, or 2x10° cells/well for CD8+ T cells, in replicates of 4 for
each group. Each well was pulsed with 1 uCi of *H-methyl thymidine and fluoro-
deoxyuridine (1 pg/ml final concentration) for 24 hours, then lysed by a freeze/thaw cycle
and harvested onto glass microfibre filters. Counts were determined using a liquid
scintillation counter (Beckman, Fullerton, CA).
4. Cytotoxicity Assay

Cell-mediated cytotoxicity assay was performed as described previously (20).
Briefly, NPI and Jurkat cells were suspended in media at 4x10° cells/ml, then labelled
with '"'In oxine at a final specific activity of 40 uCi/ml for 1 hour at 37 °C. The cell
suspension was washed once, then incubated in media for an additional hour and washed
again before use. Neonatal porcine splenocytes were suspended at 3x10° cells/ml, then
labeled with '''In oxine at a final specific activity of 120 nCi/ml then handled like the
NPI cells. NPI cells or Jurkat (2x10*), or neonatal porcine splenocyte (5x10) target cells,

were plated into U-bottom microwell, then effector PBL were added to achieve the

139



desired effector to target cell ratio in a final volume of 200 ul/well. The cell suspensions
were gently mixed, then centrifuged at 50g for 5 minutes. After incubation at 37°C for 4
to 6 hours as indicated, SDS was added to one replicate group at a final concentration of
0.1%. Eighty microlitres of supernatant was harvested from each well and the release of
""'In was determined using a LKB gamma counter (Wallac, Gaithersburg, MD). The

percent specific release was calculated using the following formula:

% specific release = experimental release - spontaneous release X 100

total release - spontaneous release

The data points shown represent the mean of quadruplicate wells. Spontaneous release
was always less than 20%. The standard deviation of each data point shown was less than
10%.

Where indicated effector cells were pre-incubated with recombinant soluble FasR-
Ig or isotype-matched control Ig for 30 minutes at 37 °C before use. Soluble F asR-Ig was
also used at 30 pug/ml during the co-culture of the effector PBL and target cells. In some
experiments the BW cell line transfected to stably express human Fas-ligand at high
density was used against Jurkat target cells to confirm the blocking activity of FasR-Ig.
Perforin-mediated cytolysis was inhibited using media with 1 mmol/1 MgCl, and 2
mmol/l EGTA to chelate calcium. In these assays the effector PBL were washed with this
media three times, and the target cells were similarly washed twice with calcium-free
media after they had been loaded with "''In oxine label before use in the experiment. In
other groups perforin-mediated cytolysis was blocked by pre-incubating the PBL effector

cells in media containing 10 nmol/l concanamycin A at 37°C for 5 hours before use 21).
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5. Indirect Inmunofluorescence and Immunocytochemical Analyses

The expression of SLA-I and SLA-II antigen on the surface of NPI cells and
neonatal porcine splenocytes was measured by indirect immunofluorescence and flow
cytometry. Cells (10x10°) were stained with either mouse anti-porcine SLA [ mAb 74-11-
10 (10 pg/ml; VMRD, Pullman, WA) or mouse anti-porcine SLA Il mAb MSA-3 (10
ng/ml; VMRD) for 1 hour in PBS with 2% goat serum at 4 °C, then washed twice, and
stained with FITC-conjugated sheep anti-mouse IgG. Mouse myeloma immunogloblin
(Cappel, Durham, NC) was used as irrelevant mAb for negative control. Fluorescence
intensity was quantified using a FACScan flow cytometer (EPICS Elite ESP flow
cytometer; Coulter, Hialeah, FL) and fluorescence emitted by FITC-labeled cells was
selected as the sorting parameter. Neonatal porcine splenocytes served as positive control.
The efficacy of the cell separation was evaluated by re-analyzing each population by flow
cytometry to detect the relative percentage of SLA-I-positive cells in each population.

The cellular composition of SLA-I positive sorted populations was determined by
immunohistochemical staining for insulin, glucagon, somatostatin, and pancreatic
polypeptide after adherence of the cells on adhesive-coated slides and fixed in Bouin’s
solution. The presence of pancreatic hormones in each cell population was detected using
guinea pig anti-porcine insulin antibody (1:1,000 dilution; Dako Diagnostics,
Mississauga, ON) followed by biotinylated goat anti-guinea pig IgG secondary antibody
(1:200 dilution; Vector Laboratories, Burlingame, CA), rabbit anti-porcine glucagon
antibody (1:900 dilution; Dako Diagnostics); rabbit anti-human somatostatin antibody

(1:1,000 dilution; Dako Diagnostics); rabbit anti-human pancreatic polypeptide antibody
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(1:1,000 dilution; Dako Diagnostics) and biotinylated goat anti-rabbit IgG secondary
antibody (1:200 dilution; Vector Laboratories). The avidin-biotin complex/horseradish
peroxidase (ABC/HP; Vector Laboratories) method was used and developed with 3,3-
diaminobenzedinetetrahydrochloride (DAB; BioGenex, San Ramon, CA) to produce a
brown color.
6. Statistical Analysis

The data were analyzed using SPSS 6.1 software (SPSS Inc., Chicago, IL) running
on a Macintosh computer (Apple, Cupertino, CA). Significant differences in the mean

between groups were tested using ANOVA at a p value of <0.05.

V-C) RESULTS
1. Recognition of NPI Cell Xenoantigen by Human Lymphocytes

To determine if human lymphocytes are able to recognize swine Xenoantigen in
the NPI cell preparation, human lymphocytes depleted of human APC were stimulated
with irradiated NPI cells. Pilot experiments indicated that optimal proliferation of the
human lymphocytes was obtained using 1x10° stimulator NPI cells/well. The magnitude
and kinetic profile of the proliferative response against NPI cells was compared to the
response against splenocytes isolated from the same donor pig (F igure 5-1). Human
lymphocytes in four separate responder/donor pairs proliferated in response to the
neonatal porcine splenocytes. The magnitude of the peak response to NPI stimulator cells

ranged from approximately 50 to 100% of the peak proliferation detected using matched
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neonatal porcine splenocytes as stimulator cells. However, the human anti-NPI cells
response rose more slowly than the response against porcine splenocytes.

To determine if both CD4+ and CD8+ T cell substes were able to recognize pig
xenoantigen and proliferate, we prepared populations of human PBL enriched for CD4+
or CD8+ T cells. Human CD4+ T cells proliferated in response to NPI stimulator cells
(Figure 5-2, p<0.05 vs unstimulated CD4+ PBL). This response was inhibited when anti-
SLA-II mAb was added to the wells (data not shown). In contrast, CD8+ T cells showed
weak *H-methyl thymidine incorporation which was not different from proliferation seen
in the absence of irradiated porcine stimulator cells (Figure 5-2). On the other hand,
CD8+ T cell proliferation was detected following co-culture with either matched neonatal
porcine splenocytes or aortic endothelial stimulator cells. These experiments indicate that
CD4+ subset accounts for most of the response seen using the whole PBL population.

2. Human NK and CTL-Mediated Lysis of NPI Cells

One mechanism by which xenografts are injured is through direct cell-mediated
cytotoxicity induced by NK cells and CTL. When NPI cells or matched neonatal porcine
splenocytes were exposed to freshly isolated human PBL, neonatal porcine splenocytes,
but not NPI cells were lysed by NK cells (Figure 5-3; p<0.05). Similarly, when NPI cells
or matched neonatal porcine splenocytes were exposed to human PBL that were co-
cultured first with neonatal porcine splenocytes for 5 to 7 days to promote maturation of
precursor CTL directed against swine xenoantigens, these CTL lysed porcine splenocytes,

but not NPI cells (Figure 5-4; p<0.05).
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Figure §-1. Proliferation of unstimulated human PBL (@), or PBL stimulated by co-
culture with neonatal porcine splenocytes (@), or NPI cells (ll). Co-cultures were
prepared as described in Methods, and labeled with 1 uCi *H-methyl thymidine for 24
hours prior to harvest. Data shown are representative of 4 experiments using different
responder/porcine stimulator combinations.
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Figure 5-2. Human CD4+ and CD8+ T cell proliferation in response to NPI cell
stimulation. CD4+ and CD8+ T cells were isolated by negative selection and co-cultured
with NPI cells as detailed in Methods. The co-cultures were labeled with 1 pCi *H methyl
thymidine for 24 hours prior to harvest. The stimulation indices shown are compiled from
2 separate experiments using either CD4+ or CD8+ responder lymphocytes.
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Figure 5-3. Human NK cell activity against NPI cells or neonatal porcine splenocytes.
Freshly isolated PBMC were incubated with '"'In oxine-labeled NPI cells (M) or matched
neonatal porcine splenocytes (@) for 4 hours in the presence of 10% human AB serum.
Specific release of '''In was determined as described in Methods. The data are
representative of 2 separate experiments.
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Figure 5-4. Human CTL lyse neonatal porcine splenocytes, but not NPI cells. Human
PBL were cultured with neonatal porcine splenocytes for 7 days, then tested for the ability
to lyse neonatal porcine splenocytes (@) or NPI cells (M) from the same donor pig as
determined by '"'In release assay described in Methods.
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3. Expression of SLA-I and SLA-II on NPI Cells

Since previous work has described human T cell proliferation to both SLA-I and
SLA-II molecules, we determined the MHC expression on NPI cells. Using flow
cytometry, we found 35.9+6.5% (Table 5-1) of NPI cells express SLA-I antigen, but very
few cells express SLA-II (0.4+0.4%). Treatment of NPI cells with supernatant of porcine
splenocytes stimulated with PHA (Figure 5-5), enhanced both SLA-I (81.8+5.5%) and
SLA-II expression (25.1+11.4%).

The cellular composition of SLA-I-positive and -negative cells was determined by
immunocytochemical staining. Significantly more insulin-positive cells (60.0+5.2%) are
found in SLA-I-positive population than in SLA-I-negative cells (22.8+5.6; Table 5-2).
There was no significant difference in the number of cells that are positive for other

pancreatic hormones between the two groups.

Table S-1. Expression of SLA-I and SLA-II on NPI cells and splenocytes.

Bercentage of total cells
SLA-I SLA-II
Control 35.9+6.4 (5) 0.4x04 (3)
Supernatant-treated 81.1+5.5 (5)* 25.111.4 (3)*
Splenocytes 86.0+8.3 (5)* 35.3+10.1 (3)*

Data are means+SEM of (n) independent experiments. NPI cells and neonatal porcine splenocytes were
stained with FITC-conjugated mouse anti-porcine SLA-I or SLA-II mAbs and analysed by flow cytometry
as described in Methods. Control represents NPI cells not treated with PHA supernatant. Significant
differences between groups were analyzed using ANOVA. *p<0.01 vs control.
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Figure 5-5. SLA-I and SLA-II expression on NPI cells. NPI cells were stained with mAb

to either SLA-I or SLA-II (heavy line). Irrelevant mAb (dash line) was used as negative
control.
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Table 5-2. Cellular composition of SLA I-positive or -negative NPI cells.

Percentage of total cells
Islets n Insulin Glucagon Pancreatic Somatostatin
Polypeptide
Unsorted 4 44.2+3.0 28.0+2.8 7.3%=1.8 8.3x1.0
SLA I-positive 5 60.0+5.2* 17.3£2.6 6.5£22 5.7«1.5
SLA I-negative 4 22.8+5.6 27.4+10.2 10.5+3.7 7.6+2.3

Data are means+SEM of n independent experiments. NPI cells were fixed in Bouin’s solution and
immunostained with appropriate antibodies as described in Methods. Statistical differences between groups
were calculated using ANOVA; *p<0.01 vs unsorted and SLA I-negative NPI cells.
4. The Effect of Pro-Inflammatory Cytokine Pre-Treatment of NPI Cells on Anti-
NPI Cells Activity

Since low MHC or adhesion molecule density on the NPI target cells might impair
the ability of cytolytic lymphocytes to deliver a lethal hit, we determined the effect of pre-
treatment of NPI cells with porcine cytokine-rich supernatant (which increases MHC
expression on NPI cells) on the susceptibility of NPI cells to lysis by human CTL. Pre-
treatment of NPI cells with cytokine-rich supernatant failed to render the NPI cells more
sensitive to lysis by human CTL (Figure 5-6). Similar findings were obtained when NPI
cells were pre-treated with PHA-stimulated human splenocyte supernatant. Lysis of NPI
cells was elicited when human PBL were stimulated with PHA for 24 hours prior to
exposure to NPI cells (Figure 5-7). NPI cells '"'In release was <5% following incubation
with either resting (unstimulated) or splenocyte-sensitized PBL, but was significantly

increased when PHA was added.
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Figure 5-6. Cell-mediated lysis of NPI cells after treatment with cytokine-rich
supernatanat. Human PBL were cultured with neonatal porcine splenocytes for 7 days,
then tested for the ability to lyse isogeneic neonatal porcine splenocytes, NPI cells, or NPI
target cells which were pre-treated with stimulated porcine splenocyte supernatant as a
source of porcine cytokines. An effector:target cell ratio of 30:1 was used in this
experiment. The data are representative of two experiments.
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Figure 5-7. Lysis of NPI cells and neonatal porcine splenocytes is enhanced by co-culture
in the presence of PHA. Human PBL were cultured with porcine splenocytes for S days,
then tested for the ability to lyse porcine target cells. Target NPI cells and splenocytes
were isolated from the same animal, then cultured for 7 days before use in the cytolysis
assay. Stimulated human PBL were incubated with the '"'In-labeled target cells in the
absence or presence of PHA. The data are representative of 3 experiments.
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S. Determination of the Effector Mechanism used by CTL to Lyse Neonatal Porcine
Splenocytes

Cytotoxic lymphocytes can use several effector molecules to kill the target cell,
including perforin and granzyme, F as/Fas-ligand, and TNF. Fas-and TNF-mediated
killing are effective against some target cells, such as cells of bone marrow origin, but
may not act to kill NPI cells. This death mechanism has been shown to Ca *.independent
(21, 22). On the other hand, the perforin and granzyme mechanism is a more general tool
used by CTL to induce death of any target cell. This death mechanism is dependent on
Ca *" (23). We determined the mechanism used by CTL to kill neonatal porcine
splenocytes. Lysis of neonatal porcine splenocytes was blocked completely by either pre-
treatment of the PBL with the V-ATPase inhibitor concanamycin A (24) or chelation of
free calcium in the co-culture medium during the effector phase of the assay (Figure 5-8).
In contrast, the blocking Fas receptor chimeric protein (F asR-Ig) inhibited human PBL
lysis of neonatal porcine splenocytes by less than 10%, but completely inhibited Fas-
mediated lysis of Jurkat cells. These data indicate that human PBL use perforin and

granzymes to lyse neonatal porcine splenocytes.
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Figure 5-8. Lysis of neonatal porcine splenocytes was inhibited completely by either pre-
treatment of the PBL with the V-ATPase inhibitor concanamycin A or chelation of free
calcium. Fas receptor chimeric protein (FasR-Ig) inhibited lysis of neonatal porcine
splenocytes by <10%, but completely inhibited Fas-mediated lysis of Jurkat cells by BW
cell line which stably expressed human Fas ligand.
V-D) DISCUSSION

We found that purified human CD4+ PBL proliferate in response to islet cell
xenoantigens, and that blocking mAb to porcine MHC class I molecules attenuates the
response. In agreement with Heiser er al. (25), we found a small subpopulation of SLA-II-
positive cells among the NPI cells stimulator cell (Table 5-1). Previous work has shown
that human CD4+ T cells are capable of directly recognizing SLA class Il molecules, and
that the frequency of such xenoreactive T cells exceeds the frequency of alloreactive T

cells in the human PBL compartment (20, 26, 27). Taken together, these data suggest that

human CD4+ T cells are stimulated by SLA class II-positive cells in the NPI cells.
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We report the unexpected observation that neither freshly isolated human PBL
with xenoreactive NK cell activity nor PBL sensitized with neonatal porcine splenocytes
were able to kill NPI cells, but did lyse isogeneic neonatal porcine splenocytes. Previous
observations in rodent models of both autoimmune diabetes and allogeneic islet
transplantation have demonstrated that islet cells are susceptible to cell-mediated
cytotoxicity in vitro and injury in vivo (28-34). Indeed recent experiments have shown
that diabetes-prone mice defective in perforin gene expression have a markedly reduced
incidence of hyperglycemia, suggesting that cell-mediated cytotoxic injury of the B cell is
a critical event in the development of diabetes (35, 36).

Earlier work has shown that both NK and CD3+ lymphocytes present in the
human PBL compartment are capable of inducing lysis of porcine lymphoid cell targets
(14-16). The NK cell component was found to contribute most of this activity and to
function without prior activation. Nevertheless, studies of the interaction of human NK
cells with nonlymphoid porcine target cells, such as endothelial cells, have shown either
no lysis or lysis only at high effector to target cell ratios (12, 37).

Cytolytic T lymphocytes have also been found to function against porcine target
cells. Lucas e al. (38) found human CTL-mediated lysis of porcine PHA-stimulated
PBMC targets was inhibited to only a minor degree by blocking anti-CD4 antibody
suggesting that CD8+ T cells accounted for most of the lytic activity (27). Similarly, other
groups have reported SLA-I restricted cytolysis of porcine endothelial (39) or lymphoid

target cells (15) by human lymphocytes.
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The explanation for the inability of either NK or CTL to effect lysis of NPI cells is
not clear. NK cells receive both stimulatory and inhibitory signals from the target cell
through a series of receptors (40). For example, recognition of the target cell through
lectin-binding domains of the NKR-P1 receptor family is required for NK cell cytolytic
function (40, 41). Tissue-specific differences in the interaction of these stimulatory or
inhibitory receptors for ligands on xenogeneic porcine target cells, perhaps as a result of
different post-transcriptional modifications of a receptor protein, might account for the
different susceptibility to NK cell-mediated lysis of the porcine splenocytes and NPI cells.
Differential tissue expression of these ligands, however, has not been reported.

We were not able to detect either significant CD8+ T cell proliferative responses
to NPI cell xenoantigen or CTL-mediated injury of the NPI cells to provide direct
evidence for CD8+ T cell recognition of porcine MHC class I expressed by the NPI cells.
Since SLA class I-restricted proliferation of purified populations of human CD8+ T cells
to porcine professional antigen presenting cells has been observed previously, accessory
molecules required for efficient IL-2 production by the CD8+ lymphocytes may be
lacking on the NPI cells (20, 26, 27). SLA-I expression on NPI cells was relatively low,
nevertheless, few MHC class I molecules are required for target cell recognition by CD8+
T cells, hence low expression of SLA-I is unlikely to explain the lack of activation or
killing. Moreover, SLA-I expression was further induced on a subpopulation of NPI cells
after cytokine treatment, but did not enhance cytolytic killing by sensitized CTL.
Although critical residues in the binding region of CD8 are altered in the a3 domain of

the pig MHC class I molecule compared to the human homolog (42), this has not
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precluded CD8+ T cell lysis of porcine éplenocyte or endothelial target cells (38). Finally,
saturation of the SLA-I molecules with islet-specific peptides is unlikely to explain the
lack of NPI cell lysis, since both NK and cytotoxic T lymphocytes fail to lyse the NPI cell
targets.

One explanation for the failure of NK cells and CD8+ T cells to kill NPI cells may
be differences in adhesion molecule expression between the splenocyte and NPI cells.
The efficiency of both NK cell- and CTL-mediated lysis is known to be enhanced by
interaction with adhesion receptors expressed by the target cell (43). Expression of
ligands for human LFA-1, CD2, and CD28 have been reported on porcine APC (20, 27).
However, little is known regarding the expression of these molecules on other pig tissues,
or the expression of other adhesion molecules in the pig. A critical molecule used by NK
cells and CTL to adhere to the target cell is CD54, a ligand for LFA-1. Both rodent and
human islet cells constitutively express CD54, and upregulation of CD54 expression
following stimulation with proinflammatory cytokines renders these islet cells more
susceptible to lysis in vitro (44). Expression of pig CD54 on NPI cells could not be tested
directly since reagents are not available. However, neither pre-treatment of NPI cells with
recombinant human TNF nor the pig cytokine-rich splenocyte supernatant enhanced NPI
cells killing.

We considered the possibility that resistance of NPI cells to human cytotoxic
lymphocytes may be dependent on the duration of the co-culture used in the lysis assay.
However, we found that increasing the time of co-culture of the sensitized PBL and NPI

cells to 6 hours to increase the sensitivity of the assay still resulted to no lysis of NPI cells
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(data not shown). Incubation of target cells longer than 6 hours resulted to non-specific
release of the label from the target cells and limited longer assay conditions.

Taken together, the data presented here demonstrate NPI cells are not susceptible
to lysis induced by human PBL as measured by '"'[ release assay. It is not clear if other
cellular porcine grafts show similar resistance to cytolytic injury. Our results confirm
earlier reports of CD4+ T cell recognition of the porcine xenografts and suggest that a
CD4+ T cell-directed DTH response stimulated through either the direct or the indirect
antigen presentation pathway may represent a more significant barrier to the

transplantation of NPI cells into human recipients.
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CHAPTER VI

GENERAL DISCUSSION AND CONCLUSION

VI-A) GENERAL DISCUSSION

Insulin therapy and dietary regulation have improved the quality of life and
extended life expectancy of patients with type 1 diabetes, but neither cure this disease nor
prevent its complications unless intensive insulin therapy is used. The replacement of
pancreatic endocrine tissue by islet transplantation offers a physiological means for
precise restoration of euglycemia in patients with type 1 diabetes. Over the past 16 years,
significant advances have been made in the number and purity of islets that can be
harvested from the human pancreas (1-6). Reports of both short-term and long-term
insulin-independence, following human islet allotransplantation (7-13) has encouraged
several centers in the world (including the University of Alberta) to continue clinical
trials of islet transplantation in patients with type 1 diabetes. However, if islet
transplantation is to become a widespread treatment for these patients, the supply of
donor organs will become a major limitation. In order to solve this problem, the use of
other source of insulin-producing tissue is being considered. Among them are porcine
(14-19) and bovine (20) islets, fish Brockman bodies (21), genetically-engineered insulin-
secreting cell lines (22-24), and in vitro production of human fetal (25) and adult B cells
(26). Pig pancreas is a practical source of abundant islets because pigs are inexpensive,

readily available, they exhibit morphological and physiological characteristics similar to
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humans. Pig insulin is also structurally similar to human insulin with a difference in one
amino acid. Pig insulin has also been used safely for treating patients with type 1 diabetes
for many years.

Isolation of islets from adult (27-34) and fetal (15, 16) pigs have been reported.
However, in the case of adult pig islets, these tissues are fragile and difficult to maintain
in tissue culture. In addition, several factors such as breed and diet of the animals greatly
affect the final yield of islets (28, 31). In contrast, tissue culture of collagenase digested
fetal porcine pancreas produces viable islet-like cell clusters, but it took more time (two
months post-transplantation) to reverse hyperglycemia when transplanted into diabetic
nude mice. The development of a reliable method for isolating islets from neonatal pigs
by Korbutt er al. (19) has offered another possible source of insulin-producing tissue for
transplantation into diabetic patients. Unlike adult pig islets, neonatal porcine islets (NPI)
are robust and can be easily maintained in tissue culture. In addition, these islets were
shown to exhibit growth potential and secrete significant amounts of insulin in response
to in vitro glucose challenge. When transplanted into diabetic nude mice, hyperglycemia
was reversed between 6-8 weeks post-transplantation. Taken together, these
characteristics make NPI an attractive source of insulin-producing tissue for clinical
transplantation.

As we contemplate on using NPI in the future, there are several factors that we
need to address. In particular, the immunological responses to NPI must be examined.
This thesis involved several studies which focused on characterization of NPI as an

alternative source of insulin-producing tissue for transplantation into patients with type 1
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diabetes. First, the humoral arm of the human immune response was examined. Like pig
solid organs, NPI also express the xenoantigen Gala(1,3)Gal and they are susceptible to
damage induced by human antibody and complement in vitro. Studies presented in
Chapter II that alternative complement pathway plays a major role in killing of NP1 cells.
This finding is in agreement with other studies (35-37) where destruction of pig cells
occur even in the absence of xenoreactive antibodies.

The expression of Gala(1,3)Gal on porcine islet cells has been controversial. The
studies presented in Chapter III have shown for the first time that Gala(1,3)Gal
expression on porcine islet endocrine cells is age-dependent. This may explain in part the
discrepancies between the studies presented in Chapter II (32) and other studies (38, 39)
which used adult pig islets. It was also speculated in Chapter III that Gala(1,3)Gal may
play a role during the differentiation and maturation of islet cells into insulin-producing
cells. This role may include cell-to-cell communication so islet cells are arranged in
certain orientation (i.e. B cells in the center surrounded by a, 8, and PP-secreting cells
within the islet) and once the islet is formed Gala(1,3)Gal may no longer be needed. In
Chapter IV, microencapsulation was shown to protect NPI from damage induced by
human preformed natural antibodies and complement. Studies presented in this chapter
also showed that microencapsulated NPI can reverse the hyperglycemic state of diabetic
nude mice.

The other immunological hurdle which we investigated is the cell-mediated
immune response to NPI. From the results obtained in this Chapter V it was predicted that

direct cell-mediated injury of transplanted NPI by either human NK cells or CTL, may
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not be an important mechanism of islet xenograft rejection in the neonatal pig-to-human
combination. Purified human CD4+, but not CD8+ PBL proliferate in response to NPI
cell antigens, and that blocking mAb to porcine MHC class II molecules reduces the
response. This suggests that human CD4+ T cells are stimulated by SLA class [I-positive
cells in the NPI preparation. It was also demonstrated in Chapter V that neither freshly
isolated human PBL with xenoreactive NK cells nor PBL sensitized with neonatal
porcine splenocytes were able to kill NPI although the same PBL did lyse isogeneic
neonatal porcine splenocytes. Previous observations in rodent models of both
autoimmune diabetes and allogeneic islet transplantation have demonstrated that islet
cells are susceptible to cell-mediated cytotoxicity in vitro and injury in vivo (40-46). The
explanation for the inability of either NK cells or CTL to lyse NPI cells is not clear. One
explanation for the failure of NK cells and CD8+ T cells to kill NPI cells may be
differences in adhesion or co-stimulator molecule expression between the splenocytes and
NPI cells.

In allograft rejection, both direct and indirect pathways are believed to play a role,
although the direct pathway is thought to be most crucial at first, whereas, during
xenograft rejection the indirect pathway is thought to be dominant, if not the exclusive
role in activating host T cells (45). Gill et al. (47) have shown that elimination of donor
APC from mouse islet allografts led to indefinite graft survival, while similar treatment of
concordant rat islet xenografts had little benefit for survival. Furthermore, rejection of the
islet xenografts showed a specific dependence on CD4+ T cells, and not to the presence

of donor APC and host CD8+ T cells (47). In addition, adoptive transfer studies into
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immune-deficient C.B-17 SCID mice demonstrate that CD4+ T cells are both necessary
and sufficient to reconstitute these animals for islet xenograft immunity (48). These
studies suggest that rejection of xenografts occurs predominantly through the indirect
pathway. This form of xeno-presentation would be expected to activate host CD4+ T cells
specific for xenogeneic antigens in the context of self class [ MHC. The indirect pathway
would tend to result in a non-antigen-specific effector mechanism, possibly through the
toxic effects of cytokines or other inflammatory mediators resulting from the encounter of
CD4+ T cells with antigens presented by APC.

Whether CD4+ T cells play a major role in the destruction of NPI cells remains to
be elucidated. In vivo studies designed to determine the susceptibility of NPI to both
humoral and cell-mediated rejection must be tackled next. Moreover, the protection of
NPI provided by microencapsulation against cell-mediated immune response must also be
investigated to provide information on the possibility of using this strategy in preventing
immune attack of NPI if transplanted into patients with type 1 diabetes.

The discussion about xenotransplantation seems incomplete without xenosis. The
risk of infectious disease transmission from graft to recipient, and conceivably on to the
new host population, remains a topic of lively debate but relatively little research. The
risks can be reduced or eliminated by using specific-pathogen-free animal colonies but
this approach will not work for the porcine endogenous retrovirus (PERV) because the
genome of these viruses is in the germline of every pig (49). Multiple copies of PERYV are
integrated in the pig genome which suggests that breeding "clean” pigs will be extremely

difficult (50). PERYV particles are released spontaneously by cell lines originating from
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pig kidney, lymph node, testis, and fallopian tube (51-53). PERV have approximately
60% sequence homology to the gibbon ape leukemia and murine leukemia C-type
retrovirus (54-58). Retroviruses result in lifelong infection (57) and reports that PERV
from cell lines and porcine lymphocytes can infect human cells in vitro, (52, 54) have
prompted the US Food and Drug Administration to put porcine xenograft trials on hold
until previously exposed patients are assessed for PERV infection and until prospective
monitoring of xenograft recipients is established. More recent studies (50, 58) in
xenotransplantation had addressed these issues and promising results have been reported.
Having established that the nested PCRs could detect single molecules of target sequence,
Patience et al. (58) had analyzed DNA isolated from patients’ peripheral blood
mononuclear cells and found no evidence of pig or PERV DNA in two renal dialysis
patients whose circulation had been linked extracorporeally to pig kidneys. In addition,
they found no seroconversion for PERV-specific antibodies. Similarly, Heneine et al. (50)
were unable to detect markers of PERV infection in 10 diabetic patients who had received
porcine fetal islets despite the evidence for extended exposure to pig cells and despite
concomitant immunosuppressive therapy. These studies are important because they
suggest the absence of PERV infection in patients which received pig tissue as well as
established useful methods for detection of possible PERV infection in patients given pig
xenografis.

In summary, studies presented in this manuscript demonstrate that there are cells
in the NPI that express Gala(1,3)Gal and this antigen is also present on endocrine cells

which is contrary to what other studies have shown. We also showed that NPI cells are
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susceptible to lysis mediated by human complement and this can be avoided when NPI
are contained in alginate microcapsule. We showed that expression of Gala(1,3)Gal
porcine islet cells is age-dependent which may explain in part why other studies did not
detect this antigen on endocrine cells. Finally, NPI cells were shown to be susceptible to
lysis mediated by human PBL. Whether they are also susceptible to killing mediated by
other type(s) of human immune cells is not known. These findings provide information
on the feasibility of using NPI for transplantation into patients with type 1 diabetes,

however, similar studies must also be performed in animal models.

VI-B) CONCLUSION

The finding that islet grafts can achieve and maintain long-term glucose
homeostasis in human subjects has proven that islet transplantation can be a therapeutic
option for management of type 1 diabetes. However, the shortage of human organ donors
and the use of immunosuppressive drugs to prevent rejection of islet grafts, are one of the
limiting factors for the application of islet transplantation in patients with this disease.
The potential of neonatal pigs as a source of unlimited supply of insulin-producing tissue
for clinical transplantation is promising and protocols on how to avoid the need for
continuous use of immunosuppression in patients with type 1 diabetes must be thoroughly
examined. In this manuscript we demonstrated that microencapsulation protects NPI from
killing mediated by human complement. This is a promising finding, however, the
efficacy of this strategy must still be tested in cell-mediated immunity and animal model.

The issue of autoimmunity regarding porcine tissues has not been elucidated in the
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studies presented here, however, it is a very important issue that we also need to address.
Why Gala(1,3)Gal disappears as NPI cells develop into insulin-producing B cells is a very
intriguing question. Whether this antigen really plays a role during development of NP1
cells remains to be determined. In this manuscript we transplanted NPI in normal Scid
mice, we do not know whether Gala(1,3)Gal will also disappear when NPI are
transplanted into diabetic animal. It would be very interesting to find out if islet cells

from chemically-induced diabetic Scid mice also express Gala(1,3)Gal and what happens
to this antigen when NPI mature in a diabetic animal. It would also be interesting to find
out if Gala(1,3)Gal-knockout animal would have similar cell arrangement as that found in
normal animal (non-knockout). These studies will give us information on the possible
role of Gala(1,3)Gal in the development of islet cells. The safety and regulatory issues
encompassing the use of animal tissue for clinical transplantation is a growing area of
concern and whether any of the identified PERV's would pose a hazard for humans is not
known. Research intended to define and quantify infectious risks must be further

developed so progress in the development of xenotransplantation can be achieved with

enhanced safety.
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APPENDIX
DETERMINATION OF XENOREACTIVE ANTIBODIES IN SERUM OF

YOUNG RABBIT

A-1) OBJECTIVE

To determine whether serum from 3-4 weeks old rabbit contain antibodies against
neonatal porcine islet (NPI) cells.
A-2) RATIONALE

It is well-documented that rejection following transplantation between widely
divergent (discordant) species (for example, pig-to-human, sheep-to human) is followed
by rapid vascular (hyperacute) rejection mediated by preformed natural antibodies and
complement (1, 2). These natural antibodies in human serum are directed against pig
tissues and binding of these antibodies to the antigen on pig tissues results in the initiation
of the complement cascade which eventually destroy the pig tissue within minutes.

The detection of rabbit anti-porcine antibodies in rabbit serum is critical to the
studies performed in Chapter II. It is important that the rabbit serum we used for the
cytotoxicity assay contain only rabbit complement to eliminate the possibility of rabbit
antibodies contributing to the lysis of NPI cells. If rabbit antibodies are present in our
experimental system these antibodies to NPI cells can initiate activation of the rabbit
complement cascade thus, we will not be able to assess whether human anti-porcine

antibodies contribute to the killing of NPI cells.
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A-3) EXPERIMENTAL PROTOCOL

Single NPI cell suspension (1x10°) was incubated with heat inactivated (HI)-
rabbit serum from 3-4 weeks old rabbit (1:5 dilution; Pel-Freeze, Brown Deer, WI) for 1
hour on ice. Positive controls for this experiment included NPI incubated in HI-normal
adult rabbit serum using the same protocol. NPI cells were then washed and stained with
either R-phycoerythrin-conjugated goat anti-rabbit IgG (1:100 dilution; Vector
Laboratories, Burlingame, CA) anti-mouse anti-rabbit IgM (0.44 mg/ml; Serotec Canada,
Mississauga, ON) for 30 minutes on ice. Rabbit IgM antibody binding on NPI cells was
detected by further incubating the cells with CyTM3-conjugated goat anti-mouse antibody
(1:100 dilution; Jackson Immunoresearch Laboratories, Inc., West Grove, PA) for 30
minutes on ice. Stained cells were washed and analysed by flow cytometry.
A-4) RESULTS

When NPI cells were treated with adult rabbit serum, >90% of the cells bound
both rabbit IgG and IgM (Figure A-1). In contrast, NPI cells incubated in young rabbit

serum exhibited <1% binding of rabbit IgG or IgM (Figure A-1).
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Figure A-1. Binding of rabbit anti-porcine antibodies on NPI cells treated with adult
rabbit serum (black solid line), young rabbit serum (gray solid line), or secondary
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A-5) CONCLUSION
These results show that serum obtained from 3-4 weeks old rabbits does not
contain anti-porcine antibodies. This indicates that human and not rabbit antibodies

contribute to lysis of NPI cells presented in Chapter II.
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