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ABSTRACT

Chronic immunosuppressive therapy may have severe side-effects. In cell
transplantation, the graft can be encapsulated within a membrane chamber, providing a
physical barrier against the immune system. The cell graft then becomes dependent on
the diffusion of nutrients and oxygen from the surrounding microcirculation. A major
drawback has been the formation of avascular fibrotic tissue around the chamber. The
immunoprotective device studied (TheraCyte™) has an outer membrane inducing
neovascularization. However, major parts of the encapsulated graft are still lost soon
after transplantation, probably because of relative hypoxia and malnutrition. The
overall aim of this thesis was to assess various strategies to improve islet graft survival
in the device, using rodent models.

The purpose of the first paper was to improve the method for histological
evaluation of the vascularization around the device. Vascular profiles within various
distances from the membrane surface were counted at different times and then
correlated with glucose kinetics. We found that the vascular profiles within 100 um had
the highest correlations with glucose kinetics and concluded that vessels within this
distance are important for the exchange of small molecules between the circulation and
the device’s lumen. Therefore, we recommend that 100 pum should be used in
histological evaluations of the membrane vascularization.

In the second paper we hypothesized that preimplantation of the device
should improve encapsulated islet graft survival. Previous studies have indicated that it
takes up to 3 months for recovery of the microcirculation after membrane implantation.
Therefore, we implanted empty devices and transplanted islets 3 months later in these
chambers. This approach significantly improved the cure rates of diabetic animals, and
the islet dose required for cure was reduced by about 10 times. Morphometry
evaluations confirmed increased graft survival in preimplanted devices.

The third paper aimed at evaluating the effects of exendin-4 treatment on
the metabolic outcome after islet transplantation. Exendin-4 inhibits islet apoptosis,
stimulates islet differentiation and regeneration and has beneficial effects on peripheral
tissues. We found that exendin-4 treatment significantly improved the metabolic
outcome after free islet transplantation to the renal subcapsular site. The benefit lasted
longer than the treatment, suggesting that exendin-4 had long-standing effects on the
islet graft. This substance seems to be an interesting new approach to improve the
survival also of encapsulated islet grafts.

In the last paper we evaluated the risk of recipient sensitization using
macroencapsulated islets. A heterotopic heart graft was transplanted one month after
free or encapsulated islet transplantation. The time-to-rejection was significantly
shorter in the free islet group, while it did not differ between encapsulated islet graft
recipients and naive animals. We therefore conclude that the device protects against
sensitization, at least during the first month after transplantation.

Today, side-effects of the immunosuppressive therapy are one of the
main limiting factors for the use of islet transplantation. If immunoprotection could
be achieved by encapsulation of the islet graft, it should be possible to widen the
indications. This thesis describes promising strategies to improve the survival of
macroencapsulated islet grafts, which might contribute to make macroencapsulation a
clinical reality.
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1 BACKGROUND

Throughout history people have tried to replace diseased or damaged organs and
tissues. During the early 20" century, various surgical methods were developed to
transplant different organs. However, the immune reactions against the grafts were not
taken into account and the results were poor. At the same time, the field of immunology
was explored and during the 1950s the first HLA-molecules were found. In 1954,
Joseph Murray did the first successful kidney transplantation between genetically
identical twins, for which he received the Nobel Prize in 1990. After improvements in
immunosuppressive drug therapy, long-term survival of renal allografts was achieved
with kidneys from close relatives and diseased donors in the mid-1960s. Nowadays, the
transplantation of kidneys, livers, pancreases, lungs and hearts is the treatment of

choice for a variety of conditions with end-stage organ failure. (/)

Autotransplantation of various tissues, such as skin and vascular grafts, have been
successfully used in clinical medicine for many years. Autologous parathyroid cells
have frequently been reimplanted in the arm after parathyroidectomy. The first human
allogeneic bone marrow transplantation was performed in 1957 by Thomas, who shared
the Noble Prize with Murray in 1990. However, the results were poor until HLA-
matching was introduced in the early 1970s. (/) Now, hematopoietic stem cell
transplantation is a standard treatment for malignant hematologic diseases. At present,
the transplantation of neurological cells to cure diseases such as Parkinson’s and
Alzheimer’s remain in an experimental stage. The transplantation of insulin-producing

cells to cure diabetes has been studied since the early 1970s. Such treatment is now



being introduced clinically, but the procedure must be developed further because of

problems with inefficiency and long-term graft failure.

1.1 B-CELL TRANSPLANTATION

The pancreas gland consists of an exocrine part producing digestive enzymes, and an
endocrine part, the islets of Langerhans, containing the insulin-producing B-cells. The
islets are scattered throughout the exocrine tissue and constitute only about 1-2% of the
total volume. In addition to the B-cells, islets also contain a-cells secreting glucagon, 8-
cells secreting somatostatin and pancreatic polypeptide-producing cells. Type 1
diabetes mellitus (T1DM) is caused by autoimmune destruction of the B-cells, usually
before adulthood, triggered by genetic and environmental factors (2, 3). The total
number of cases with diabetes worldwide in the year 2000 was estimated to be 171
million, corresponding to a prevalence of 2.8% (4). About 10% of these patients have
T1DM. The disease forces the patients to follow a diet and take exogenous insulin
throughout their lives. Despite this treatment, the disease can cause long-term
secondary complications, such as neuropathy, retinopathy, nephropathy and vascular
disease. A strict metabolic control reduces the risk of developing such secondary
complications (5) Complete normalization of the metabolic control can be obtained

only by transplantation of new functioning 3-cells.

1.1.1 Pancreas transplantation

Experiences from transplantation of a whole vascularized pancreas graft show that the
metabolic control is usually normalized (6). The International Pancreas Transplantation
Registry (IPTR) had more than 23 000 reported pancreas transplantations worldwide at
the end of 2004. In the US, the overall 3-year graft survival was at least 62% and the

patient survival rate exceeded 88% between 2000 and 2004. The effects on long-term



complications are beneficial with an increase in life-expectancy (7, §) and a reduction
in neuropathy (9, 10). Transplantation of the pancreas is usually performed
simultaenously with a renal transplantation. The normalized metabolic control protects
the transplanted kidney from developing diabetic nephropathy (//-13). Some studies
also suggest stabilization or even improvement in retinopathy (/4-16). However,
pancreas transplantation involves the risks connected with major surgery and lifelong
immunosuppressive therapy. Patients undergoing kidney transplantation are in any case
exposed to the risk of immunosuppressive therapy. For them the increase in surgical
risk of pancreas transplantation is frequently outweighed by the benefits. However, the
major cause of pancreas graft loss is early posttransplant complications, especially
thrombosis, pancreatitis and infection (/7). As these complications are related to the
vascular supply or the exocrine tissue, they would be avoided by transplantation of only

the islets of Langerhans.

1.1.2 Islet transplantation

The islets of Langerhans can be separated from the rest of the pancreatic tissue by
collagenase digestion and density gradient centrifugation (/8). The isolated islets can
then be transplanted to the liver by a percutaneous intraportal infusion. The major
surgery of pancreas transplantation is thereby avoided, which is the main advantage of

the procedure.

1.1.2.1 Experimental islet transplantation

In 1972, Lacy’s group was the first to reverse diabetes by islet transplantation in a
rodent model (19, 20). However, the findings proved difficult to reproduce.
Considerable effort was made to improve the isolation procedure in rodents and

establish adequate animal study models (27, 22). In larger animals, of which pigs have



been the most extensively studied, the isolation procedure proved more difficult.
Wennberg et al. did more than 450 isolations from adult pigs and were able to isolate
large numbers of well-functioning islets, but concluded that further standardization

would be required to reduce variations in the procedure (23).

Various transplant sites apart from the liver have also been evaluated, such as the
spleen and kidney capsule, and they were comparable as regards glucose control and
vascularization in rats (24, 25). Lau et al. recently suggested that the pancreas is a better
transplant site than the liver (26). In a mouse model, intraportally transplanted islets
showed defects in glucose oxidation, insulin biosynthesis and reduced insulin content,
while islets that had been directly injected into the pancreatic tissue were comparable to
nontransplanted control islets as regards these parameters. Moreover, the glucose-
stimulated insulin release was higher in islets from the pancreas than the liver, although

less than in control islets.

Early islet graft loss was found to be a considerable problem of the intraportal islet
transplantation procedure, making the method inefficient as compared to whole organ
pancreas transplantation. Immediately after the injection of islets into the portal vein, a
large part of the graft is destroyed by the so-called instant blood-mediated
inflammatory reaction, IBMIR (27). In a recently published case-report of intraportal
transplantation, islets were labeled to be detectable with positron-emission tomography
(PET) (28). Only 53% of the radioactivity was detected in the liver, indicating that half
of the islet graft was damaged during the first minutes after transplantation. Similar
results were found by the same group in an experimental study on pigs (29). Treatment
with low-molecular weight dextran sulfate may be able to block the IBMIR-reaction, as

suggested by findings in vitro and in a non-human primate model (30). Local treatment



by direct coating of the islet surface with heparin seems to have the same effect, but

with less risk of bleeding (31).

Hypoxia of the islets during pancreas harvesting, isolation and transplantation induces
islet apoptosis, which is another cause of early islet loss (32). During the engraftment
period, exposure to hypoxia continues. Revascularization of islets takes at least 1 week,
but the impaired vascular density does not seem to recover fully (33, 34). The oxygen
tension in rat islets transplanted under the kidney capsule has been shown to be less
than that of native islets, 1 month posttransplant (35). Culture of islets with

angiogenetic factors may counteract this phenomenon (36).

In addition to hypoxia, inflammatory cytokines and auto- and alloimmune reactions can
induce apoptosis. The inflammatory cytokines also inhibit insulin secretion,
presumably via formation of nitric oxide (NO) (37-39). Various compounds have been
suggested for protection against inflammatory cytokines, such as nicotinamide (NA)
and 15-deoxyspergualin (DSG) (40, 41). Hyperglycemia may also cause graft failure, at
least partly via induction of apoptosis (42-44). This may be counteracted by intensive

insulin therapy in the early posttransplant period.

1.1.2.2 Clinical islet transplantation

We now know that the islet isolation procedure is more complex for human islets than
in rodents (/8). It was not until an automated method was introduced by Ricordi in
1986 that sufficient islet yield could be obtained for clinical use (45). Thereafter,
several centers started islet transplantation programs using this method. Today, the
isolation technique has been only slightly modified to optimize and further standardize

the procedure, and to meet current GMP standards (46, 47).



In 1990, Sharp et al. reported a case of temporary insulin independence after intraportal
islet transplantation (48). This was followed by several other cases, but success rates
continued to be low (International Islet Transplant Registry). In 1999, the Giessen
Group reported a markedly improved 3-month islet graft function rate of at least 75% in
24 consecutive patients (49). In the 1-year follow-up of 37 patients, 24% had achieved

insulin independence (50).

However, the major breakthrough was reported by Shapiro in the Edmonton Group in
2000, who described successful intraportal alloislet transplantation, defined as insulin
independence, in 7 consecutive patients with hyperlabile diabetes and frequent episodes
of hypoglycemia (57). Six recipients received islets from two donors, and one required
a third transplant. Blood glucose levels and glycosylated hemoglobin (HbAlc) values
were normalized. The success was partly ascribed to the usage of a new combination of
immunosuppressive drugs, consisting of sirolimus, tacrolimus and daclizumab,
excluding the diabetogenic glucocorticoids. Now, a slightly modified Edmonton
protocol is used worldwide, with reproducible results (52). Between 1999 and 2005
about 650 patients were treated worldwide (53). Unfortunately, long-term results do not
seem that promising. In the 5-year follow-up from the Edmonton group, only about
10% of the 44 patients who had completed the islet transplant were insulin-independent
(54). However, about 80% were still C-peptide positive, indicating functioning grafts.
Although insulin independence remains the ultimate goal, today, stabilization of
glucose levels and avoidance of hypoglycemia are considered to be the main

indications for islet transplantation.

The causes of the deterioration in glycemic control after islet transplantation are not

known. A study by Rickels et al. indicated a reduction in B-cell mass, although



functional defects could not be ruled out (55). Allo- and autoimmune destruction may
play a role, as well as exposure to toxic immunosuppressive drugs. This is indicated by
the better long-term function of islets autografts, which are exposed neither to

immunosuppressive drugs nor alloimmune reactions (56, 57).

Another serious drawback has recently been reported by the Edmonton group. In a
study on the risk of sensitization after islet transplantation, they found that almost one
third of the patients who discontinued immunosuppressive therapy after graft failure

developed broad panel-reactive HLA-antibodies (58).

1.1.2.3 New perspectives

Despite the advances in the field of islet transplantation, the treatment can hardly
become a standard procedure until the donor / recipient ratio is brought down to 1,
because of the shortage of human donors. In clinical islet transplantation, the liver was
chosen as the transplantation site, partly because it seemed to be physiologically
superior. However, various factors speak against the intrahepatic site, such as the
IBMIR-reaction, defects in metabolic function and the long-term graft dysfunction (26,

54, 59). Therefore other sites may be preferred in the future.

The problem of a limited donor pool may be solved by xenogeneic islets, stem cell-
derived grafts or in vitro expanded allografts (53, 60, 61). In the early 1990s, Groth et
al. transplanted 10 patients with fetal porcine islet-like cell clusters (62). Four patients
excreted small amounts of porcine C-peptide in the urine for more than 200 days, and
1 showed biopsy-proven survival of porcine endocrine tissue. However,
xenotransplantation was questioned for ethical reasons and potential risks of

infections. Clinical studies were therefore stopped in many countries. So far, none of



the patients from Groths’s study or any other centers have shown any evidence of
infection with porcine endogenous retrovirus (63). The breeding of transgenic
animals is now an option, which may favor the use of xenotransplantation (64). In
allotransplantation, islet graft survival may be increased by co-stimulation blockade

or mixed chimerism to induce graft tolerance (53).

1.2 SIDE-EFFECTS OF IMMUNOSUPPRESSIVE DRUG THERAPY
Although successful transplantations can be performed, potential risks with chronic
immunosuppressive therapy remain. Increases in susceptibility to infections and

incidence of malignancies are directly related to this therapy (65-68).

The various agents also have more specific side-effects. It is well-known that
glucocorticoids can cause diabetes, osteoporosis and weight gain and, in children,
impaired growth. The anti-proliferative drugs, azathioprine and mycophenolate
mofetil (MMF), may induce bone marrow depletion and gastrointestinal problems
(69). The calcineurin inhibitors, cyclosporine A (CyA) and tacrolimus, cause
nephrotoxicity (70, 71). Other common side-effects of CyA are hypertension,
hyperlipidemia, neurological disorders, gingival hyperplasia and hirsutism (72, 73).
Tacrolimus has diabetogenic and neurotoxic effects (72-74). Sirolimus (rapamycin)
causes hyperlipidemia, thromboleukopenia and arthralgia (75, 76) as well as adverse

renal effects (77, 78).

The immunosuppressive drugs also have specific deleterious effects on islet grafts.
The success of the Edmonton Group can be partly ascribed to the avoidance of
diabetogenic glucocorticoids in the immunosuppressive protocol. However,

experimental studies indicate that tacrolimus inhibits insulin gene transcription and is



associated with an increase in morphologic changes of the B-cells (79, 80). In a recent
randomized multi-center study comparing tacrolimus with CyA, there was a
significantly higher incidence of new-onset diabetes or impaired glucose tolerance in
the tacrolimus group (74). Sirolimus reduces rat and human islet cell viability and
induces P-cell apoptosis in rat islets (87). It also reduced islet engraftment and
impaired B-cell function in a study on syngeneic mice (82). The concentrations of
tacrolimus and sirolimus are also significantly higher in the portal system than
systemically (57, 83). However, it is not clear whether a local increased
immunosuppressive treatment is beneficial or harmful to islets transplanted to the

liver.

1.2.1 Indications for islet transplantation

In the selection of recipients for islet transplantation, the benefits of the
transplantation must outweigh the risks of the procedure and the immunosuppressive
therapy. Islet transplantations are therefore commonly performed in conjunction with,
or after previous kidney transplantation, when immunosuppressive drugs would be
given in any case (84). Selected patients with metabolic instability or severe problems
with hypoglycemia may also be considered (5/). However, for most patients with

T1DM, islet transplantation cannot be recommended at present.

If islet transplantations could be performed without the requirement of chronic
immunosuppressive therapy, the indications would of course increase. The treatment
could then be offered to otherwise healthy diabetic recipients, before the development

of secondary diabetes complications.



1.3 IMMUNOPROTECTION

In cell transplantation, immunosuppressive drugs could be avoided by
encapsulation of the graft in a semipermeable membrane (85-88). Such membranes
protect the graft from the cells of the immune system, but are permeable to small
molecules. Encapsulated cells are dependent on the exchange of oxygen and
nutrients between the lumen of the device and the surrounding microcirculation.
Moreover, the therapeutic product, such as insulin, produced by the cell graft must
be able to pass the membrane. Two main immunoprotective strategies are used:
macro- and microencapsulation. Using the macrocapsules the whole islet volume is
loaded into one or a few devices, as illustrated in Figure 1.3, while each single

microcapsule only contains one or a few islets.
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Figure 1.3. Schematic illustration of macroencapsulated islets.
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Encapsulated cells have been used experimentally for therapeutic treatments of
various diseases such as diabetes, neurological disorders, hemophilia, renal failure
and erythropoietin deficiency (89-95). Several methods have been described for

immunoprotection of islets, which is the main subject in the following sections.

1.3.1 Common problems and improvement strategies
The function and survival of encapsulated islets depend on a few basic principles, as

shown below:

[ Immunoprotection ] [ Membrane design 1

{ Biocompatibility H Islet graft survival H Membrane vascularization ]
[ Cytoprotection }

Islet regeneration }

[ Islet robustness ]

To achieve and improve function and survival of encapsulated islets, each of these
factors should be considered. Immunoprotection - i.e., the ability of the membrane to
protect against rejections - is by definition a requirement for the method. However, the
physical barrier cannot be entirely impermeable, since it must permit diffusion of
nutrients. An adequate pore size is therefore of crucial importance (94). Ultrafiltration
membranes can protect even xenografts, but at the cost of reduced graft survival

because of nutritional limitations (83, 96).
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The design of the immunoprotective device takes into consideration the size and shape
of the membrane, which determine the diffusion distance for oxygen and nutrients (85).
The shape can also affect the biocompatibility together with the configuration of the
surface, because irregular surfaces tend to increase foreign-body reaction with the
formation of avascular fibrotic tissue, which thereby influences the vascularization of
the membrane (97-99). It should be noted that neovascularization after tissue damage
takes time. Immunoprotection, design, biocompatibility and vascularity are all factors
related to the method of encapsulation, and are therefore discussed below together with

the various encapsulation methods.

Cytoprotection includes treatment with various drugs to enhance islet survival during
the initial suboptimal physiological conditions caused by hypoxia and inflammation.
Scavenging of reactive oxygen species and nitric oxide (NO) can be one approach.
When rat islets were compared with various other rat tissues, as regards expression of
the scavengers superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPX), islets were shown to have the weakest antioxidant enzyme defense
system (/00). Other studies have shown that treatment with SOD or CAT may reduce
the B-cell toxicity of alloxan and streptozotocin (101, 102). Overexpression of SOD,
CAT or glutathione peroxidase (GPX) protects bioengineered insulin-producing cells
from the toxic effects of various NO-donors (/03). A slow-release preparation of SOD
and CAT has been described by Giovagnoli et al., who entrapped the scavengers in a
biogradable polymeric matrix (/04). When neonatal pancreatic porcine cell clusters
were co-cultured with entrapped SOD and CAT, improvements in viability, function

and morphology occurred.
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There are also a number of other interesting drugs for islet protection. Nicotinamide
preserves B-cell function at the onset of diabetes, reduces lipid peroxidation and
promotes B-cell differentiation (105-107). 15-deoxyspergualin (DSG) shortens the
duration of posttransplant hyperglycemia and improves cure rates and long-term graft
function (40, 108). Nicotinamide and DSG treatment in combination may be even more
effective (40). Lazaroids have a potent cytoprotective effect by inhibition of lipid
peroxidation (109, 110). They reduce ischemia-reperfusion injury (71, 112). A
lazaroid with the generic name tirilazad mesylate was registered for the treatment of
stroke in Sweden (Freedox™, Pharmacia & Upjohn, Sweden). Our group performed
promising pilot studies indicating that tirilazad mesylate could lower the curative dose
of encapsulated islets. Unfortunately, the production of the drug was discontinued
before these studies were finished. In addition to the various drugs described above,
numerous other cytoprotective drugs have been suggested as potential treatments in

islet transplantation.

Islet regeneration may be important for healing of early graft damage and long-term
graft survival (53, 60, 61). The possible mechanisms for islet regeneration include
proliferation, hypertrophy and differentiation of immature cells, which may be induced

by various growth factors.

Cytoprotection and islet regeneration may be obtained by treatment with glucagon-like
peptide-1 (GLP-1) or its long-lasting analogue exendin-4 (114-116). The substances
have been described to inhibit cell apoptosis (//7) and stimulate islet replication and
neogenesis (118, 119). Moreover, they have acute effects on insulin secretion, gastric
emptying and glucose trafficking in the peripheral tissues (/20). Exendin-4 has been

shown to improve the glycemic control in patients with Type 2 diabetes mellitus

13



(T2DM) (121). The pharmacodynamics and safety of exendin-4 have already been
tested in phase 2 and 3 clinical trials of T2DM and the drug has now been introduced
on the market in the USA (722, 123). Studies have also indicated that exendin-4 have
positive effects on postprandial blood glucose levels in TIDM (//3). On the basis of
these findings, we hypothesized that exendin-4 would also have beneficial effects on
transplanted islets, which at that time, to our knowledge, had not been evaluated. To
reduce confounding factors in the first explorative studies, we used a free islet
transplant model and planned to continue with encapsulated islets, if positive effects

were found.

With the term robustness we refer to the ability of islets to survive in a suboptimal
milieu. A critical factor deciding islet robustness is of course the quality of the islet
graft. As described above, a number of drugs have been shown to increase graft
resistance to damage. Genetic modification of islets, to decrease the vulnerability to
oxidative stress and inflammatory cytokines may become a clinical alternative in the

future.

1.3.2 Microencapsulation

In microencapsulation, one or a couple of islets are enclosed in a spherical capsule (85,
124-126). The capsules are usually prepared by suspending the islets in a polyanionic
aqueous solution dropped into calcium ions. The gel drops are then mixed with a
cationic macromolecule to form a capsule (/26). The most commonly used ions are
alginate and poly L-lycine, although a large number of other combinations have been
tested. An automated method has been developed to form uniform capsules with an

equal sized capsule wall (127).
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In 1980, allogeneic rat islets in alginate microcapsules were first reported to reverse
diabetes (128). A couple of year’s later, long-term insulin independence was described
in monkeys after transplantation of microencapsulated porcine islets (/29). However,

the results of that study have been difficult to reproduce by others.

One major problem with the microencapsulation method has been the overgrowth of
fibroblasts, limiting the diffusion across the capsule wall and thereby impairing islet
survival (130, 131). Several factors, such as the fraction of individual polysaccharides,
the concentration of ion solutions and the purity of the alginate affect the
biocompatibility (/26, 132). The surface to volume ratio in these spherical capsules
gives a favorable mass transfer situation, which enhances the survival and function of
the cell graft (/25). Because of the large total volume of the microencapsulated islet
graft, implantation is usually done in the peritoneal cavity. However, a recent study by
Dufrane et al. on microencapsulated pig islets transplanted to rats showed a higher
degree of broken capsules and capsules with severe cellular overgrowth after
intraperitoneal transplantation than after renal subcapsular and subcutaneous
transplantation (/33). To shift the transplant site, the total graft volume must be
reduced, for example by reducing the size of the individual microcapsules. However,
reduction of the capsule size may cause a decrease in islet survival (/24, 134). When de
Vos et al. reduced the capsule size from 800 um to 500 um, inadequately encapsulated
islets increased from about 6% to 24%. However, Calafiore’s group developed 2
capsules of smaller sizes by refinements in the preparative process and composition
(135). Their findings indicated that the medium-sized capsules with diameters of 300-
400 pm were advantageous to the smaller ones, as regards the balance between
immunoprotection and volume (/24). They suggested that islets in smaller capsules,

although intact, may be more easily reached by inflammatory cytokines, and therefore
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more vulnerable. A recent study described a novel encapsulation technique based on
direct binding of polyions to the islets in many layers (/36). According to the authors,
the capsule has the advantage of being smaller than alginate-based capsules and the

technique enhance total trapping of the islets.

A phase 1 clinical study is presently being conducted by Calafiore’s group (137, 138).
Ten patients will be included in the study, using human islets in a microcapsule of Na
alginate and poly-L-ornithine. The first preliminary results of 2 patients indicate
stabilization of glucose levels, decline in exogenous insulin consumption and decrease
in HbAlc. The method also seems safe and without side effects. According to a recent
study by the same group, the capsule used in the clinical protocol has been further

improved as regards physical strength and longevity in a rat model (/39).

In recent years, microencapsulation has frequently been described as the best method
for immunoprotection of islets (86, 140, 141). Advantages using the
microencapsulation method include the minor implantation surgery, the surface-to-
volume-ratio and the possibility to use various transplant sites. Some potential
disadvantages of this method include incomplete encapsulation and insufficient long-

term material stability, both leading to rejection and the risk for sensitization.

1.3.3 Macroencapsulation

Using macroencapsulation, the whole graft is placed in one or a few chambers made of
semipermeable membranes (83, 86). Devices for macroencapsulation may be grouped
into intravascular and extravascular chambers. The extravascular chambers can be
further grouped into cylindrically-shaped tubular chambers and planar devices with a

flat configuration.
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1.3.3.1 Intravascular encapsulation devices

An intravascular chamber consists of a semipermeable membrane, directly connected to
the circulation as an intravascular shunt. The advantages of this method are the large
oxygen supply, which enhances islet survival, and the rapid glucose-stimulated insulin

response (86, 87).

However, the introduction of an intravascular shunt is a major surgical procedure, with
the risk of bleeding after implantation (/42) and a high risk of thrombosis in the device
or in the anastomosis, which in most cases would require life-long anticoagulation
therapy (85-87). Therefore, the risks of the treatment are seldom outweighed by the

benefits.

1.3.3.2  Extravascular diffusion devices

In diffusion chambers, oxygen and nutrients are provided by diffusion from the
surrounding microcirculation. Sites of implantation may include the peritoneal cavity,
the omentum and subcutaneous fat. The main advantages of these chambers are that

they only require minor surgery to implant and are easy to retrieve.

Tubular diffusion chambers are usually made of acrylic-copolymer fibers (85, 143,
144). The cylindrical shape and the acrylic-copolymer material provide a smooth
surface which induces hardly any fibrotic reaction (99, 144). This type of device was
successfully used in a study by Scharp et al. to encapsulate allogeneic islets for
transplantation to diabetic patients (/44). After 2 weeks, the islet viability was more
than 90%. However, the disadvantage of using tubular chambers is the suboptimal
mass-transfer situation, because widening the tube to reduce the length leads to necrosis

of the central graft (85). In Scharp’s study, the islets were suspended in alginate to
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avoid islet aggregation and central graft necrosis, which resulted in a low loading
density. The loading dose was only 50 islet equivalents (IEQ) in a 1.5 cm long fiber,
which would correspond to enormous lengths for curative doses. However, tubular
chambers may be advantageous in the transplantation of other cell types, when less

volume is required.

The flat configuration of planar diffusion chambers can provide a more efficient
configuration for islet encapsulation. However, the majority of early studies using
planar devices reported islet graft failure and fibroblastic overgrowth of the chamber
(87). According to a review by Colton, a theoretical model of flat devices shows that
oxygen supportive vessels must be in close contact with the membrane surface for
oxygen to reach the entire graft (85). Brauker et al. screened various membranes for
foreign body reaction and vascularization (/45). They found that membranes with
larger pores, that permitted cells to penetrate, could induce vascularization at the
membrane-tissue interface. The induced vessels were referred to as close vascular
structures, defined as vessels within 15 um from the membrane surface. To obtain
immunoisolation, the vascular-inducing membrane was laminated to another membrane
with smaller pores. This bilayer membrane was later used for construction of the
Boggs™ chamber and the TheraCyte™ device (TheraCyte Inc., Irvine, CA, USA) which

were used for the studies of this thesis and are described in more detail below (94).

1.3.4 Previous studies of the bilayer membrane

1.3.4.1 Immunoprotection
The bilayer membrane prevents host cell entry, but allows the passage of larger
molecules, such as IgG. In studies by Brauker et al., allogeneic embryonic lung tissue

survived for 1 year in rats, when implanted in intact devices (/46). The tissue was
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destroyed within 3 weeks if holes were made in the device. Xenografts survived no
more than 3 weeks in intact devices, and the surrounding tissue showed severe
inflammation and reduced vascularization. When allo- and xenogeneic tissues were
mixed in the chamber, all tissue was destroyed. Again, the inflammatory reaction was
pronounced, and was thought to be the cause of the tissue death. The study also
suggested a mechanism underlying the xenograft rejection. In a following study,
Loudovaris et al. showed that xenografts from monkeys could survive in CD4" T-cell-
depleted mice (/47). Since the membrane is impermeable to cells, they concluded that
CD4" T-cells probably indirectly recognize antigens from the xenograft, and then
stimulates a local inflammatory response. It should be noted that a recent, small,
xenograft study on neonatal pig islets transplanted to nonobese diabetic mice and
nondiabetic cynomolgus monkeys showed contradictory findings, since the
TheraCyte™ device protected the graft (/48). The authors suggested that the islets
express only a few surface antigens with alpha-1 galactose, which is the main inducer

of acute rejection of porcine xenografts in primates.

In humans, the alloprotective properties of the bilayer membrane were confirmed by
Tibell at al. (/49). Patients with hypoparathyroidism were transplanted with
encapsulated allogeneic parathyroid tissue in subtherapeutic doses using the Boggs™
Chamber. The devices were implanted s.c. in the forearm. At explantation after 9-13
months, histological intact endocrine tissue was found in all devices. However,

fibroblast overgrowth inside the devices was marked.

1.3.4.2  Biocompatibility
The number of close vascular structures - i.e., within 15 um from the membrane surface

- has commonly been used as one evaluation criterion of the biocompatibility of
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membranes (/45, 150, 151). In a study by Rafael et al., the vascularization in the s.c.
tissue within 15 pum from the surface of the bilayer membrane was evaluated
histologically (/52). No correlation was found between the number of vascular profiles
within 15 pm and the measured glucose recoveries inside the device during IVGTT.
However, when a longer distance from the membrane was arbitrarily chosen (250 pm)
the number of vascular profiles was significantly correlated to the glucose exchange.
We then decided to search for a more precise distance, within which vessels can
support the transport of glucose to the lumen of the device. This should improve
histological evaluations of the membrane, since the supportive vessels should

reasonably be the ones to consider in such evaluations.

1.3.4.3 Vascularization

The physiological conditions inside the device are dependent on the exchange of
nutrients and oxygen from the surrounding microcirculation, which, in turn, depends on
the vascularity and maturity (function) of new vessels. To study this relationship, the in
vivo exchange of insulin and glucose across the membrane was previously evaluated by
members of our group, using the microdialysis technique (752, 153). Insulin was
injected into implanted devices in rats at various times after implantation. The injection
of insulin directly into the s.c. tissue was used as control. At 1, 2 and 4 weeks, insulin
recovery after injection in the devices was lower than that after s.c. injection. At 3
months, the insulin permeability had increased, and recovery after injection in the
device was similar to that in the s.c. controls (/53). The in vivo glucose recoveries
inside the devices were then studied during an intravenous glucose tolerance test
(IVGTT) in rats (152). Up to 4 weeks after implantation, glucose recoveries were
significantly lower in the devices than the s.c. controls. After 3 months, the difference

had disappeared.
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The microcirculation around empty devices implanted in rats was then studied using
the laser Doppler technique. Compared to day 1, the microcirculatory flow was lower at
4 weeks, but had recovered at 2 and 3 months. The level was maintained for at least 12
months after implantation (/54). These studies all indicated that the impaired
physiological conditions after implantation were nearly normalized after 3 months.
Therefore, a study was done to evaluate the effects of preimplantation of devices.
Empty devices were implanted s.c. on one side of the back of non-diabetic rats. Three
month later, these devices were filled with islets. At the same time, freshly prepared
devices filled with islets were implanted on the other side of the back. All devices were
then left for 2 weeks before explantation. The study was evaluated by morphometry
and showed a higher survival of endocrine tissue in the preimplanted than in the freshly
implanted devices (155, 156). However, a diabetic model is needed to show the effects
on metabolic outcome after transplantation. Therefore, we wished to analyze the
concept of preimplantation using a diabetic model, which would permit dose finding

studies.

Another approach for improvement of the vascularization may be treatment with
angiogenetic factors, such as the vascular endothelial growth factor (VEGF). Trivedi et
al. implanted the bilayer device in rats and continuously infused VEGF for 10 days
(151). High doses of VEGF resulted in a two- to threefold increase in blood vessel
formation within 200 pm from the membrane surface, as assessed by morphometry,
and a modest increase in insulin diffusion. Using a tubular encapsulation system, Sigrist
et al. evaluated a clinically more relevant approach, by transplanting islets immobilized

in a collagen gel supplemented with VEGF (/57). They found an increase in the
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number of vessels and a decrease in the distance between the device and the closest

vessels, as well as improvement in islet survival and insulin secretion.

1.3.4.4 Other applications of the bilayer membrane

Encapsulated genetically-engineered cell lines that express e.g., human growth factor or
the coagulation factor IX, have been shown to secrete their products for more than 3
months, as compared to only a few days if freely implanted (/58-160). A recent study
on the treatment of osteoporosis by encapsulated human parathyroid cells, showed an

increase in bone mineral density in ovariectomized rats (/67).

1.3.4.5 Other planar devices

As mentioned above, early experiences of planar devices included the development of
avascular fibrotic tissue around the device. The bilayer membrane was therefore
developed. Only a few studies of other types of planar devices have been done recently.
Qi at al. described a flat-shaped device based on biocompatible polyvinyl alcohol (/62).
This material has a weak mechanical strength, but was combined with a polyethylene
terephthalate mesh for stabilization. Rat islets were embedded in the gel and the
macrocapsules prepared by a freeze-thaw process. Devices were implanted in the

peritoneal cavity of diabetic mice, which significantly reduced the blood glucose levels.

1.3.5 Protection against sensitization of the recipient

Before clinical trials of macroencapsulated islet transplantation can be considered, it is
important to evaluate the potential risks for the recipients. One factor is the risk of
sensitization - i.e., the development of anti-donor antibodies - which may cause
hyperacute rejection of a subsequent vascularized graft (/63). In allotransplantation, the

direct antigen presentation pathway is thought to be the main inducer of the immune
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response (88, 164-166). The immunoprotective membrane physically blocks this
pathway, because it requires migration of antigen-presenting cells (APC) from the
donor to the lymph nodes of the recipient. However, passage of small peptides across
the membrane is likely, as the immunoprotective membrane is permeable to small
molecules. This could instead activate the indirect pathway by antigen-presentation on
APCs of the host (/47). Sensitization by encapsulated islets therefore cannot be ruled
out. Patients with diabetes should preferably be given islets early in their disease.
However, as these patients are at risk of developing diabetic nephropathy, they may
become candidates for kidney transplantation later on. Sensitization would then reduce
graft availability and jeopardize graft survival. Against this background, we wished to
evaluate whether the bilayer membrane influence the risk for sensitization after islet

transplantation.
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2 SPECIFIC AIMS

The specific aims of these studies were:

e To improve the histological evaluation of vascularity around the bilayer

immunoprotective chamber, by correlating vascularization within various

distances from the device surface with glucose exchange.

e To evaluate whether preimplantation of the immunoprotective chamber lowers

the dose of islets needed to cure diabetes.

e To determine whether the effects of exendin-4 improve the metabolic control

after islet transplantation.

e To assess the risk of sensitization after allogeneic islet transplantation in the

bilayer immunoprotective chamber.
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3 MATERIALS AND METHODS

The local Animal Ethics Committee approved all studies. The animals were maintained
in accord with the requirements of the Animal Welfare Act and the National Institutes

of Health guidelines for the care and use of laboratory animals.

3.1 MATERIALS, TECHNIQUES AND MODELS

3.1.1 The immunoprotective membrane

The immunoprotective chamber is made of a two-layered polytetrafluoroethylene
membrane. The inner immunoprotective membrane (Millipore, Bedford, MA, USA) has
a pore size of 0.45 um. It is permeable to small molecules, but not to cells. The outer
membrane with a pore size of 5 um has the ability to induce neovascularization (Gore,
Flagstaff, AZ, USA). To ensure stability, a non-woven polyester mesh is attached to the
outer membrane. Before implantation, the membranes were hydrophilized by wetting in

95 % ethanol for 1-2 minutes and washed 3 times in sterile saline.

3.1.2 The Boggs™ chamber

The Boggs™ chamber (TheraCyte Inc., Irvine, CA, USA) was the first type of device
developed from the two-layered membrane described above (Figure 3.1.2). It consists
of 2 round pieces of the membrane separated by a silicon ring, creating a lumen of 5 pl
where the islets are loaded, before sealing of the sheets with a titanium ring. The

various parts of the device are put together at the time of islet loading.
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The Boggs™ chamber was used in the last study of this thesis for transplantation of

allogeneic rat islets. The chambers were implanted s.c. on the back of the rats.

Titanium ring

Membrane

Silicon ring

Islet graft
Membrane

Titanium ring

Figure 3.1.2. The Boggs™ chamber.

3.1.3 The TheraCyte™ device

The TheraCyte™ device is a planar diffusion chamber prefabricated in the shape of a
tea-bag (TheraCyte Inc., Irvine, CA, USA) (Figure 3.1.3-1 page 64). It consists of the
inner immunoprotective membrane laminated with the vascularization membrane, the
non-woven polyester mesh and an outer woven polyester mesh (Figure 3.1.3-2). It is a
further development of the Boggs™ chamber, to simplify the loading procedure and
minimize the risk of contamination. For loading of the device, there is a port in one end,
which is sealed after the cell injection. The device is available in 3 sizes with volumes

of 4.5, 20 and 40 pl.
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Immunoisolating membrane
(0.45 pm PTFE pores)

Figure 3.1.3-2. Structure of the TheraCyte device.

3.1.4 Ratislet isolation

The same standard procedure was used for rat islet isolation in Papers II-IV. Islets
were obtained from Male Sprague Dawley rats (SD) in study II and III, and Dark
Agouti (DA) rats in Paper IV (all provided by Scanbur BK, Sollentuna, Sweden),
weighing about 300 g. The pancreases were harvested after anesthetizing the animals
with Enflurane in Paper II and III, and Hypnorm™ (1 ml/kg of fentanyl citrate 0.315
mg/ml and fluanisone 10 mg/ml s.c., Janssen Pharmaceutica, Beerse, Belgium) in
Paper IV. Animals were euthanized by heart exsanguinations. Islets were prepared by
the intraductal collagenase digestion technique using 2 mg/ml collagenase V (Sigma-
Aldrich Co, St Louis MO, USA) or 0.7 mg/ml collagenase P (Roche Diagnostics
GmBh, Mannheim, Germany). The islets were then purified by discontinuous density
gradient centrifugation (Histopaque-1119, Sigma-Aldrich Co and Lymphoprep ™,
Axis-Shield PoC AS, Oslo, Norway) and hand picked. Isolated islets were cultured

overnight in RPMI 1640 medium with pH 7.4 (Gibco, BRL, Life Technology Ltd.,
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Fuaisley, Scotland), supplemented with 10% fetal calf serum, 2 mmol/l L-glutamine,
50 U/ml penicillin and 50 mg/ml streptomycin (all provided by Gibco), in a
humidified atmosphere of 5% CO; in air at 37°C. The following day, the islets were
washed with Hanks Balanced Salt Solution (Karolinska University Hospital,
Stockholm, Sweden), hand-picked and transplanted (Figure 3.1.4-1 page 64). Islet

purity was about 90%, as estimated semiquantitatively under microscope.

3.1.5 Streptozotocin induction of diabetes

Athymic mice (nu/nu Black 6, Taconic M&B, Ry, Denmark) weighing about 25 g
were used as islet recipients. These immuno-incompetent nude mice cannot reject
cellular grafts, thus the survival of the encapsulated islets is not influenced by any
rejection reaction. Diabetes was induced by the injection of streptozotocin (Sigma-
Aldrich Co) in a dose of 250 mg/kg body weight. Male mice were injected into the
penile vein under inhalation anesthesia using Enflurane, while female mice
underwent tail vein injection under Hypnorm™ anesthesia (Janssen Pharmaceutica).
An animal was considered diabetic if its blood glucose level exceeded 20 mmol/l

(>360 mg/dl) for 2 or more consecutive days.

3.1.6 Transplantation models

3.1.6.1 Islet transplantation

Islet transplantations were done 3 days after the streptozotocin injection under
anesthesia using Enflurane in Paper II and III, and Hypnorm™ (Janssen
Pharmaceutica) in Paper IV. The islets were packed in a 24 G venflon (Becton,
Dickinson and Company, NJ, USA) on a Hamilton syringe. Free islets were
transplanted under the kidney capsule. In Paper IV, evaluating the risk for sensitization,

free islets were also transplanted subcutaneously into the back of the animals. For

28



encapsulation of islets, immunoprotective chambers were implanted in a subcutaneous
pocket on the back of the animals. For fresh implantation, islets were inserted in vitro
into the device’s lumen just before implantation. In animals with preimplanted
chambers, an incision was made distal to the port of the chamber, and the cap was
removed for insertion of islets. The port was then sealed again with glue and the wound

sutured.

3.1.6.2 Heterotopic heart transplantation

To assess the time-to-rejection on a subsequent vascular graft in Paper IV, abdominal
heterotopic rat heart allotransplantations were performed using the microsurgical
technique described by Ono and Lindsey (/67). The hearts were obtained from DA rats
(Scanbur BK) weighing 250-300 g. The animals were anesthetized with Hypnorm™
(Janssen Pharmaceutica) and the thoracic cavity of the donor exposed. The abdomen
of the recipient was then opened and the infrarenal aorta and vena cava were dissected.
The donor hearts were flushed with cold saline solution and the caval and pulmonary
veins ligated before removal. The donor aorta was sutured end-to-side to the recipient’s
infrarenal aorta, and the donor pulmonary artery was sutured end-to-side to the
recipient’s infrarenal vena cava using 8-0 running sutures. The grafts were observed
during the first 30 minutes after reperfusion. The same surgeon performed all
operations, and the success rate was 95 %. Evaluation by heart palpation was

performed every hour during the first 12 hours, and then twice daily.

3.1.7 lIslet recipient management

Nonfasting blood glucose levels and weights of the animals were determined daily

during the first week. Thereafter, cured animals were assessed twice a week, while
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those with hyperglycemia were checked daily. Animals with a high blood glucose level
were given a mixture of short- and long-acting human recombinant insulin (Actrapid
and Ultratard, Novo Nordisk AS, Bagsvaerd, Denmark) in equal proportions s.c. after
the blood glucose measurement. A total of 2 U was given for blood glucose levels of
11-20 mmol/l and of 4 U for levels >20 mmol/l. If the blood glucose level normalized,

insulin was discontinued.

An intraperitoneal glucose tolerance test (IPGTT) was done on all cured animals.
Before the IPGTT, mice were fasted for at least 6 hours. Glucose (20%) was injected
i.p. (10 pl/g) and the blood glucose level determined before injection and then at 5, 10,
15, 20, 30, 45, 60, 90 and 120 minutes after the injection. Healthy mice were used as
normal controls and tested simultaneously. After the IPGTT, graftectomy was done to
rule out a recurrence of native pancreatic function. The mice were then sacrificed by
cervical dislocation. Animals that could not maintain their general condition on insulin
treatment due to severe diabetes were sacrificed earlier, in accord with regulations

pertaining to animal welfare.

3.1.8 Determination of anti-donor antibodies

In Paper 1V, evaluating the risk of sensitization after encapsulated islet transplantation
using the TheraCyte™ device, anti-donor antibodies were determined by flow
cytometry analysis. For the flow cytometric assay, DA spleen lymphocytes were
isolated and used as target cells. The staining procedure was described before (/68).
Briefly, 5x10° DA spleen lymphocytes were incubated with 50 pl of Lewis rat serum
for 1 hr at 22 °C, and then washed 3 times with phosphate-buffered saline (PBS). Ten

pl of 1:4 diluted fluoresceinated goat anti-rat IgG (H+L) (Southern Biotechnology
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Associates Inc., Birmingham, AL, USA) antibodies were added and incubated at 4 °C on
ice in darkness for 25 min. The cells were then washed and analyzed with a Becton
Dickinson flow cytometer (FACSorter, Becton Dickinson, San José, CA, USA). A shift
in the mean fluorescence of 20 channels in the test sample as compared to the negative
control was considered positive (/68). Serum from a normal nontransplanted Lewis rat

served as the negative control.

3.1.9 Histological studies

3.1.9.1 Fixation and preparation

All explanted grafts and native pancreases were immediately fixed in Histofix™
(Histolab Products AB, Géteborg, Sweden) or 4% phoshate-buffered formalin and
dehydrated. After embedding in paraffin the blocks were cut on a microtome (Leica
Microsystems AB, Sollentuna, Sweden or Rotary Microtome, Microm International,
Walldorf, Germany). The sections of membranes were about 5 um thick and the ones
of graft-bearing kidneys, hearts and pancreases about 3 pm. Routine staining was
done with hematoxylin and eosin (H&E). The heart grafts were also stained with
Ladewig for detection of fibrin. In Paper III, immunohistochemical staining was
performed for the detection of insulin-containing cells (guinea pig anti-insulin
antibody, DAKO, Carpinteria, CA, USA). All histological evaluations were

performed with a light microscope by the same investigator.

3.1.9.2 Counting of vascular profiles

For the counting of vascular structures in Paper I, the membranes that had been
implanted for various times in rats were divided longitudinally before embedding. The
semiquantitative evaluation of vascular profiles was performed on a central section.

Micrographs were taken from a 1 cm long part in the middle of the membranes, on both
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membrane surfaces at a final magnification of 325 (i.e., an average of 24 micrographs
per membrane). Distances of 15, 25, 50, 75, 100, 200, 300 and 400 pm from the surface
of the membrane were marked on the micrographs. Vascular profiles were identified by
their shape, the presence of an endothelial cell nucleus at the inner surface of the
profile, or by the presence of erythrocytes inside the profile, and were counted within
the various distances from the membrane surface. The intraobserver variability was less
than 5%, as estimated by repeated evaluations. For studies of vascularization
asymmetries between the two sides of the chamber - ie, the side facing the skin and the
side facing the muscle - additional membranes were implanted and stained with ink at
the skin side at explantation. The amount of vascular profiles along the two sides was
then determined semiquantitatively (0, + and ++). Male Sprague Dawley rats (Scanbur
BK) weighing 200-250 g were used for all membrane implantations in this study. The
animals were anesthetized using pentobarbital (Pentobarbitalnatrium, 60 mg/ml,
Apoteket Produktion & Laboratorier, Umed, Sweden) in a dose of 0.1 ml/100 g b.w.
After explanting the device, animals were sacrificed under anesthesia with CO,

inhalation.

3.1.9.3 Morphometry of encapsulated islet grafts

Morphometry is a systematic method for determination of tissue volumes from 2-
dimensional sections. This method was used in Paper III, to compare graft volumes in
preimplanted and fresh implanted chambers. The chambers including grafts were
serially sectioned, and sections were taken at a distance of 25 um for staining with
hematoxylin and eosin. Fractional volumes - i.e., volume densities (Vv’s) - and
absolute volumes were evaluated by morphometry. To calculate the total volume of
tissue inside the chamber, digital photos were taken of all tissue-containing sections at

2 times magnification using a light microscope. Thus, about 30-80 printed pictures
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from 30-40 sections were evaluated for each membrane. The final magnification of
these pictures was 44. The total tissue areas were then calculated by using a
semiautomatic interactive image analyzer (Videoplan, Zeiss, Oberkochen, Germany)
and the total volumes calculated according to Cavalieri’s principle (/69). To estimate
the Vv’s of the various tissue components, at least 10 tissue-containing sections were
also photographed at 10 times magnification. These sections were taken randomly - i.e.,
every third section if enough tissue, otherwise every other or all sections - to obtain at
least 10 sections with tissue. The photos were printed on paper copies at a final
magnification of 220. Point-counting was performed using a square lattice (1 cm)
randomly placed over the print-outs. Conventional morphometric principles were then
used to estimate Vv’s of viable endocrine cells, necrosis and fibrosis. The absolute
volumes of each tissue type were then calculated by multiplying the Vv’s with the total
tissue volumes (/70). All point-counting was done by one investigator and the intra-

observer variation was less than 5%.

3.2 DESIGNS OF THE INDIVIDUAL STUDIES

3.21 Paperl

In this study our aim was to determine the minimal relevant distance from the
membrane surface within which vessels should be examined histologically. We thought
that the vessels of interest in such evaluations should be the ones that can support the
encapsulated graft with oxygen and nutrients. Therefore, correlation analyses were
performed between various variables describing glucose kinetics inside the device at 1,
2 and 4 weeks and 3 months after implantation, and the number of vascular profiles

within 15, 25, 50, 75, 100, 200, 300 and 400 pm from the surface of the membrane.
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The glucose recoveries of each membrane device used for the correlation analyses had
previously been determined during an IVGTT, using the microdialysis method (Table
3.2.1) (152). The 100 minutes of dialysis and the corresponding area-under-the-curve
(AUCy.100) were divided into two phases, as the blood glucose reduction showed a
biphasic pattern. The first 40 minutes of the IVGTT was defined as the early phase
(AUC.40), and the remaining 60 minutes as the late phase (AUC4.100). The maximum
concentration of the dialysate was called Cpax (mmol/L) and the time-to-peak (TTP,

min) was defined as the time taken to reach Cyax.

Table 3.2.1. Glucose kinetic data inside the TheraCyte™ device during an IVGTT,
mean values * standard deviations (n=7 in each group).* Data from Rafael et al. (/52).

Reproduced, with permission from Cognizant Comm Corp.

Time after AUCg40 AUC40.100 AUCy.100 Cmax TTP
implantation

1 week 140 £ 35 100 + 34 240 + 65 43+£09 19£5.6
2 weeks 140 £ 41 120 + 44 260 + 76 46+12 25+6.5
4 weeks 150+ 13 170 £38 320+ 44 4704 23+9.5
3 months 170+ 21 170 £ 43 340 £59 5.8+0.8 18£5.7

* AUC,.4 — area-under-the-curve in the early phase - i.e., the first 40 minutes (mmol / 1 x min)
AUC4q. 100 — area-under-the-curve in the late phase - i.e., the remaining 60 minutes (mmol / 1 X min)
AUC_1g9 — area-under-the-curve during 100 minutes of measurements (mmol / | x min)

Crnax — peak glucose concentration (mmol / 1)

TTP — time-to-peak concentration (min)
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The longitudinal neovascularization process was also studied, including potential
differences in vascularization between the side of the membrane facing the skin and
that facing the muscle when implanted subcutaneously. For this purpose, fresh devices
were implanted for 1 and 2 weeks and 3 months and marked with ink at the side facing

the skin at explantation.

The relations between the number of vascular profiles and glucose kinetics were
evaluated by regression analyses. The vascularization process was evaluated by
comparing the number of vascular profiles at 1 week with that at 3 months, using the

unpaired Student’s t-test. Differences were considered significant if p<0.05.

3.2.2 Paperli

In this study our hypothesis was that preimplantation of the immunoprotective chamber
could lower the curative dose of encapsulated islets. In the first part of the study, we
transplanted a suboptimal number of islets - i.e., 375 or 125 islets - in fresh or
preimplanted membrane chambers. By doing this, our hypothesis that preimplantation
would lower the islet dose required for cure was confirmed. The findings were further
strengthened by morphometric evaluations of the islet mass. In the second part of the
study we therefore continued with preimplanted devices and reduced the doses to 100,
75 and 50 islets, to determine the lowest curative dose. On follow-up, sustained
nonfasting blood glucose levels of <10 mmol/l were defined as cure and >10 mmol/l as

no cure. At 4 weeks, cured animals underwent an IPGTT followed by graftectomy.

The Chi-Square 2-sided exact test was used to compare the frequencies of cured

animals in each group and those of animals requiring insulin during the last 5 days of
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observation. Since some animals were sacrificed before the end of the study, blood
glucose levels were compared by fitting blood glucose change from baseline for each
animal to linear regression models. The mean slopes were then calculated for each
group and compared using the Mann-Whitney U-test. The same test was used to
compare body weight gains, while data concerning morphometry were compared with
the unpaired 2-sided Student’s t-test. Differences were considered to be statistically

significant if p<0.05.

3.2.3 Paperlll

The aim of this study was to determine whether exendin-4 treatment improves the
metabolic outcome after transplantation of a suboptimal mass of islets in diabetic
recipients. Since the effects of exendin-4 on transplanted islets had not been evaluated
at that time, we performed this study on free islets, with the intention of doing another
study on encapsulated islets if the findings were positive. The study was divided into 3
different parts. First, the islet numbers were reduced from 75 to 50 and then 30, to
determine the suboptimal dose - i.e., the dose just between cure and failure (Table
3.2.3). Fifty islets cured diabetic mice in most cases, but 30 islets did not. Partial
metabolic control was achieved by transplantation of 35-45 islets (data not shown). On
the basis of these findings, 30 islets were used for the two following studies of exendin-

4; one evaluating the short-term effects, and the other one long-term effects.

In the short-term study, animals were followed for 8 days. Five groups were studied: 1)
30 islets with exendin-4 treatment (4naSpec Inc., San José, CA, USA); 2) 30 islets

without treatment; 3) 75 islets without treatment (quality controls); 4) non-transplanted
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diabetic mice treated with exendin-4; and 5) non-transplanted diabetic mice without
treatment. Exendin-4 was given as a single i.p. injection of 100 ng (about 24 pmol) per

day from day O to 7.

Table 3.2.3. Determination of the suboptimal islet number. Reproduced with

permission from Springer-Verlag.

75 islets 50 islets 30 islets
n 4 5 4
Cure 4 4 0
Partial function 0 1 0
No cure 0 0 4

In the long-term study, animals were observed for 4 weeks. Exendin-4 was given for 8
days, as in the short-term study. Three groups were studied: 1) 30 islets with temporary
exendin-4 treatment; 2) 30 islets without exendin-4 treatment; and 3) 75 islets without
treatment (quality controls). As usual, islets were cultured for 20 hours before
transplantation and in group 1, exendin-4 (0.1 nmol/l) was added to the culture
medium. At 4 weeks, the cured mice underwent an IPGTT. Thereafter, grafts and
native pancreases were removed for histological examinations. One section from each
graft and pancreas was evaluated semiquantitatively for comparison of insulin-positive

islets.

On follow-up, sustained nonfasting blood glucose levels of 10 mmol/l or below were
defined as a cure, 11-20 mmol/l as partial function of transplanted islets and levels

above 20 mmol/l were considered as a graft failure. The two-tailed Fisher’s exact test
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was used for comparisons of the cure rates in each group. Insulin need and body weight
gains were compared using the unpaired two-sided Student’s t-test. Differences were

considered to be statistically significant if p<0.05.

3.2.4 PaperlV

In this study, our hypothesis was that the bilayered membrane would prevent
sensitization, and that transplantation of encapsulated alloislets should therefore not
accelerate the rejection of a subsequent vascularized graft. To test this hypothesis we
transplanted a heterotopic heart after the implantation of encapsulated or free islets and

determined the time-to-rejection and the development of anti-donor antibodies.

Islets and hearts were obtained from Dark Agouti (DA) rats (Scanbur BK) and Lewis
rats (200-250 g, Charles River Laboratories, Sulzfeld, Germany) were used as the
recipients of the grafts. The recipients were divided into 5 groups according to the islet
dose and type of transplantation: /) no islets, receiving a saline sham injection; 2) 200
free islets; 3) 200 encapsulated islets; 4) 1000 free islets; and 5) 1000 encapsulated
islets. Encapsulated islets 4 weeks after the transplantation are shown in Figure 3.2.4,
page 64. The abdominal heterotopic heart transplantations were performed 4 weeks
after the transplantation of islets. Time-to-rejection was defined as the cessation of
heart contractions, as assessed by heart graft palpation. The various study groups were

compared as regards the time-to-rejection using the unpaired Student’s t-test.
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4 RESULTS AND DISCUSSION

41 PAPERI

To improve histological evaluations, we counted vascular profiles at various distances
from the membrane surface and correlated these with blood glucose kinetics. Seven
devices were evaluated for each time-point. All devices were well vascularized at 3
months (Figure 4.1-1 page 64). Significant increases in the number of vascular profiles
from 1 week to 3 months were noted at 50, 75, 100 and 200 pum distances (p<0.05)
(Table 4.1-1). Within each distance, the number of vascular profiles showed the
greatest variations at 2 weeks. At all examinations, the largest variations in

vascularization were noted at 15 pm.

The correlations between the number of vascular profiles at various distances and
glucose kinetics are shown in Figure 4.1-2. The highest correlations for AUC.4,
AUC4.100, AUCy.100 and Cpax were found at 75 and 100 pum (p<0.05). They were
significant for AUC.4¢ from 15 pum to 300 pm, for AUC4q.190 from 25 pm to 200 um,
for AUC.190 from 25 um to 300 um, and for Cyax from 50 pm to 300 pm. In contrast,

the correlations with TTP were significant only at 300 and 400 pm.
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Table 4.1-1. Number of vascular profiles within various distances from the surface of

the membrane, mean (number of vascular profiles / cm of membrane length) + standard

deviation and coefficient of variation (%). Seven devices were evaluated for each time-

point. Reproduced with permission from Cognizant Comm Corp.

Distances 1 week 2 weeks 4 weeks 3 months
15 um 6.1+4.8 22432 35417 21410
79% 150 % 50 % 48 %
25 um 1812 34+ 46 66 +21 44 +£20
67 % 140 % 32% 45 %
50 pm 35+20 56 +£ 63 110 £28 96 + 28
57 % 110 % 26 % 29 %
75 pm 47 £25 68 £74 130+ 33 130+ 24
53 % 110 % 25 % 19 %
100 pm 64 +31 79 + 84 150+ 33 150 £22
48 % 110 % 23 % 14 %
200 pm 150 £ 62 150110 240+ 45 260 +£43
42 % 74 % 19 % 16 %
300 um 210+91 190120 280+ 57 340 £ 81
44 % 65 % 20 % 24 %
400 pm 360+130 230+150 370+ 83 410£140
34 % 68 % 23 % 34 %
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When we compared the two sides of the membrane, differences in the degree of
membrane vascularization were noted at 1 and 2 weeks. At 1 week, there was a striking
difference in the number of vascular profiles between the side facing the skin and that
facing the muscle in 4/8 devices, whereas 1 showed a moderate difference. The 3
remaining devices, for which no differences were noted, had few vascular profiles on
both sides, unlike those with marked differences, which had more vascular profiles on
the side facing the skin (Figure 4.1-3a). The findings were similar at 2 weeks (n=9), but

at 3 months (n=10) all devices were well vascularized on both sides (Figure 4.1-3b).
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Figure 4.1-3. a) Device explanted at 1 week. More vascular profiles are seen on the
side facing the skin (upper micrograph). b) Device explanted at 3 months. The 2 sides
of the membrane are more equally vascularized than at 1 week. Stained with H&E,

original magnification x20. Reproduced with permission from Cognizant Comm Corp.

42



4.1.1 Discussion Paper |

The aim of this study was to improve the method for histological evaluations of the
biocompatibility and neovascularization of the bilayered membrane device. In
summary, the highest correlations between glucose kinetics and the number of vascular
profiles were noted at 75 and 100 um. We believe that the vessels within these
distances are important for the diffusion of small molecules, such as glucose, into the
device. It seems likely that the vessels capable of supplying nutrition to the device’s
lumen should be the ones of interest in histological evaluations. Therefore, we suggest
that vascular profiles within 100 um should be the ones examined in evaluations of the

vascularity around the bilayered membrane device.

In several previous studies, the number of vascular profiles within 15 um from the
surface of the vascularizing membrane was determined on histological examinations
(145, 150, 151). However, at times the vascular profiles were more than 100 um apart
from one another. If vessels lying that far apart could sustain the encapsulated cells
between them, those further from the membrane surface should also be able do that,
which is shown by the findings of this study. We therefore suggest that close vascular
structures may improve the transfer of nutrients and oxygen across the membrane, but

they are not the only ones to supply the encapsulated graft.

As the goal of islet transplantation is to improve the metabolic control, it is important
that the device allows near normal physiological glucose kinetics. The total amount of
insulin released corresponds to the AUC, and the peak of the insulin response to Cpax.
TTP is important for the insulin response over time. In contrast to other glucose

kinetics, significant correlations between vascular profiles and TTP were noted at 300-
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400 pm. We cannot explain this difference, but one reason may be inexact
measurements of TTP. Due to the small sample volumes, the dialysate was collected in
S5-minute aliquots. Actual values of TTP can be obtained only by making continuous

measurements.

In the present study, we also found that the vascularization process seems to begin at
the side facing the skin. Differences in the degree of vascularization between the 2
membrane sides were noted up to 4 weeks after implantation, but had largely
disappeared at 3 months. It is noteworthy that the time of vascularization varied
between different membranes. Particularly at 2 weeks, striking differences were seen
in the extent of vascularization between various devices, which is indicated by the
high coefficients of variation. These findings together with the ones described above
are in accordance with other studies by members of our group, all indicating impaired
vascularization during the first month after transplantation and recovery at 3 months

(152-154, 156).

4.2 PAPERII

The purpose of this study was to evaluate the effects of preimplantation on cure rates,
graft survival and islet doses. We began by comparing groups with freshly and
preimplanted chambers transplanted with 375 and 125 islets (Table 4.2-1). All animals
in the group with 375 islets in preimplanted chambers were cured (n=8), as compared
to 1/6 animals in the group with 375 islets in freshly implanted chambers (p=0.003).
The corresponding findings in animals transplanted with 125 islets were similar, with
6/6 cured animals in the preimplanted group and no cured animals in the group with

freshly implanted chambers (n=7) (p=0.001). The body weight gains of the
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preimplanted group with 125 islets significantly exceeded those in the group with

freshly implanted devices with 125 islets (p=0.003).

Table 4.2-1. Cure rates in animals with freshly or preimplanted devices.

Group 375 fresh 375PI p-value 125 fresh 125 PI p-value

N 6 8 7 6

Cure 1 8 0.003 0 6 0.001

No cure 5 0 7 0

Bw (g) 01735 31=+1.1 ns 29+26 38+1.6 0.003
PI — preimplanted Bw — body weight gain ns — not significant

Mean blood glucose levels of these 4 groups are shown in Figure 4.2-1. The groups
with preimplanted chambers with 375 and 125 islets had significantly greater capacities
to reduce the blood glucose levels than the corresponding groups with freshly
implanted chambers (p=0.010 and p=0.032, respectively). The 2 preimplanted groups
had similar mean blood glucose levels with cure within a week after transplantation,
and when compared statistically, no significant difference was noted. In the groups with
freshly implanted devices, some animals were euthanized before the end of the study,
due to deterioration in their general condition caused by severe diabetes. This partly
explains the decrease in mean blood glucose levels over time in the freshly implanted

group with 375 islets, as 1 of the 3 remaining animals was cured.
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Figure 4.2-1. Mean blood glucose levels with SD. Freshly implanted membrane with
375 islets is indicated by closed diamonds, freshly implanted membrane with 125 islets
by closed squares, preimplanted membrane with 375 islets by open diamonds and
preimplanted membrane with 125 islets by open squares. Some mice were sacrificed
during the observation period because of poor general condition due to severe diabetes.

Red + = sacrificed recipients.

The graft survivals of the 125 islet groups were also evaluated by morphometry. The
endocrine tissue had significantly higher Vv’s in the preimplanted group than in the
fresh group (p<0.001) (Table 4.2-2). On the other hand, the necrotic tissue Vv’s were
lower in the preimplanted group (p=0.026). When fibrotic tissue Vv’s were evaluated

no differences could be detected between the two groups.
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Table 4.2-2. Volume densities (%), mean + standard deviation, of the 125 islet groups.

Freshly implanted (n=5) Preimplanted (n=5) p-value
Endocrine tissue 0.117+0.073 0.735+0.144 <0.001
Necrotic tissue 0.470 +0.370 0.016 +0.032 0.026
Fibrotic tissue 0.411 +0.435 0.202 £0.151 ns
Other 0.001 +0.003 0.047 +£0.105 ns

ns — not significant

Table 4.2-3 shows the absolute volumes of the 125 islet groups. The endocrine tissue
volumes (mm’) were higher in the preimplanted group than in the fresh group
(p=0.035), although the total tissue volumes were similar. On comparison of necrotic
and fibrotic tissues in the two groups no statistically significant differences were noted.

However, the volumes tended to be lower in the preimplanted devices.

Table 4.2-3. Absolute volumes (mm?®), mean + standard deviation, of the 125 islet

groups.

Fresh (n=5) Preimplanted (n=5) p-value
Total tissue 0.151+£0.067 0.146 £0.114 ns
Endocrine tissue 0.018£0.014 0.095 £ 0.066 0.035
Necrotic tissue 0.066 + 0.065 0.001 +£0.001 ns
Fibrotic tissue 0.067 + 0.085 0.040 £ 0.046 ns
Other 0.000 +0.001 0.011+0.023 ns

ns — not significant
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Figure 4.2-2. Mean blood glucose levels with SD. Various numbers of islet cells

transplanted into preimplanted devices: (a) 100 islets, (b) 75 islets and (c) 50 islets.
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As the cure rates improved after preimplantation in the first part of the study, we
continued to reduce the islet doses in preimplanted chambers. The aim was to
determine the lowest islet number required for cure. The cure rates of the 100 and 75
islet groups were similar with 7/8 and 6/7 animals cured, respectively. All animals were
cured in the 50 islet group (n=6). Figure 4.2-2 shows the blood glucose values of the
various groups. No statistically significant difference was noted when the capacity to
lower blood glucose in the 100 islet group was compared to that of the preimplanted

group with 375 islets from the first part of the study.

The cured animals showed a normal response in the IPGTT, except for the only cured
animal in the fresh group transplanted with 375 islets and one animal in the

preimplanted group with 125 islets with slightly delayed responses.

4.2.1 Discussion Paper Il

The findings of this study indicate that the dose needed for cure using
macroencapsulated islets can be reduced by preimplantation of the immunoprotective
chamber. The experimental findings are supported by morphometry evaluations which
show significantly more endocrine tissue in preimplanted than in freshly implanted

membrane chambers.

In our previous studies using freshly implanted devices, 750-1000 islets were needed
for a cure. Similar findings were reported by others using the same model (/71).
However, when free islets were transplanted to the renal subcapsular site, 75 islets
repeatedly resulted in a cure, and 50 islets cured in most cases (/72). We thought that

the great difference between free and encapsulated islets could be at least partly

49



ascribed to sub-optimal physiological conditions inside the chamber in the early post-
transplant period. Previous studies by members of our group using the TheraCyte™
device supported this hypothesis. When the diffusion of insulin and glucose across the
membrane was studied, significantly impairments were noted at 4 weeks after
subcutaneous membrane implantation (152, 153). However, at 3 months the diffusion
had improved and was the same as that on day 1. The microcirculation flow showed the
same pattern, with reduced perfusion at 4 weeks and recovery at 2 months, when
evaluated by laser Doppler technique (/54). Moreover, Paper 1 of this thesis showed
that the number of vascular profiles increased between 1 week and 3 months (/73). The
general conclusion of these studies was that the early physiological impairments seem
to be largely normalized at three months after implantation. Thereby, it was reasonable
to believe that preimplantation of the membranes a few months before transplantation
would benefit graft survival. An initial explorative study on preimplanted devices was
performed using rats without diabetes. It was evaluated by morphometry and showed
significantly higher volumes of viable endocrine cells in preimplanted than in fresh
chambers (155, 156). However, because of the study design using non-diabetic animals,
the effects on the curative dose could not be evaluated. In the present study, we
therefore assessed the value of preimplantation, using a model with diabetes, and

showed dramatic reduction of the curative islet dose.

Other studies have also suggested preimplantation as a method to improve
vascularization before islet transplantation (171, 174). One of these studies aimed to
induce neovascularization in the peritoneal transplantation site by implantation of a
polytetrafluoroethylene solid support (/74). Four weeks after implantation, non-

encapsulated islets were transplanted into the solid support. This approach significantly
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improved cure rates in comparison to islets transplanted into the unmodified peritoneal
cavity. In another study, using an animal model similar to ours, TheraCyte™ devices
(20 pl) were implanted two weeks before loading of 1200 rat islets, and compared with
1200 islets in fresh implanted devices (/7). The study was designed to cure all
animals, therefore the effect of preimplantation was evaluated by the time-to-cure, but
no differences were detected. One reason could be that the transplantations were
performed too early, before complete development and maturation of new vessels, as

indicated by our previous studies (/52-156, 173).

There are several reasons for reducing the islet dose required for a cure. Considering
the limited donor pool it is important to keep the donor-recipient ratio as low as
possible. According to the five-year follow-up of the Edmonton group, 44 patients
achieved temporal insulin independence with a mean islet dose of 11 900 IEQ/kg,
usually from two donors (54). In our study, 50 rat islets repeatedly resulted in a cure
using preimplanted chambers, while we later have noted that 30 islets do not. We
estimate that 50 islets approximately correspond to 100 IEQ in our model. Thus, the
islet dose required for a cure using preimplanted devices was about 4000 IEQ/kg,
which is less than that in clinical islet transplantation. However, freshly implanted
devices required about ten times higher doses, which would not be acceptable in a
clinical setting. Another reason for limiting the number of donors is to decrease the risk
for sensitization, although Paper IV of this thesis indicate that this risk is low using the
TheraCyte™ device (175). Moreover, important from a practical point of view is that
reduction of the islet dose should also result in reduction of the device size, facilitating

the selection of a suitable implantation site.

51



In summary, we have shown that the curative doses of macroencapsulated and free islet
transplantation may be similar, using the preimplantation method. The experimental
findings are supported by morphometric evaluations showing significantly more
endocrine tissue in preimplanted than in fresh implanted membrane chambers. On the
basis of these findings, we believe that preimplantation may be one approach to

facilitate the clinical use of macroencapsulation devices.

4.3 PAPERII

In this study we wished to determine whether exendin-4 treatment could improve the
metabolic control after islet transplantation. Results of the short-term study, evaluated
on day 8, are shown in Table 4.3-1. In the exendin-4 treated group, 63% of the animals
showed some function of transplanted islets as compared to 21% in the control group
(p= 0.033). Five of 16 animals were completely cured in the treated group while 5/16
showed partial graft function. The mean insulin requirement was significantly lower in
the treated than in the untreated mice (1.9 £ 1.1 versus 3.2 = 1.0 U/day, p=0.001). The
body weight gains of the treated group were significantly higher than in the control
group (2.0 £ 1.3 versus 1.1 £ 0.9 g, p=0.031). Animals treated with exendin-4 and
insulin, but not transplanted, remained diabetic. The histological examinations of
pancreases from these exendin-4 treated mice (n=5) were similar to those of diabetic
untreated mice (n=4) with no insulin positive cells, except for 1 stained islet in 1
section in the treated group. In pancreases from non-diabetic mice (n=3), more than 15

stained islets were noted per section.
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Table 4.3-1. Short-term effects of exendin-4 on transplanted islets. The mean +

standard deviation are given for insulin and weight gain. Reproduced with permission

from Springer-Verlag.
30 islets + exendin-4 30 islets P

n 16 14

Cure 5 0

Partial function 5 3

Graft function® 63% 21% 0.033
Insulin/day (U) 1.9+1.1 32+£1.0 0.001
Weight gain (g) 20£13 1.1+£0.9 0.031

*Graft function= cure + partial function

The findings of the long-term study are shown in Table 4.3-2. At 4 weeks, 7/8 exendin-
4 treated animals had graft function as compared to 2/9 in the control group (p=0.015).
In the treated groups, 6 animals were cured and 1 showed partial graft function, while 1
animal was cured and 1 had partial function in the control group. All cured animals
showed a normal response in the IPGTT, similar to that of normal healthy mice (Figure
4.3-1). The body weight gains in the exendin-4 treated group were significantly greater

than in the control group (4.1 £ 1.0 versus 1.6 + 1.7 g, p =0.001).
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Table 4.3-2. Long-term effects of exendin-4 on transplanted islets. The mean +

standard deviation are given for weight gain. Reproduced with permission from

Springer-Verlag.
30 islets + exendin-4 30 islets P

n 8 9

Cure 6 1

Partial function 1 1

Graft function® 87% 22% 0.015
Normal IPGTT 6 1 0.015
Weight gain (g) 41x1.0 1.6+£1.7 0.001

*Graft function = cure + partial function

—— Ex-4 treated
group

- -»- - Healthy controls

Mean blood glucose (mmol/L)
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Time (min)

Figure 4.3-1. IPGTT in exendin-4 (Ex-4) treated cured animals and in healthy controls.

Reproduced with permission from Springer-Verlag.
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Histological examinations of the grafts from cured animals showed prominent, viable,
insulin-stained cells under the kidney capsule. Representative insulin-stained grafts
from cured (n=3) and non-cured animals (n=3) are shown in Figure 4.3-2, page 64. The
pancreas sections from all recipient mice showed few, if any, weakly insulin-stained

islets (data not shown).

4.3.1 Discussion Paper lll

In the short-term study, when exendin-4 treatment was given throughout the
observation period, the treated group obtained significantly better metabolic control
than the controls. The findings accord with those of previous studies showing that
exendin-4 can cause glucose-dependent stimulation of insulin secretion, suppress
glucagon secretion, slow down gastric emptying, inhibit food intake and modulate
glucose trafficking in the peripheral tissues (/20). However, studies have also
suggested that exendin-4 can affect the P-cell mass by inhibition of apoptosis,
differentiation of islet-like cell clusters and proliferation of existing B-cells (/17-119).
Since the animals were continuously treated with exendin-4, we were unable to
distinguish positive effects on B-cell survival from peripheral actions and stimulation of
insulin secretion. Therefore, we proceeded with the long-term study, in which animals
were again treated for 8 days, but the evaluation was done at 4 weeks. This study
showed that the improvements in metabolic control lasted longer than the exendin-4
treatment. We therefore believe that the effects of exendin-4, at least to some extent, are
due to improved functional B-cell mass. These experimental findings were further
supported by histological evaluations showing more prominent staining of insulin-

positive cells in the exendin-4 treated group than in the controls. Likewise, a recent
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study also suggested direct effects on the islet graft, because preculture treatment of the
islets with exendin-4 significantly shortened the time-to-cure in a syngeneic mouse
model (/76). However, in contrast to our short-term study, no effects of recipient

treatment were noted in that study.

Exendin-4 treatment of non-transplanted mice with established streptozotocin-induced
diabetes, did not improve the metabolic control. Thus, in this setting, the acute effects
of exendin-4 in combinations with insulin were insufficient for control of blood
glucose. The findings also indicated that there was no significant regeneration of the

native pancreases, which was confirmed by histological evaluations.

The fact that all animals cured by islet transplantation became diabetic after
graftectomy, also indicated efficient destruction of the native endocrine pancreases.
Moreover, histological examination of the native pancreases from the long-term study
showed only a few weakly stained islets as compared to the large numbers of well

stained islets in the normal pancreas.

During islet isolation and the peritransplant period, hypoxia, hyperglycemia and
inflammatory cytokines may induce islet apoptosis. A study on cultured human islets
found that GLP-1 inhibited apoptosis during culture for 5 days (/77). Another in vitro
study showed that pretreatment of mouse insulinoma cells with GLP-1 prevented
apoptosis, but the drug was unable to rescue already apoptotic cells (/78). These
findings suggest that early graft treatment with GLP-1 or its analogue Exendin-4 is

required to prevent apoptosis during and after islet transplantation, which indicates the
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importance of culture treatment. As previously mentioned, GLP-1 and exendin-4 can
increase the B-cell mass through enhanced proliferation and neogenesis (//9). Thus, it
seems likely that recipient treatment with exendin-4 after the islet transplantation
should increase / preserve the graft mass still more. These two treatment strategies were
indeed combined in the long-term study. Although we cannot distinguish their effects
from one another, they both probably contributed to the improved metabolic control

that lasted after the exendin-4 treatment.

This study indicates that exendin-4 has beneficial effects on the metabolic control after
transplantation of a suboptimal number of islets. To evaluate various exendin-4
treatment protocols further, and the relative importance of culture and recipient
treatment, we performed another study using the same treatment length and follow-up
time as in the long-term study (/79). The combination of islet preculture and recipient
treatment with exendin-4 was better than no treatment in the controls, while preculture
alone or recipient treatment alone did not significantly differ from the untreated
controls. The combined protocol was then evaluated in animals transplanted with 500
islets in freshly implanted devices. Graft outcomes were again significantly better in the

animals treated with exendin-4.

44 PAPERIV

The aim of Paper IV was to evaluate the risk of sensitization by islets encapsulated in
the TheraCyte™ device. For this purpose, free or encapsulated islets were transplanted
in various doses and the time-to-rejection of a subsequent transplanted heterotopic heart
was determined. The heart graft survival data are shown in Table 4.4.1. The control
animals, with no islets had a mean heart graft survival of 6.4 days (n=10), while the

heart graft survivals were significantly shorter in the free islet groups (p <0.001) - i.e.,
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4.8 days for the 200 free islets (n=10), and 1.0 day for the 1000 free islets (n=8). In
contrast, the encapsulated islet groups had mean heart graft survivals similar to those of
the group which had not been transplanted with islets - i.e., 6.4 and 6.0 days for the 200

(n=10) and 1000 (n=8) encapsulated ones, respectively.

Table 4.4-1. Heart graft survival times. Reproduced with permission from Lippincott

Williams & Wilkins.

p-value vs
Islet dose Days of survival Mean = SD

control
No islets (n=10) 6,6,6,6,7,7,7,7,6,6 6.4 £0.5
200 free (n=10) 3,5,5,45,55,5,45,5,5,5 4.8 £0.7 <0.001

200 encap. (n=10)  6,6,7,6,6.5,7.5,7,6,65,55 6.4 +0.6 1
1000 free (n=8) 0.2,0.2,03,04,1,1,2,3 1.0 £1.0  <0.001

1000 encap. (n=8) 5,6,6,6,6,6,6,7 6.0 £0.5 0.1

Encap. - encapsulated

Data from the flow cytometry analyses are given in Table 4.4.2. In samples taken
before the heart transplantations, none of the animals in the control group, which had
not been previously transplanted with islets (n=8), had anti-DA antibodies. On the
contrary, 7/10 animals that had been transplanted with 200 free islets, and all of the 8
animals that had been transplanted with 1000 free islets were positive for anti-DA
antibodies before the subsequent transplantations of hearts. In the encapsulated groups,

1/10 which had received 200 islets and 3/8 which had received 1000 islets had
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developed anti-DA antibodies. At the time of rejection of the heart graft, all animals
had anti-DA antibodies. Two animals had detectable alloreactive antibodies before islet
transplantation, of which 1 belonged to the 1000 free and 1 to the 1000 encapsulated
islet group. The latter had no detectable antibodies when the analysis was performed

after the islet transplantation.

Table 4.4-2. Number of animals with anti-DA antibodies determined by flow

cytometry analysis. Reproduced with permission from Lippincott Williams & Wilkins.

Before islet Before heart

Islet dose At heart rejection
transplantation transplantation

Control, no islets (n=8) - - 8

200 free (n=10) - 7 10

200 encapsulated (n=10) - 1 10

1000 free (n=8) 1 8 8

1000 encapsulated (n=8) 1 3 8

Histological evaluations of the heart grafts on H&E stained sections showed various
degrees of nuclear splitting, edema and interstitial bleeding in all samples. Thrombi
were found in a few grafts in each group, confirmed by Ladewig staining. Most grafts
had been slightly infiltrated by lymphocytes and neutrophils. A few grafts, especially in

the 1000 free islet group, were mainly infiltrated by neutrophils.
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4.41 Discussion Paper IV

The findings of this study indicate that the bilaminar device can protect against
sensitization by alloislets, at least during the first month after transplantation. Heart
graft rejections were not accelerated by primary transplantation of 200 or 1000
encapsulated islets, as compared to non-transplanted controls. On the contrary, all heart
grafts of animals given free islets were rejected earlier than in the controls (p < 0.05). In
addition, all animals transplanted with free islets had antibodies before the heart
transplantation, whereas that was found in only a few of the animals in the encapsulated
groups. It is noteworthy that the graft survivals in the encapsulated groups were not

shortened in the animals with antibodies, which will be discussed below.

The immunoprotective membrane used in our studies protects allografts, but usually
not xenografts from rejection (/46-148). Severe local inflammation around the device
has been suggested as the mechanism for xenograft rejection (/46). In
allotransplantation, the immune response is mainly induced by the direct antigen
presentation pathway, which requires cell-to-cell contact between donor APC (antigen
presenting cells) and host T-cells. The pathway can therefore be inhibited by a cell-
impermeable barrier. In contrast, the indirect route plays a major role in the response to
xenografts, where small donor peptides are presented to the T-cells by the APC of the
host (88, 146, 164-166). However, the indirect route is also thought to play a role in
allograft recognition. The peptides are then primarily derived from donor-MHC, as
these molecules differ most between individuals of the same species. Since the
immunoprotective membrane permits diffusion of nutrients and insulin, small peptides
can probably be shed across the membrane to be presented on host-APC. In that sense,
it seems more appropriate to use the term “immunoprotection” instead of the previously

often used “immunoisolation”. As an indirect evidence of peptide shedding, it has been
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shown that CD4+ T-cells that recognize foreign peptides on MHC class II are required
for the rejection of xenografts in the bilaminar membrane, but CD8+ T-cells, NK-cells

and B-cells are not (/47).

Theoretically, sensitization by encapsulated alloislets should also be possible. However,
no antibodies were detected in most of the animals given encapsulated islets in this
study. Since only the allo-peptides of MHC-origin can induce a T-cell response via
host-APC, the response was probably too weak to cause antibody production of
detectable levels. This accords with the findings of Shiroki et al. who transplanted
encapsulated human alloislets in hollow fibers to patients with diabetes (/80). They
found higher levels of alloreactive antibodies only in patients who had been
presensitized to a specific HLA and then given a transplantation of islets sharing the
same HLA. Thus, the preformed antibodies probably contributed to induce a stronger
immune response. However, it cannot be ruled out that a larger islet dose could have
triggered a primary response. In our study, the shorter survivals of the heart grafts after
primary transplantation of 1000 than of 200 free islets indicate that there may be a
correlation between the strength of the immune response and the islet dose. It is also
important to consider the time of antibody detection and subsequent graft
transplantation. In Shiroki’s study, the grafts were explanted at 2 weeks, which may
have been long enough to induce a secondary, but not a primary immune response
(180). In our study, we transplanted the hearts 4 weeks after the islets, and cannot rule
out that sensitization may occur later. However, in Tibell’s l-year study of
encapsulated parathyroid tissue, no antibodies developed (/49). Therefore, it seems
possible that the bilaminar membrane can provide long-term protection against a

humoral response.
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Several studies on the humoral response to encapsulated implants have analyzed the
effects of antibodies on the encapsulated graft (/47, 181). However, it is also clinically
relevant to switch the perspective and evaluate the effects of antibodies on a subsequent
non-encapsulated graft. This has been done in a different setting using
microencapsulated xenoislets, and the survival time of a subsequent skin graft as
evaluation criteria (/82). In that setting, the subsequent skin graft was rejected faster
than a primary skin graft, indicating that the microcapsules could not prevent
sensitization by xenoislets. For our sensitization studies on the bilayered membrane, we
used a subsequent vascularized graft, to resemble the clinical situation of a diabetic
patient undergoing islet transplantation and later needing a renal graft. Transplantation
of a heterotopic heart is also a feasible method for evaluation of the time-to-rejection,
as the cessation of heart contractions constitutes a definite end-point. Histological
examinations in our study confirmed that all the heart grafts were rejected by acute
cellular or hyperacute rejection (/83-185). Most of the grafts in the 1000 free islet
group showed more typical features of hyperacute rejection, but the hearts of both the

encapsulated and control groups had mainly features of acute cellular rejection.

A few animals with encapsulated islets developed alloreactive antibodies but still did
not show an accelerated heart graft rejection. It may be due to differences between the
various immunoglobulin isotypes in activating complement followed by rejection.
Other reasons could be differences in titers and affinities of the antibodies, as well as
the antibody specificity, since the FACS analyses were done on spleen cells. If the
antigens recognized on the spleen cells are not expressed on the endothelial cells in
heart tissue the antibodies will not be able to cause rejection of the heart graft. Two
animals showed alloreactive antibodies before the islet transplantation, possibly due to

a previous infection causing a cross reaction.
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In this study, we conclude that the bilaminar membrane protects against sensitization
and prevents accelerated rejection of a subsequently transplanted vascularized graft.
However, heart transplantations were performed only 4 weeks after the encapsulated
islet transplantation. Before studies are extended to humans, long-term studies on
antibody development and antibody specificity may be valuable for further risk

analyses.
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Figure 3.1.3-1. The TheraCyte™ device

with a lumen volume of 4.5 pm.

Figure 3.1.4-1. Islet preparation from DA
rats, original magnification x40.

Figure 3.2.4. Encapsulated rat islets 4
weeks after transplantation, original
magnification x40.
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Figure 4.3-2. Immunohistochemical staining for insulin from a non-treated animal (a)

and an exendin-4 treated animal (b) showing positive cells (brown colour) under the
kidney capsule (original magnification x20).

Figure 4.1-1. Device explanted at 3
months. Arrow: cluster of vascular
profiles close to the vascularizing
membrane; bar: distance of 100 um from
the immunoprotective membrane
(asterisk); arrowhead: inner mesh; square:
outer mesh. Original magnification x20.




5 CONCLUSIONS

e The number of vascular profiles within 100 um of the immunoprotective
membrane showed the highest correlations with glucose kinetics. We therefore
suggest that these vessels should be considered in histological evaluations of

vascularization.

e Preimplantation of the device resulted in higher cure rates when compared to

similar islet numbers placed in freshly implanted devices.

e Preimplantation of the device reduced the number of islets needed for cure to
that required when transplanting non-encapsulated islets under the kidney

capsule.

e Treatment with exendin-4 significantly improved the metabolic control after
non-encapsulated islet transplantation. The benefit lasted longer than the
treatment period which suggests that exendin-4 had positive effects on the

functional graft mass.

¢ Encapsulation of the islet graft protected the recipients against sensitization, at

least during the early posttransplant period.
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6 FUTURE PROSPECTS

The overall aim of this thesis was to assess various strategies to improve the survival of
macroencapsulated islet grafts. We evaluated 2 main approaches: i) optimization of the

handling of the membrane device and i7) improvement of islet robustness.

Paper I and II, concerned the handling of the device. Preimplantation of the device
proved to be an efficient method for increasing the survival of the encapsulated islets
and reducing the dose needed for cure. This effect was probably related to the
neovascularization of the device surface. Studies that aim at hastening the
vascularization process - e.g. by local VEGF-treatment - would be of interest.
Histological evaluations in such studies should include the examination of vessels

within 100 pum of the membrane surface.

The findings in Paper III and in later studies (/79) indicate that exendin-4 treatment
improves the metabolic control after islet transplantation. More studies of exendin-4 are
needed to determine whether longer periods of treatment of the recipient or
pretreatment of the donor can further improve the results. We also plan to assess the

combination of preimplantation and exendin-4 treatment.

It was recently shown that the risk for sensitization after islet transplantation is greater
than previously anticipated (58). This is of significant importance since a number of the
potential islet graft recipients later will require renal transplantation. Our findings in
Paper IV indicate that macroencapsulation may help to reduce the risk of host

sensitization. However, our observation period was limited to 4 weeks. It is therefore
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important to determine whether the membrane can protect against recipient

sensitization also for longer periods.

Another aspect that requires further evaluation is whether the metabolic control will be
fully normalized by transplantation of islets in the device. The diffusion barrier created
by the membrane as well as the ectopic placement in the s.c. tissue may affect the
efficacy of the graft. Theoretically, delayed insulin responses, insufficient blood

glucose control but also post-prandial hypoglycemia may occur.

So far, our studies have mainly been performed in rodent models. It is now important to
verify that our strategies to improve outcomes after encapsulated islet transplantation
are efficient also when human islets are placed in the device. Hopefully, we can then
proceed to limited clinical trials to explore the efficacy and safety of

macroencapsulated human islet grafts in diabetic patients.
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