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Pancreatic islets contain the beta cells, which are the source of insulin in the
body, and hence, in terms of diabetes, they are fundamental structures for any
preclinical in vitro or in vivo studies in animal models or related to human
transplantation. However, human and animal islet isolation has been described
as the “work of a craftsman” as it is a delicate process that is affected by many
variables, requiring the acquisition of specific and specialist know-how.

While islet isolation procedures are similar in both animal models and
humans, the islets from different species have distinct anatomical and func-
tional characteristics. Therefore, both common and unique features between
species must be taken into account when isolating these structures in order to:
(1) avoid inconsistencies introduced by the procedure used for islet isolation;
(2) optimize the conditions of the isolation procedure and its outcome in
terms of islet quality, as well as the time and cost of isolation; and (3) facili-
tate the translation of procedures developed in animal models to clinical
settings.

This book, aimed at experts and beginners, addresses the challenges, pit-
falls, and particularities of clinical islet isolation and those associated with
their isolation from model animals. The book reviews the state of the art in
this field, assessing the similarities and differences between human and ani-
mal islets, and how these influence their isolation, enabling strategies to be
devised that can be translated to the clinic.

The first chapter is an introduction to the historical background of islet
isolation, a fascinating story that has progressed hand in hand with that of
islet transplantation. Indeed, our current mastery of both these processes can
be expected to pave the way for the development of future cell therapies that
will address the shortage of donor islets to treat diabetes.

In the following chapters, the procedures to isolate islets from mice, pigs,
and nonhuman primates are reviewed, the main animal models used in pre-
clinical studies and translational approaches. Working with mice has many
advantages (they are relatively economic to maintain and easy to work with,
they reproduce rapidly and in suitable numbers, etc.), and this species repre-
sents a true workhorse in this field of research. Porcine islets represent a very
interesting model system, providing raw material for xenotransplantation,
while nonhuman primates are the closest phylogenetic animal model to
humans, the two species sharing a similar islet cytoarchitecture. As such, data
obtained in nonhuman primates has a strong translational potential.
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The lasts chapters focus on clinical islet isolation and all the processes and
facilities required to establish a Clinical Islet Program: the donor organ, the
effect of BMI, cold ischemia time, pancreas preservation, the procedure of
islet isolation, islet culture, etc.

Finally, I would like to express my gratitude to all the authors who have
contributed to this book and for the time and effort they dedicated to make it
possible. I feel especially indebted to Dr. Juan Dominguez-Bendala for his
assistance and his constant support. In addition, I would also like to thank
Meran Owen and Tanja Koppejan at Springer for their invaluable assistance
during the preparation of the book.

Leioa, Biscay, Spain Miriam Ramirez-Dominguez
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Miriam Ramirez-Dominguez

Abstract

Until the discovery of insulin in the twentieth century, diabetes mellitus
was a mortal disease with an unclear origin and physiology. Despite the
appearance of the concept in an Egyptian papyrus dated c¢.1550 BC, and
the documentation of its study by ancient Chinese, the term “diabetes”
was only coined by the Greek Aretacus in the second century AD. In
Europe, the study of diabetes was largely ignored until the seventeenth
century, when the characteristic sweet flavor of diabetic urine was first
described. However, the link between diabetes and the pancreas was not
discovered until 1889 by Minkowski and von Mering, long after the first
description of the pancreatic islets by Paul Langerhans in 1869. One of the
most significant milestones in the field was the discovery of insulin by
Banting and collaborators in 1922, which led to the therapeutic develop-
ment of insulin administration as a life-saving intervention for type 1 dia-
betic patients. On the other hand, the isolation of islets was first reported
by Bensley in 1911, a critical technical achievement that paved the way for
clinical islet transplantation. Here we discuss the history of islet isolation,
since the firsts studies of diabetes by ancient civilizations to the birth and
parallel evolution of islet isolation and transplantation.

Keywords

Diabetes * History of diabetes ¢ Insulin ¢ Discovery of insulin * Islets of
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Mellitus

Diabetes mellitus is defined by the American
Diabetes Association as a “group of metabolic
diseases characterized by hyperglycemia
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resulting from defects in insulin secretion, insu-
lin action or both” [1]. However, polyuric dis-
eases were known over 3500 years ago
(Table 1.1). The first mention to them appears in
an Egyptian papyrus dating from c. 1550 BC,

Table 1.1 Milestones in the history of diabetes

Ebers papyrus (Egipt, 1500
BC)

Charak and Sushrut (India,
Sth century BC)

“The Yellow Emperor’s
Canon on the Traditional
Chinese Medicine” (China,
4th century BC)

Aretaeus (Cappadocia, 2nd
century AD)

Avicenna (Arabia, 10th
century, AD)

Thomas Willis (England,
1674)

Matthew Dobson
(England, 1776)

John Rollo (England,
1797)

Michel Chevreul (France,
1815)

Claude Bernard (France,
1846-1848)

Paul Langerhans
(Germany, 1869)

Etienne Lanceraux
(France, 1880)

Oskar Minkowski and
Josef von Mering
(Germany, 1890)

Gustave Edouard Laguesse
(France, 1893)

Jean de Meyer (Belgium,
1909)

Frederick Banting, Charles
Best, JJR Macleod and
James Collip (Canada,
1922)

Polyuric diseases
Sweet urine diseases

Sweet urine disease

Polyuric state called
“diabetes”

Sweet urine disease
Sweet urine disease

Hyperglycemia in urine
and serum

Diabetes is called
“diabetes mellitus”.
Design of the “animal
diet”

The sugar in diabetic
urine is glucose

Glucose is stored in the
liver as “glycogen” and
released into the blood
during fasting
Description of
pancreatic islets
Classificaton of diabetes
(“diabete maigre” and
“diabéte gras”)

Link between diabetes
and the pancreas.
Pancreatectomy causes
diabetes in dogs

The “internal
secretions” of the
pancreas are produced
by the “islets of
Langerhans”

“Internal secretions” of
the pancreas are called
“insuline”

Discovery of insulin
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discovered by Georg Evers. The term “diabetes”
was not given to what we now call type I diabetes
until the second century AD, by the Greek
Aretaeus. The origin of “diabetes” is in the Greek
word for a siphon, since Aretaeus said that “the
fluid does not remain in the body, but uses the
man’s body as a channel whereby to leave it”.

Between 400 and 500 BC, the Hindu physi-
cians Charak and Sushrut were probably the first
to identify the sweetness of diabetic urine. In par-
allel, around 400 BC, sweet urine disease was
mentioned in the oldest Chinese medical book,
“The Yellow Emperor’s Canon on the Traditional
Chinese Medicine”. This was also recognized by
Arab physicians in medical texts from the ninth
to eleventh centuries AD, especially in the medi-
cal encyclopedia written by Avicenna.

In Europe, the disease was largely ignored
until Thomas Willis wrote ‘“Diabetes, or the
Pissing Evil” in 1674 [2]. He stated that the urine
was “wonderfully sweet like sugar or honey” but
he did not consider that the cause might be the
content of sugar in it.

In 1776 Matthew Dobson described hypergly-
cemia for the first time. He observed the sweet fla-
vor of urine and serum of one of his patients and he
concluded that the kidneys excreted sugar that pre-
viously existed in the serum of the blood [3].

Some years later, John Rollo, a surgeon trained
in Edinburgh, was the first to add the adjective
“mellitus” to diabetes, from the Latin word mean-
ing “honey”. He also famously developed a diet
(the “animal diet”) [4] to treat diabetic patients,
which became the standard treatment in the nine-
teenth century. It was a diet based on animal
food, since it was thought that sugar was formed
from vegetables in the stomach.

In 1815, the French chemist Michel Chevreul
proved that the sugar in diabetic urine was glucose
[5]. Later, in the middle of the nineteenth century,
the method to diagnose diabetes evolved from tast-
ing urine to chemical tests for reducing agents such
as glucose. At the beginning, the measurement of
glycemia required so much blood that it was rarely
practiced in either clinical care or research. But in
1913, the Norwegian physician Ivar Christian Bang
introduced a micromethod which led to the devel-
opment of the glucose tolerance tests.
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Until the first half of the nineteenth century, it
was thought that sugar could only be found in
plants, and therefore, the sugar could be found in
animals when they broke down food of plant origin.
But Claude Bernad discovered between 1846 and
1848 that glucose was also present in the blood of
animals, even when they starved. He also discov-
ered that there was a substance similar to starch in
the liver that converted to sugar, and he called this
“glycogen” (sugar-forming) [6]. His theory was that
sugar was absorbed by the intestine and then it was
converted into glycogen in the liver, to be constantly
released into the blood during fasting.

In 1869, Paul Langerhans discovered with his
doctoral thesis the existence of clusters of cells in
the pancreas, despite their function was unknown
[7]. However, the link between diabetes and the
pancreas was not discovered until 1889 by
Minkowski and von Mering. While studying fat
metabolism, they serendipitously realized that
the cause of constant urination in a dog was the
pancreatectomy they had performed. Upon test-
ing the dog’s urine, they hypothesized that the
pancreas produced an internal secretion that reg-
ulated carbohydrate metabolism [8]. Then, in
1893, Gustave Laguesse hypothesized that the
“internal secretions” of the pancreas were pro-
duced by the “islets of Langerhans” [9]. In 1909,
the Belgian Jean de Meyer coined the term “insu-
line” to refer to the “internal secretions” of the
pancreas, from the Latin word for “island” [10].

However, the link between pancreas and dia-
betes was not immediately adopted. For 20 years,
the scientific community debated about the sub-
types of diabetes and its pathogenesis. In fact, in
1880, Etienne Lancereaux distinguished between
“diabete maigre” and “diabéte gras” [11] in
patients lean and obese, establishing the earliest
classifications of the disease.

1.1.1 Discovery of Insulin

There were many attempts to isolate the “internal
secretions” of the pancreas during the first two
decades of the twentieth century. The ones who
came closer were Georg Zuelzer in 1907 [12];
Ernest Scott in 1911 [13]; John Murlin in 1913

[14]; Israel Kleiner in 1919 [15], and Nicholas
Paulesco in 1920-1921 [16]. However, their
efforts were unsuccessful due to the inactivation
of the extracts or problems with impurities.

It was not until October 1920 that Frederick
Banting, a young orthopedic surgeon, got inspired
while reading an article to prepare a lecture about
the pancreatic islets of Langerhans and diabetes. He
hypothesized that ligation of the pancreatic ducts
before the extraction of the organ would destroy the
acinar tissue, the enzyme-secreting compartment of
the pancreas, while the islets of Langerhans would
remain intact and able to produce the internal secre-
tion regulating sugar metabolism. He thought that
the previous attempts in extracting the “internal
secretions” failed due to the destructive action of
trypsin released by the pancreas.

His hypothesis was based on previous knowl-
edge developed by Ssobolew in 1902 [17] and
Opie in 1900 [18]. Ssobolew had shown that liga-
tion of the pancreatic ducts was linked to a grad-
ual atrophy and destruction of the acini, while the
islets remained intact. Opie, on the other hand,
showed islet degeneration associated with diabe-
tes, implying that islets were responsible for an
internal secretion of the pancreas that was essen-
tial for the metabolism of carbohydrates.

Banting subsequently approached
J.JR. Macleod, at the University of Toronto, who
was a leading authority on carbohydrate metabo-
lism, and asked for laboratory space to develop his
hypothesis. Macleod accepted and Banting started
working there with an assistant student, Charles
Best. They followed Macleod’s instructions to pre-
pare extracts of atrophied pancreas from dogs pan-
createctomized to become diabetic and then they
injected them the extract. Some months later,
Banting realized they could also obtain active
extracts more easily and capable of large-scale
production using beef pancreata from the abattoir.
He recalled that Laguesse found that islet cells
were more abundant than acini in fetal and new-
born animals than in adult animals, and therefore
their extracts would be free from trypsin activity.

Later, they optimized the extraction procedure
with the participation of James B. (Bert) Collip, a
biochemist who was in a sabbatical leave visiting
the University of Toronto. On January 11th 1922,



the first clinical trial took place, administering
the extract to a 14-year-old diabetic patient,
Leonard Thompson, with no clinical benefit
observed. However, on January 23rd and for the
next 10 days, another extract was administered
again to the same patient, with clinical improve-
ment and complete elimination of glycosuria and
ketonuria.

At first they named the extract “isletin”, but
Macleod suggested to call it “insulin”, unaware
that de Meyer had previously suggested “insu-
line”. They started the large scale production in
collaboration with Eli Lilly, and in 1923 Banting
and Macleod received jointly the Nobel Prize for
Physiology or Medicine, sharing it later with
Best and Collip [19].

1.2  The History of Islet Isolation
With the discovery of insulin, diabetes became a
chronic illness with severe complications instead
of being a mortal disease. On one hand, with the
discovery of insulin, the interest in replacement
strategies with pancreatic fragments decreased.
On the other, the improvements in islet isolation
in animal models had an important impact in islet
isolation and transplantation in humans, and
since then, these two fields have evolved in
parallel.

Before the discovery of insulin there were
researchers who worked in the hypothesis that
transplanting pancreatic fragments into diabetic
animals could cure the disease, since they thought
that there was a substance, maybe located in the
pancreas, that destroyed the sugar.

The first ones reporting a successful trial were
Oscar Minkowski and Joseph von Mering. In
1892, they transplanted autologous pancreatic
fragments subcutaneously in a pancreatecto-
mized diabetic dog, demonstrating transient
improvement of glycosuria [20].

The next year, P. Watson Williams and sur-
geon William H. Harsant performed in the UK
the first subcutaneous xenotransplantation of
three fresh sheep pancreatic fragments in a
15-year old boy, who eventually died [21]. For
the next few years, the scientific community
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focused on demonstrating that the “internal
secretions” of the pancreas could be beneficial
for the evolution of the disease if transplanted in
alternative sites to the subcutaneous space
[22-27].

In 1916, the British surgeon Frederick Charles
Pybus, noticing that previous attempts with xeno-
geneic material had failed, performed an alloge-
neic transplant [28]. He transplanted a human
pancreas immediately after the death of the
donor, placing it in the abdominal space of two
diabetic patients. In one of them he achieved a
transient reduction in glycosuria, but there was
no reversal of diabetes and both of them died.
The principles of immune rejection in transplan-
tation were still unknown.

In 1902, the Russian doctor Leonid
W. Ssobolew suggested the idea of physically
separating the exocrine tissue from the endocrine
tissue before the transplant [17] according to the
hypothesis that the former could impair the via-
bility and function of the latter. This idea was first
brought to fruition in 1911 with the pioneering
work of R.R. Bensley, with the staining of islets
with neutral red and the hand-picking method
[29] (Table 1.2).

In 1964, Dr. Hellerstrom started the develop-
ment of islet isolation techniques by microscope
microdissection of islets from the pancreas of
obese hyperglycemic mice, with poor results in
yield and quality [30]. However, in 1965, Dr.
Moskalewski introduced for the first time the use
of collagenase in islet isolation [31]. He isolated
minced guinea pig pancreas with bacterial colla-
genase from Clostridium histolyticum to release
islet clusters from the exocrine tissue, despite
widespread islet destruction due to the activity of
the enzyme.

This method was improved by Drs. Paul
E. Lacy and Mery Kostianovsky at Washington
University in Saint Louis [32], taking advantage
of the pancreatic anatomy and introducing
intra-ductal injection of cold saline buffer to dis-
tend the pancreas and increase the pancreas sur-
face to the action of collagenase to enhance islet
release. They also performed an enzymatic diges-
tion after harvesting and mincing the pancreas,
with final islet hand-picking under the dissecting
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Table 1.2 Milestones in the history of islet isolation

R. R. Bensley (USA,
1911)
C. Hellerstrom
(Sweden, 1964)
S. Moskalewski
(Poland, 1965)

Islet staining with neutral
red and hand-picking

Microscope microdissection
of islets

Use of collagenase in mouse
islet isolation

P. E. Lacy and Pancreas distention by

M. Kostianovsky intra-ductal injection of cold
(USA, 1967) saline buffer

A. Lindall (USA, Islet purification by Ficoll
1969) density gradient

A. Horaguchi and
R. Merrell (USA,

Design of a new system to
perfuse the pancreas

1981)

M. Gotoh (Japan, Pancreas distention by

1985) intra-ductal injection of
collagenase

Camillo Ricordi (USA, | Design of the “Ricordi

1988) chamber”

S. Lake (UK, 1989) Introduction of the COBE

2991 in human islet isolation

Marketing of Liberase | Optimization of human islet
HI by Roche (USA, enzymatic dissociation
1994)

J. Lakey (Canada, Introduction of a

1999) recirculating controlled

perfusion system in human
islet isolation

microscope. However, it was not until 1985 that
the isolation method in rodents was perfected by
Gotoh et al. who performed intra-ductal injection
of collagenase, instead of buffer [33].

However, hand-picking isolation was a tedious
procedure, which was not feasible for large-scale
islet isolation due to poor yield. Alternative puri-
fication procedures, such as density gradient
purification, were thus developed. The first den-
sity gradients were based on sugar or albumin.
Ficoll was later introduced by Arnold Lindall
et al. at the University of Minnesota [34]. Ficoll
is a high molecular weight polymer of sucrose,
which improved islet purification from acinar tis-
sue. However, although high yields were obtained
with Ficoll, the cells were not functional, since
Ficoll was prepared with a high concentration of
sucrose and was hyperosmolar, impairing insulin
secretion. Dr. Lacy further improved this method
dialyzing and lyophilizing Ficoll, with positive
results. He established a standardized methodol-

ogy in rodent islet isolation and made routine
rodent islet transplantation studies feasible [35].
He established two different phases in the proce-
dure: islet dissociation and islet purification.

In 1972, Ballinger and Lacy observed an
improvement (but no complete reversal) of
experimental diabetes in rats, transplanting 400—
600 islets intraperitoneally or intramuscularly
[36]. Just one year later, Reckard and Barker
achieved the reversal of experimental diabetes for
the first time, transplanting a larger number of
islets (800—1200) intraperitoneally [37].

In 1973, Charles Kemp performed the first
study linking transplantation site and outcome in
rats. With only 400—600 transplanted islets, there
was a complete reversal of diabetes in 24 h when
delivering them in the liver, but no success was
achieved when transplanting the same number of
islets into the peritoneal cavity or subcutaneously
[38]. From that moment on, the liver was accepted
as the gold standard place for transplantation in
rodent models as well as in the clinical setting.
The advantages of the liver as an ectopic trans-
plantation site are its high vascularity and its
proximity to islet nutrients and growth factors.
Physiologically, it is also a place of delivery of
insulin [39]. However, it has been reported that a
60 % of islets transplanted in the liver die shortly
after transplantation [40]. The main reason is that
the hepatic oxygen tension is low, even lower
than pancreas, and islets recently implanted lack
proper vasculature and die due to chronic
hypoxia. Besides, it is an organ with a high meta-
bolic activity, producing massively radicals and
metabolites that generate an adverse cytokine/
chemokine environment for islets, and there is
local inflammatory activity, which affects long-
term graft survival. Therefore, the islet commu-
nity is currently focusing efforts in finding an
alternative optimal transplantation ectopic site
for islets [41].

Once demonstrated that diabetes could be
reversed by transplantation in rodents, the next
step was to translate this knowledge to human
islets isolation and transplantation. However,
there are intrinsic differences between rodent and
human islets [42-45], which makes it difficult to
extrapolate the techniques. Therefore, islet



researchers started preclinical assays with dogs,
considering that the canine pancreas is more sim-
ilar to the human one in density and fibrosity.

The translation of techniques from rodents to
large animals (dog, nonhuman primate and
human) was not easy, and the cell preparations
were not completely pure until 1977 [46—48]. In
1976, Mirkovitch and Campiche were the first to
reverse diabetes in pancreatectomized dogs with
partially digested pancreatic tissue autotrans-
planted in the spleen [49]. In humans, Najarian
et al. [50, 51] also transplanted partially purified
pancreatic fragments. However, the metabolic
control was poor, the immunosuppresion inade-
quate, the endocrine mass transplanted was not
enough and there were complications derived
from the insufficient degree of purification
achieved. Actually, it has been reported that
intrasplenic transplantation of impure or partially
purified tissue may cause morbidity, splenic rup-
ture and portal vein thrombosis, despite achiev-
ing insulin independence [52].

During that period, islet isolation procedures
were further improved by some researchers.
Horaguchi and Merrell, at Standford University,
designed a system to perfuse the pancreas with
collagenase once the pancreatic duct was cannu-
lated. This was followed by a step of mechanical
dissociation and digestion with collagenase, first,
and trypsin, second, with a third step of filtration
through a 400 pm mesh, yielding a 57 % of islet
recovery [53].

Dr. Mintz et al. [54] and Dr. Gray et al. [55]
further developed a new method for islet isolation
improving the dissociation of the pancreas by
passing the digest through different graded nee-
dles to separate the islets of the exocrine tissue,
and next purifying by filtration and application of
density gradients. With these modifications, the
purity obtained with human pancreas reached the
20-40 % [55, 56]. Although there was still some
islet destruction due to the enzymatic activity,
this method allowed for the successful islet isola-
tion from pigs [57] non-human primates [58] and
humans [55].

A milestone in the field of islet isolation and
transplantation was the invention of the Ricordi
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chamber, in 1988 [59]. Camillo Ricordi had
joined Dr. Lacy’s team 2 years before and he
introduced a method to improve the digestion and
dissociation of human pancreas that was less
traumatic than previous methods. He designed a
dissociation/filtration chamber, called the Ricordi
chamber, which consisted in an upper conical
part separated by a 500 pm mesh from the lower
cylindrical part with stainless steel spheres. The
pancreatic tissue was placed in the lower part,
and it was digested by a combination of enzy-
matic digestion at 37 °C and gentle mechanical
agitation of the chamber. There was a continuous
flow between the heating system and the cham-
ber, through a peristaltic pump. When islets were
released, they were filtered through the mesh and
collected from the upper part of the chamber. The
point when the collection started was decided
after sequential sampling, therefore avoiding
overdigestion. This method was a success and
since then, the Ricordi chamber has been the gold
standard for human and large animal pancreatic
islet isolation all over the world.

In that same year, Dr. Lake et al. reported a
method that allowed large-scale purification of
human islets, with the COBE 2991 processor
[60]. This device was originally used to process
bone marrow but allowed the purification of a
single human pancreas by Ficoll in a sterile sys-
tem. This is still the method used currently to
process large animal pancreata.

In 1994, an enzyme blend that revolutionized
human islet isolation and clinical islet transplan-
tation was marketed. It was Liberase HI (Roche,
Indianapolis, USA), a low-endotoxin enzyme
which was the first enzyme designed especially
for human islet isolation. It showed superior
enzymatic action in comparison with the tradi-
tional enzyme preparation (collagenase P) [61].
However, Liberase was removed from the market
in 2007 due to the potential risk of transmitting
bovine spongiform encephalopathy to patients
because this enzyme is isolated from Clostridium
histolyticum grown in media containing brain-
heart infusion broth [62, 63]. As this was the
enzyme of choice in the field (used in 77 % of
cases, based on CITR data [64]), the withdrawal
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of Liberase HI from the market resulted in a
reduction in the number of clinical islet trans-
plantations [65]. Nowadays there are recombi-
nant alternatives that circumvent the above risks.

In 1999, Dr. Lakey et al. reported a recirculat-
ing controlled perfusion system that allowed for
the control of the digestion temperature [66].
This resulted in a more effective delivery of the
enzyme, yielding more islets and facilitating
human islet recovery and survival in comparison
with syringe loading.

1.3  Concluding Remarks

Our understanding of diabetes has evolved tre-
mendously from the first documentation of the
disease by ancient Egyptians until the discovery
of insulin in the twentieth century and the devel-
opment of current cell replacement therapies.
Islet transplantation is a long and storied field of
research that has gone hand in hand with progress
in islet isolation. Our current mastery of both
processes is expected to pave the way for the next
generation of cell therapies for diabetes, which
will address the shortage of cadaveric islets by
employing stem cell-derived insulin-producing
cells.
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Abstract
Type 1 diabetes (T1D) patients who receive pancreatic islet transplant
experience significant improvement in their quality-of-life. This comes
primarily through improved control of blood sugar levels, restored aware-
ness of hypoglycemia, and prevention of serious and potentially life-
threatening diabetes-associated complications, such as kidney failure,
heart and vascular disease, stroke, nerve damage, and blindness. Therefore,
beta cell replacement through transplantation of isolated islets is an impor-
tant option in the treatment of T1D. However, lasting success of this prom-
ising therapy depends on durable survival and efficacy of the transplanted
islets, which are directly influenced by the islet isolation procedures. Thus,
isolating pancreatic islets with consistent and reliable quality is critical in
the clinical application of islet transplantation.

Quality of isolated islets is important in pre-clinical studies as well, as
efforts to advance and improve clinical outcomes of islet transplant ther-
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apy have relied heavily on animal models ranging from rodents, to pigs, to
nonhuman primates. As a result, pancreatic islets have been isolated from
these and other species and used in a variety of in vitro or in vivo applica-
tions for this and other research purposes. Protocols for islet isolation have
been somewhat similar across species, especially, in mammals. However,
given the increasing evidence about the distinct structural and functional
features of human and mouse islets, using similar methods of islet isola-
tion may contribute to inconsistencies in the islet quality, immunogenicity,
and experimental outcomes. This may also contribute to the discrepancies
commonly observed between pre-clinical findings and clinical outcomes.
Therefore, it is prudent to consider the particular features of pancreatic
islets from different species when optimizing islet isolation protocols.

In this chapter, we explore the structural and functional features of pan-
creatic islets from mice, pigs, nonhuman primates, and humans because of
their prevalent use in nonclinical, preclinical, and clinical applications.
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2.1 Introduction

Diabetes is reaching pandemic proportions
worldwide and is among the leading causes of
morbidity and mortality. This is primarily due to
serious complications associated with this devas-
tating disease. Such complications include blind-
ness, amputations, kidney failure, heart and
vascular disease, stroke, nerve damage, and even
birth defects [1-3].

Although the specific etiologies of either form
of diabetes are still unknown [4, 5], it is well
established that T1D results from the autoim-
mune destruction of the insulin-producing beta
cells in the endocrine pancreas (i.e., the islets of
Langerhans). T2D is thought to manifest in indi-
viduals with risk factors which include but not
limited to genetic predisposition, obesity, and
sedentary lifestyle [1, 6-15]. While lifestyle
changes and therapeutic intervention may be
effective in preventing and/or treating T2D [7, 9],
treatment options in T1D are limited to insulin
supplementation either in the form of injectable

insulin or biological replacement of the insulin-
producing beta cells [5].

Several options of beta cell replacement have
been pursued in the last few decades. Regenerative
approaches such as inducing proliferation of
existing mature beta cells, differentiation of stem
cells and/or trans-differentiation of other endo-
crine or non-endocrine cells into insulin-
producing cells hold great promise in treating
T1D [16-19]. But these approaches are yet to
materialize into safe and reliable clinical applica-
tions. Transplantation offers another option of
biological replacement but also has limitations.
Limited availability of donor tissue remains a
significant obstacle in transplantation therapies
in general including that of pancreatic islets.
Other limitations are associated with the required
use of immunosuppressive drugs to prevent
immune-mediated rejection; chronic systemic
immunosuppression exposes transplant recipi-
ents to serious and potentially deadly side-effects
and complications such as increased susceptibil-
ity to infections/sepsis and cancer development.
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Although, immunosuppressive agents are con-
tinuously being improved and new ones are being
developed to better protect the grafts while reduc-
ing their undesired side-effects, the health risks
associated with chronic systemic immunosup-
pression remain high. Nonetheless, the risk to
benefit consideration in many patients favor
transplantation, especially where improvement in
quality-of-life is expected. This has been well
documented in transplant therapy in T1D diabe-
tes patients [20-24].

TID patients currently receive transplants
either in the form of whole pancreas or isolated
pancreatic islets. On one hand, whole pancreas
transplantation achieves complete insulin inde-
pendence in T1D patients, but it is highly inva-
sive and is associated with high risk of
complications including mortality. On the other
hand, transplantation of isolated pancreatic islets
is minimally invasive and has significantly less
complications compared to whole pancreas trans-
plant, but survival of the islet graft might be lim-
ited due to complications associated with the
current clinical transplant site, the portal system
of the liver. Nevertheless, hundreds of T1D
patients have received islet transplants in the liver
in the last two and a half decades in clinical trials
[25]. These studies have shown that islet trans-
plant recipients benefit from improved glycemic
control and prevention of severe hypoglycemia as
well as other diabetes-associated complications
(see above). This improves the patients’ quality
of life significantly. Therefore, transplantation of
isolated pancreatic islets has emerged as a prom-
ising therapy for TI1D [23-25], and is on the
verge of becoming standard-of-care in the United
States and other countries.

As mentioned above, organ/tissue transplanta-
tion from non-related (i.e., allogeneic) donors is
associated with risk of immune-mediated rejec-
tion of the allograft. As with other allo-
transplantations, recipients of islet allografts
require life-long immunosuppression therapy to
prevent rejection. It is also well established that
the immunogenicity of transplanted pancreatic
islets can play a key role in inflammation and
anti-graft immunity in the immediate post-
transplant period [26-28]. The immunogenicity
of isolated islets is affected significantly by the
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isolation procedure [29-33]. Importantly, less
immunogenic islets stand a better chance of sur-
vival and successful engraftment after transplan-
tation [34]. This directly impacts on the success
of islet transplantation and the clinical outcome.
Therefore, efforts to optimize conditions for iso-
lating pancreatic islets are constantly pursued in
pre-clinical and clinical applications.

Pancreatic islets have been isolated from dif-
ferent species for a variety of purposes ranging
from pre-clinical in vitro or in vivo studies in ani-
mals to transplantation into human patients.
While islet isolation protocols and procedures
may vary as described elsewhere in this book,
they have been somewhat similar for isolating
islets from mammals [35-37]. However, using
similar methods to isolate islets from different
species may contribute to severe inconsistency in
islet yield and quality. Therefore, we dedicate this
chapter to highlight different structural and func-
tional features of islets from different species,
which should be considered during optimization
of islet isolation procedures. We focus primarily
on pancreatic islets from mice, pigs, nonhuman
primates, and humans because of their prevalent
use in nonclinical, preclinical, and clinical appli-
cations. Mouse islets have been and are likely to
remain the workhorses of islet biology research.
Porcine islets are critical in the field of xenotrans-
plantation as they provide a potentially limitless
source of pancreatic islets for transplantation into
TI1D patients. Nonhuman primates (NHP) are a
reliable surrogate for human islets in preclinical
studies and translational applications; and human
islets are ultimately transplanted into patients.

As we will further elaborate in this chapter,
the structural and functional features of pancre-
atic islets from different species should be care-
fully considered when optimizing conditions for
islet isolation procedures to maximize islet yields
and quality, and minimize their immunogenicity.

2.1.1 Cytoarchitecture

As already stated, pancreatic islets isolated from
rodents (primarily mice) have been used exten-
sively in islet research. Studies with mouse islets
have provided a wealth of knowledge about the
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physiology and pathophysiology of the endocrine
pancreas. Indeed, the mouse islet had been the
prototypic pancreatic islet in textbooks and bio-
medical educational curricula. However, as avail-
ability of human pancreatic islets and their use in
research became more common in the last two
decades or so, indirect evidence about certain
distinctive features of human islets had started to
emerge [38—41]. But it was not until the middle
of the last decade where two independent land-
mark studies, one by Cabrera and another by
Brissova and their colleagues, have provided sys-
tematic experimental evidence on the unique
structural and functional features of the human
islet [42, 43]. These studies showed that the
human pancreatic islet contains <50 % beta cells
and >40% alpha cells (Fig. 2.1a). This was in
sharp contrast to the previously prevalent view of
the pancreatic islet which was based on the
mouse, where the beta cells, which are sur-
rounded by a mantle of alpha and delta cells,
typically account for up to 80 % of the islet (Fig.
2.1b).

Moreover, the evidence presented by the two
studies by Cabrera et al. and Brissova et al.
showed that the alpha, beta, and delta cells are
intermingled throughout the human islet. The
studies also showed that the intermingled cells
were distributed along the blood vessels within
the islet in no particular order [42, 43]. Moreover,
Cabrera et al. showed that in human islets >90 %
of the alpha and beta cells have heterotypic con-
tacts with neighboring islet cells of another type.
Based on this unique cytoarchitecture, it was pro-
posed for the first time that the cellular arrange-
ment in the human islet favored paracrine
interactions among the different neighboring
endocrine cells [43]. It was also suggested that
the islet microcirculation did not necessarily dic-
tate a specific hierarchical order within the human
islet, where one endocrine cell may influence
other downstreamcells during regulation islet
function, as previously suggested for mouse islets
[44—46]. Cabrera and colleagues further sug-
gested that the intermingled distribution of the
endocrine cells within the human islet reduced
the electrical coupling between beta cells, which
was in sharp contrast to what was previously
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reported for the mouse islet [47, 48]. Moreover,
they showed reduced synchronization of cyto-
plasmic free calcium ([Ca?*];) oscillations in beta
cells throughout the whole human islet, as further
evidence for diminished electrical coupling
among the cells [43]. The association between
the islet cytoarchitecture and synchronization of
beta cell release during bursting activity in
response to stimulus was further supported by a
later study by Nittla and colleagues [49].
Together, these findings supported the notion that
autocrine and paracrine signaling among the dif-
ferent endocrine cells in the human islet play sig-
nificant roles in regulation of human islet function
and overall glucose homeostasis [43, 50].

Nonhuman primates (monkeys) have been
used as surrogates for human subjects in biomed-
ical research for more than a century [51, 52].
Earlier comparative histopathological studies of
the pancreas from different species including
monkeys had shown different patterns of islet
distribution and distinct arrangements of endo-
crine cells within the pancreatic islets [53].
Several later studies have shown that monkey
pancreatic islets share many characteristics of the
human islet (Fig. 2.1c) [42, 43, 50, 54, 55].
Monkey islets exhibit random distribution of
endocrine cells along islet blood vessels with
proportions of endocrine cells similar to those
observed in human islets (see above) [43].
Importantly, much like human islets monkey
islets have been shown to increase [Ca®']; signal-
ing in response to lowering glucose, likely due to
their higher proportion of alpha cells [43].

Pig islets are also used extensively in research.
This has been motivated by the scarcity of human
donor islets and the promise of unlimited avail-
ability of pig islets and other organs for xeno-
transplantation to respectively treat T1D and
other organ-failure conditions in clinical applica-
tions [56, 57]. Although successful engraftment
of pig islets after transplantation into monkeys
has been shown, long lasting survival of the islet
xenograft remains limited [58-60]. This is pri-
marily due to strong immunity against tissues
from other species which involve humoral,
innate, and adaptive immune responses [61, 62].
However, with the advent of genome editing
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Fig.2.1 Cytoarchitecture of the human, mouse, monkey,
and pig islets. Immunostaining for insulin (red), glucagon
(green), and somatostatin (blue) in fixed pancreatic sec-

techniques researchers have been able to modify/
eliminate expression of certain pig antigens that
have been known to be targets for anti-pig immu-
nity in xenotransplantation [63]. While this pro-
cess is expected to take some time before full
fruition, where transplantation of pig pancreatic
islets becomes standard-of-care in clinical ther-
apy of T1D [64, 65], pig islets will continue to be
isolated for general research purposes and pre-
clinical applications.

Pig islets have been shown to share features of
mouse islets where a single pig islet appears to be
formed by a few smaller clusters resembling
mouse islets (Fig. 2.1d) [43, 54]. Although it has
been suggested that cellular composition and dis-
tribution of pig islets varies with age and location
in the pancreas, the islet clusters are generally
composed of a “core” of beta cells, accounting
for ~90% of the islet, which are surrounded
mainly by alpha and delta cells [50, 66].

2.1.2 Vasculature

As mentioned above, the notion of hierarchical
order of certain endocrine cells within the rodent
pancreatic islet and the presumed consequences
of this cellular organization on islet function have
been prevalent in the literature. Much of this was
primarily based on studies with rodent (mouse
and rat) islets but only a handful of studies have
indeed examined the dynamics of blood flow in
the microcirculation of islets from other species
[67, 68]. It had also been thought that the hierar-
chical order of endocrine cells is mediated

tions obtained from (a) human, (b) mouse, (¢) monkey,
and (d) pig. Scale bar = 50 pm

through signaling from one islet part to another
via blood flow in the microcirculation of the
rodent islet [44, 46]. More recent in vivo studies
have shown that two patterns of blood flow pre-
dominate in the mouse islet, where blood either
first perfuses the core of the islet and flows out-
ward toward the mantle or it flows from one side
of the islet to the other in no particular direction
and regardless of cell type [69]. Notably, based
on some early ex vivo human pancreas perfusion
studies and prevalent findings from rodent islets,
it was also assumed that blood flow occurred
from core to mantle in the human islet, despite
the absence of anatomic or functional evidence to
this effect, and that beta cell products controlled
alpha and delta cell functions [45]. However, evi-
dence presented in recent studies with human
islets has indicated different signaling mecha-
nisms among islet cells, not necessarily through
blood flow. The evidence shows that paracrine
signaling among the different endocrine cells,
without a particular hierarchical order, is likely
responsible for regulating the function of the
human islet and overall glucose homeostasis
[70-73].

Although the cytoarchitecture of the human
islet and the intermingled arrangement of endo-
crine cells along islet capillaries did not support
the notion of functional hierarchy based on blood
flow alone [43], it did not necessarily exclude the
possibility for additional layers of islet function
regulation through blood flow. Blood flow can be
regulated/modified by changes in blood vessel
diameter [74, 75]. Changing vessel diameter,
however, requires the presence of contractile
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elements in association with the islet macro and
microvasculature to allow for vessel dilation/con-
striction and consequent changes in islet blood
flow in response to functional demands on the
endocrine pancreas [76]. Human pancreatic islets
have been shown to contain abundant amounts of
smooth muscle cells in association with blood ves-
sels (Fig. 2.2) [77]. Pericytes were also shown to
associate with a portion of the blood vessels in
human islets. These findings indicate the presence
of at least two populations of contractile cells in
association with the microvasculature of the
human islet. Notably, the abundant presence of
contractile elements raises the possibility for local-
ized regulation of blood flow within the human
islet. Although a systematic characterization of the
mechanisms underlying local regulation of blood
flow within the human islet remains to be fully
done, vasoactive compounds such as ATP and ace-
tylcholine, which are released by endocrine cells
in conjunction with hormones, may play a role in

Fig.2.2 Sympathetic
innervation patterns in the
human and mouse endocrine
and exocrine pancreas. (a, b)
Immunostaining for the
sympathetic nerve marker
tyrosine hydroxylase (TH;
green) and smooth muscle
actin (SMA; red) in the (a)
human and (b) mouse
endocrine pancreas (blue:
DAPI nuclear counterstain). (c,
d) Immunostaining for the
same marker in (¢) human and
(d) and mouse exocrine tissue.
Scale bar = 50 pm
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regulating blood flow locally and influencing the
function of the human islet [70].

Another possibility for regulating the blood
vessel diameter and blood flow in the human islet
is through autonomic nervous input to the blood
vessel-associated contractile elements, which are
putative targets for autonomic sympathetic inner-
vation. Indeed, we have shown that sympathetic
nerve fibers primarily contact vascular structures
within the human islet (Figs. 2.2 and 2.3a) [77].

In contrast to the human islet, capillaries in
mouse islets are generally devoid of contractile
elements except for one or two (depending on
islet size) main arterioles, also known as feeding
arterioles, which contain smooth muscle cells to
change the diameter of the feeding arteriole(s)
whereby regulating overall blood flow into the
islet (Fig. 2.3b) [78]. This is further supported by
a recent study showing that, irrespective of blood
flow within the surrounding exocrine tissue,
overall blood flow within the mouse islet is

Exocrine

Exocrine

Exocrine
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Fig. 2.3 Human islets have abundant smooth muscle
actin in association with blood vessels. Immunostaining
for smooth muscle actin (SMA; red) and the sympathetic
nerve marker tyrosine hydroxylase (TH; green) in a

uniformly regulated depending on islet functional
demands in response to glucose metabolism [74].

Despite the above described differences in the
vasculature of mouse and human islets, not all
features of blood capillaries within human and
mouse islets are different. Both human and mouse
islets receive primary arterioles which branch
into capillaries composed of single layer of endo-
thelial cells [78]. On the ultrastructural level,
both human and mouse islet capillaries show
similar level of fenestration [79]. However, capil-
laries in mouse islets have a single basement
membrane whereas those in human islets have
been shown to be surrounded by a double mem-
brane [55, 78, 80]. These ultra-structural differ-
ences and other contrasting vascular features
among species should be taken into consideration
during optimization of islet isolation procedures,
as they may influence during enzymatic treat-
ment the cellular integrity of islets and the overall
quality of the isolation product.

2.1.3 Paracrine Signaling

Maintenance of glucose homeostasis requires
intricate signaling and cross-talk among the dif-
ferent islet cells and complex coordination of the
endocrine cell activity and their effects on periph-
eral target tissues (i.e., liver, muscle, and fat). It

human pancreatic islet shown in (a) a single confocal
plane and (b) as maximum projection of a z-stack of mul-
tiple confocal images (blue: DAPI nuclear counterstain).
Scale bar = 25 pm

has been shown that hormones released by the
different islet cells have different effects in the
periphery. For example, beta cells release insulin
in response to increased blood glucose levels
(hyperglycemia) after food ingestion, where the
released insulin promotes uptake of glucose from
the circulation by the peripheral target tissues.
Glucose update leads to lowering of plasma glu-
cose levels (hypoglycemia) which in turn leads to
alpha cells activation and release of glucagon.
Glucagon release leads to an increase in blood
sugar levels through neoglucogenesis and glyco-
genolysis primarily in the liver and muscles.
Another example of this intricate signaling
among endocrine cells is the delta cell release of
somatostatin, which is thought to modulate secre-
tion of both glucagon and insulin to avoid “over-
shooting” (i.e., excessive release). Therefore,
paracrine signaling via islet hormones within the
islet and onto peripheral target tissues is critical
in the maintenance of glucose homeostasis.

The intricate regulation of glucose homeostasis
involves additional signaling mechanisms other
than hormones released by the islet endocrine
cells. It has been shown that other factors released
in conjunction with endocrine hormones (e.g.,
ATP, GABA, glutamate, acetylcholine, and Zn*"),
also have direct effects on the overall islet function
through autocrine and paracrine signaling within
the islet. We have shown that glutamate, released
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together with glucagon, acts as a positive autocrine
factor on the alpha cell [81]. Glutamate primes the
alpha cell and potentiates glucagon release in
response to small fluctuations in blood glucose
through ionotropic glutamate receptors of the
AMPA /kainate type, which are expressed on alpha
cells but not beta cells in the human islet. These
findings highlight different functional aspect of the
human islets in comparison to rodent islets where
different effects of glutamate on alpha cell func-
tion have been suggested [82, 83].

GABA, another neurotransmitter co-released
with insulin from beta cells, was also shown to
inhibit glucagon secretion from alpha cells
through paracrine effects mediated through
GABA,-receptor  chloride channels  [84].
Moreover, there have been conflicting reports on
the paracrine effects of ATP on the islet function.
ATP is released from beta cells in conjunction
with insulin in response to glucose, and studies
have shown both, excitatory and inhibitory effects
of ATP on insulin release from mouse and rat
islets [85-87]. In human islets, however, these
effects have been reported to increase beta cell
function and insulin release [88, 89]. It was also
shown by Silva and colleagues that the ATP-gated
purinergic receptor P2Xj is the primary mediator
of extracellular ATP action on the human beta cell
[70]. Importantly, the authors showed that ATP
has autocrine effects on the human beta cell lead-
ing to its sensitization and potentiation in response
to subsequent stimulation by glucose. Moreover,
Silva et al. suggested that ATP may also be
released from insulin granules, at low glucose
concentration not sufficient to induce insulin
likely via the previously described kiss-and-run
membrane fusion events, to prime the beta cells
for robust insulin release upon subsequent stimu-
lation by high glucose [90, 91].

The delta cells, the third major cell type of the
endocrine pancreas, are thought to influence glu-
cose metabolism through release of somatostatin
and its inhibitory effects on insulin and glucagon
secretion. The regulatory mechanisms of the
human delta cell activity have been scarcely
investigated despite the purported influence of the
delta cell on overall islet function. In contrast to
alpha and beta cells, little is known about the sig-
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naling mechanisms that regulate somatostatin
secretion from delta cells in the human pancreatic
islet. This is critical information because of the
putative inhibitory effects of somatostatin on
insulin and glucagon release and the sparse distri-
bution of delta cells within the human islet [81].
While most signaling molecules present and
released in the human islet have not been thor-
oughly evaluated for their effects on the human
delta cell, GABA was recently shown to elicit
large depolarizing currents in the delta cell [92].
We have also recently shown that delta cells in
human islets receive the highest density of sympa-
thetic innervation [77]. Together, these findings
suggest that the function of the delta cell in the
human islet may be regulated by paracrine signal-
ing mechanisms as well as autonomic nerve input.

2.1.4 Innervation

Earlier indications about potential influence of the
nervous system on the regulation of blood sugar
levels were revealed by Claude Bernard in the mid
1800s [93]. It was later shown in the 1900s by Paul
Langerhans that the pancreatic islet is richly inner-
vated [94]. Since then, many studies have impli-
cated the autonomic nervous system in islet
function regulation and overall glucose homeosta-
sis [95—-100], but the role of direct autonomic input
to the islet remains poorly understood because of
the many mechanisms the autonomic nervous sys-
tem may use, within the islet and the periphery, to
influence overall glucose homeostasis.

Although normal blood sugar values do vary
among species, many animals including mammals
are capable of maintaining strikingly narrow ranges
of blood sugar levels under normal conditions.
Such stringent and critical control of glycemia
likely requires various and complex mechanisms.
We discussed above some of the autocrine and
paracrine signaling mechanisms within the endo-
crine pancreas and in its peripheral target organs
(e.g., liver and muscles). Here, we further discuss
the role of the autonomic nervous system in
regulating and modulating glucose homeostasis.

The autonomic nervous system consists of
two arms, sympathetic and parasympathetic,
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which innervate vital organs and have critical
roles in maintaining overall organism homeosta-
sis, including blood sugar control. In doing so, it
ensures availability of glucose as fuel for vital
functions (e.g., brain function) under different
physiological states and environmental condi-
tions (e.g., digestion, fight-or-flight response,
hypothermia, etc.) [101-104]. In the endocrine
pancreas, the sympathetic input to the pancreatic
islet stimulates glucagon release and inhibits
insulin secretion, and the parasympathetic sys-
tem is thought to stimulate release of both insulin
and glucagon [97]. Thus, the autonomic nervous
system plays a critical role in regulating the func-
tion of the endocrine pancreas and overall glu-
cose homeostasis [95, 105]. However, evidence
from transplantation studies of whole pancreas or
isolated islets, where “direct” innervation of the
endocrine pancreas is absent, suggests the pres-
ence of compensatory mechanism to help main-
tain glucose homeostasis.

Nonetheless, it is well established that the
pancreas, endocrine and exocrine, receives sym-
pathetic, parasympathetic, and even sensory ner-
vous input (Fig. 2.3). Evidence indicates that the
innervation patterns in the mouse and human
exocrine pancreas are similar (Figs. 2.3c, d).
Therefore, the same has been assumed for the
endocrine pancreas, and that neuronal modula-
tion of the function in the human endocrine pan-
creas is mediated by direct innervation of the
pancreatic islet and its cells [106—108]. However,
most of the studies of islet innervation have been
conducted with rodent islets and there have been
only a few non-comprehensive studies with
human islets to convincingly conclude similar
innervation patterns to rodent islets [109-111].
Importantly, human islets have not been exam-
ined for the presence of classical markers of the
parasympathetic and sympathetic systems [112,
113]. Furthermore, the exact location(s) where
neuronal axons terminate within the human islets
were not shown until recently [77].

The findings of Rodriguez-Diaz and col-
leagues revealed differences in the innervation
patterns of the autonomic nervous system in
mouse and human islets [77]. They showed that
mouse islets are densely innervated by
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sympathetic and parasympathetic nerve fibers
where the former primarily contact alpha and
delta cells and the latter alpha and beta cells
(Figs. 2.2b and 2.4b) [105, 114]. In contrast, the
authors showed that human islets have fewer
sympathetic nerve fibers which are found along
blood vessels with preferential localization
near the vessel-associated contractile elements,
and far fewer parasympathetic fibers compared
to mouse islets (Figs. 2.2, 2.3a, and 2.4a).
Instead, they showed that parasympathetic
effects in the human islet are likely mediated
through release of acetylcholine, a major para-
sympatheticneurotransmitter, from the alpha
cells (Fig. 2.4a) [71].

In summary, while the autonomic nervous
system plays a critical role in modulating the
pancreatic islet function and overall glucose
homeostasis, it does so using different mecha-
nisms in rodent and human islets. In mice, the
autonomic nerve input to the endocrine pancreas
is likely mediated through direct contact with the
islet cells [105, 114]. In humans, however, the
effects of the sympathetic innervation are likely
mediated through indirect effects on local blood
flow within the islet microcirculation. Given the
scarce presence of parasympathetic nerve fibers
in the human islet, it is likely that direct parasym-
pathetic influence on islet function is signifi-
cantly less in humans compared to mice [71, 77].

2.2  Summary

In this chapter, we have explored distinct struc-
tural and functional features of pancreatic islets
from different species. It is evident that the pan-
creatic islet has different faces (i.e., features)
which should be considered when optimizing
isolation protocols and procedures. This will help
maximize islet yields and quality in pre-clinical
and clinical applications. Importantly, optimal
isolation conditions will minimize the immuno-
genicity of pancreatic islets isolated for the pur-
pose of transplantation into human patients. This
will ultimately help improve islet graft survival
and clinical outcome in islet transplantation as
beta cell replacement therapy of T1D.
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Fig.2.4 Human and mouse
pancreatic islets have different
patterns of parasympathetic
innervation. Immunostaining
for the parasympathetic nerve
marker vesicular acetylcholine
esterase (VAchT; green) and
glucagon (red) in a (a) human
and (b) mouse islet (blue:
DAPI nuclear counterstain).
Scale bar = 50 pm
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Abstract

The aim of any pancreatic islet isolation is obtaining pure, viable and func-
tional pancreatic islets, either for in vitro or in vivo purposes. The islets of
Langerhans are complex microorgans with the important role of regulating
glucose homeostasis. Imbalances in glucose homeostasis lead to diabetes,
which is defined by the American Diabetes Association as a “group of
metabolic diseases characterized by hyperglycemia resulting from defects
in insulin secretion, insulin action or both” (American Diabetes Association
2011). Currently, the rising demand of human islets is provoking a short-
age of this tissue, limiting research and clinical practice on this field. In
this scenario, it is essential to investigate and improve islet isolation pro-
cedures in animal models, while keeping in mind the anatomical and func-
tional differences between species. This chapter discusses the main aspects
of mouse islet isolation research, highlighting the critical factors and
shortcomings to take into account for the selection and/or optimization of
a mouse islet isolation protocol.
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3.1 Introduction

Modern islet research started with Bensley and his
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pioneering scientific contribution in 1911 [2]. One
hundred years later, the field has evolved tremen-
dously, especially since the success of the Edmonton
protocol. It was developed by the islet transplanta-
tion team at the University of Alberta, in Canada,
which first introduced a steroid-free immunosup-
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pressive regimen, resulting in 100 % insulin inde-
pendence at 1 year in seven individuals [3]. This
advance contributed to the worldwide expansion of
human transplantation program and the access to
human tissue for translational studies.

The islet community has recently appealed for
a higher investment in human islet isolation and
distribution to the NIH, JDRF and American
Diabetes Association [4, 5]. The current rising
number of researchers working with human islets
[from 35 active users in the Integrated Islet
Distribution Program (IIDP) in 2010 to 104 in
2014] and the consequent rising demand for this
tissue has resulted in a bottleneck in the research
islet supply. Thus, the use of mice as animal
models for islet isolation and other in vitro and
in vivo purposes has emerged as an alternative to
study the pathophysiology of diabetes as well as
to conduct islet isolation and transplantation.

The aim of pancreatic islet isolation is obtain-
ing viable, pure and functional islets, either for
in vitro or in vivo studies (Fig. 3.1). However, to
obtain a successful yield and good quality islets,
different key aspects must be taken into account:
the type and concentration of the digestive
enzyme, the method of enzyme administration,
the temperature and duration of the pancreas
digestion, the method for islet purification and
the culture conditions following isolation [6]. It

Fig.3.1 Fluorescence micrograph
showing the overall viability of the
islets by FDA/PI vital staining. Viable
cells are stained in green by FDA and
non-viable in red by PI. (Scale bar
100 pm)
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is instrumental to identify the factors influencing
the efficacy of the isolation procedure of mouse
pancreatic islets in order to standardize the pro-
cedure, reduce the variability, and harvest good
quality islets.

The main steps in any mouse islet isolation are
the following: pancreas distention and dissection;
pancreas digestion; islet purification and islet
culture. In this chapter, we describe the main
methodological aspects of mouse islet isolation
as well as the key aspects and challenges.

3.2 Pancreas Distention
and Dissection
3.2.1 General Considerations

About the Procedure

First of all, the animal should be euthanized by
cervical dislocation, CO, asphyxiation, etc.,
depending on the regulations in that country and/
or the laboratory choice. While it is desirable to
perform all the manipulations of the mouse inside
the laminar flow hood in sterile conditions, it is
also acceptable to perform them outside, with a
“clean technique”, with sterile reagents and sur-
gical instruments in order to avoid

contamination.
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The mouse is then placed under a stereomicro-
scope in supine position, with the abdomen
cleaned up with 70 % ethanol. A laparotomy is
performed, cutting the skin and the muscular tis-
sue of the thorax with a V-incision from the pubic
region up to the diaphragm, in order to expose the
abdominal cavity. The skin must be well sepa-
rated from the organs exposed, in order to avoid
contamination with the mouse’s hair.

The lobes of the liver are then positioned
against the diaphragm in order to expose the gall
bladder and the proximal segment of the common
bile duct. Then, the duodenum is gripped with
forceps following the common bile duct and
clamped at the level of the Vater ampulla, in order
to distend only the pancreas with the collagenase
solution. The Vater ampulla is a triangle-shaped
white area located at the confluence between the
common bile duct and the duodenum.

Once the common bile duct is clamped, it can
be cannulated. The standard procedure [7-10]
consists in inserting the needle in the Y-shaped
junction of the cystic duct and the hepatic duct
and injecting the collagenase solution into the
common bile duct, distending directly the pan-
creas. It is important to cannulate well with an
optimal needle placement in order to prevent
backflow into the liver and drain the splenic tail
of the pancreas, an islet rich area. The pancreas is
then excised and digested at 37 °C [6, 11]. It is
important to remove fat tissue because it may
affect digestion and reduce the yield [9].

3.2.2 Enzyme Administration

The key element of this step is the method of the
enzyme administration. Originally, the standard
procedure set by Lacy et al. [12] was based on the
administration of cold saline buffer by the com-
mon bile duct to distend the pancreas taking
advantage of the anatomical structures, so the
enzyme would penetrate and distend better the
pancreas, improving the release of the islets from
the exocrine tissue. The pancreas was then dis-
sected and the tissue minced in small pieces (1-2
mm), increasing the surface area for the digestion
[13]. However, some years later, some modifica-
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tions to this method were introduced. Gotoh et al.
[11] suggested to inject the collagenase in the
common bile duct and do a stationary digestion
avoiding the mincing step. This is the most com-
mon method used nowadays [6-10, 14, 15], since
it has a better access with a better digestion of the
connective tissue, it produces a yield approxi-
mately 50 % higher and it is more cost effective
[16].

3.3  Pancreas Digestion

General Considerations
About the Procedure

3.3.1

This step entails the digestion of the pancreatic
tissue with collagenase once the pancreas is har-
vested. Usually the tissue is incubated in a water
bath at 37 °C, but the duration of the digestion
depends on the strength, concentration and for-
mulation of the collagenase. It is also dependent
on the strain and age of the mouse [14]. The incu-
bation can be static [11, 12] and/or dynamic [17];
the tissue can be hand-shaken manually (to
improve mechanically the dissociation) in the
middle of the incubation and/or afterwards, and
the tissue can be minced [14, 17] or not [11],
depending on the protocol chosen.

In some protocols, the digested tissue is passed
through a 14G needle and/or a 450 pm mesh fil-
ter, to improve mechanically the dissociation of
the tissue. Next, the tissue is washed once or sev-
eral times before proceeding to the purification
phase.

3.3.2 Selection of the Enzyme

The choice of the enzyme is critical. Without a
good digestion of the tissue, the purification can-
not be effective. Therefore, the knowledge of the
collagen composition in the extracellular matrix
is crucial for an adequate selection and formula-
tion of the most appropriate enzyme according to
the donor’s characteristics.

Traditionally, the enzyme used in islet isola-
tion is the bacterial collagenase Clostridium
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histolyticum. The rationale for the use of this
enzyme is that collagen is an important compo-
nent of the pancreatic extracellular matrix
(ECM). The use of this collagenase was intro-
duced for the first time by Moskalewski in 1965
[18], and it allows the enzymatic degradation of
the ECM and release of islets during the isolation
procedure [19].

Traditionally, crude collagenase blends such
Collagenase V (Sigma), were used for rodent as
well as for human islet isolation [20, 21]. Original
crude collagenase preparations from Clostridium
histolyticum are mixtures of six collagenases, a
neutral protease and several enzymes with
tryptic-like activity, which also influence the dis-
sociation process [22]. In fact, it has been reported
that tryptic-like activity is a key component that
optimizes the efficiency of islet isolation, reduc-
ing dissociation time and minimizing lot-to-lot
variability. The six collagenases are divided in
two subtypes: G (or class I) and H (or class II)
collagenases. However, there are contradictory
studies about their role and importance in human
and rodent isolation, probably due to the differ-
ence in the extracellular matrix composition
between species or the different blends used.
Fujio et al. [23] suggested that it is possible that
some components of the rat extracellular matrix
could only be digested by class II collagenases.
Wolters et al. did pioneering work in this regard
[24] and reported the predominant role of class II
collagenase in rat islet dissociation versus incom-
plete dissociation obtained with class I collage-
nase alone. However, Brandhorst et al. reported
that the highest yield of rat islet isolation was
obtained using the same proportion of class I and
class II collagenase (C-ratio of 1.0) [25, 26]. In
human islet isolation, collagenase class I is con-
sidered essential [27].

With the evolution of this research field, it was
observed that crude collagenases, which are
derived from bacterial cultures, contained impu-
rities. Key active components often had an imbal-
anced formulation, there was significant
batch-to-batch and vial-to-vial enzyme variabil-
ity, and high endotoxin levels and pigment con-
tamination were detected [20, 27, 28].
Specifically, endotoxin contamination correlates
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positively with increased cytokine production
and apoptosis and negatively with engraftment in
rat islet transplantation models as well as in clini-
cal outcomes [29]. Therefore, the current
enzymes used in human islet isolation are puri-
fied, despite the suggestion by some authors to
use filtrated crude collagenases in human islet
isolation to decrease costs [21]. In 2009, Yesil
et al. showed a correlation between enzyme
purity and yield [30]. The current combinations
used for islet isolation consist, mainly, of class I
and class II collagenases from Clostridium histo-
lyticum and a neutral protease. The neutral prote-
ase can be from Clostridium histolyticum as well,
although the gold standard neutral protease in use
is Thermolysin, which is derived from Bacillus
thermoproteolyticus. The reasons of its success
are its low cost, stable production and strong
digestion efficacy. However, a recent publication
suggests that clostripain (a protease from
Clostridium histolyticum with tryptic-like activ-
ity) could have a synergistic effect with neutral
protease and collagenases derived from the same
bacteria in rat islet isolation, increasing the effi-
ciency and outcomes of the procedure [31].

In rodent islet isolation, collagenase V (Sigma,
Ayrshire, UK), collagenase XI (Sigma, Ayrshire,
UK) and collagenase P (Roche, Mannheim,
Germany) are routinely used. However, these
enzymes are not the only responsible of the tissue
dissociation of the pancreas. The pancreas itself
is a source of proteolytic endogenous enzymes
that are continuously released by the exocrine tis-
sue during the digestion [32]. In fact, Wolters
et al. suggested that proteolytic activity caused
cell lysis and release of DNA, making the separa-
tion of islets from the exocrine tissue difficult.
Therefore, they reported that adding inhibitors to
the digestion medium to suppress the proteolytic
activity, like bovine serum albumin and trypsin
inhibitors (purified clostripain, egg white trypsin
inhibitor, soybean trypsin inhibitor, etc.)
increased the islet yield. However, in a recent
study of the effects of some endogenous protease
inhibitors (specifically serine protease inhibitors
such as Pefabloc, Trasylol and Urinary Trypsin
Inhibitor) it was shown that some of them have
detrimental effect on the action of bacterial
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neutral proteases [33]. Pefabloc, in particular
(which is widely used in human islet isolation)
affects insulin response. In contrast, Urinary
Trypsin Inhibitor, which is not yet approved by
the FDA, enhances bacterial neutral protease
action in addition to inhibiting endogenous prote-
ases. Therefore, the quality and formulation of
the digestion enzyme is key for the islet isolation
outcomes, both for experimental and clinical islet
isolations.

3.3.3 Duration of Digestion

The duration of digestion is dependent, on one
hand, on the strength, concentration and formula-
tion of the enzyme; and, on the other, on the
strain and age of the animal, according to the
guidelines of factors influencing islet isolation
published by the Haan [34], since differences in
the connective tissue have been observed. Then,
the quality of the enzyme and the duration of the
digestion constitute a tandem that is critical for
the islet isolation outcomes. A prolonged diges-
tion not only causes overdigestion and degrada-
tion of the islets but also affects morphology,
yield, viability and even functionality [27].
Therefore, due to the batch-to-batch variability in
the enzymes used for mouse islet isolation, the
duration of the digestion should be carefully opti-
mized prior to any experiment. The typical range
of digestion time in mouse pancreas for collage-
nase P (Roche, Mannheim, Germany) (3 mg/ml)
is around 67 min and for collagenase V (Sigma,
Ayshire, UK) (1 mg/ml) is up to 10 min. This
variability is due to the formulation, the concen-
tration, the activity of the enzyme for that batch
and the procedure, as well.

3.4  Islet Purification

Once the pancreatic tissue is digested and chemi-
cally and mechanically dissociated, the next step
is to separate the endocrine of the exocrine tissue
and purify the islets. Purification is a key step for
islet isolation outcomes as well as for clinical
applications, since highly pure preparations lead
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to engraftment, reduced graft immunogenicity in
transplants and suitability for immunomodula-
tion procedures (Fig. 3.2) [6, 7, 35]. Furthermore,
an impure preparation can cause important post-
surgical complications after intraportal transplan-
tation, such as thrombosis and embolism [36].
While contamination with acinar cells may
impair the integrity, viability and functionality of
the islets [37], some extra-insular tissue poten-
tially containing progenitor cells could poten-
tially increase islet viability and functionality and
improve clinical outcomes as well.

General Considerations
About the Procedure

3.4.1

The traditional method used for mouse islet puri-
fication is discontinuous density gradient cen-
trifugation (or isopycnic centrifugation) with
Ficoll [38]. With this method, the cells in a sus-
pension are separated according to their intrinsic
differences in cell density (=1.059 g/ml for islet
tissue and 1.059-1.074 g/ml for exocrine tissue)
[39]. The researcher should build a gradient of
different layers of Ficoll solutions of different
densities, from the densest layer at the bottom of
the tube (which is mixed with the cells) to the less
dense at the top. The tube is spun at a certain
speed and temperature, depending on the density
of the cells that we want to purify. Then, each cell
type migrates through the gradient to the inter-
face of the layers with the same density. After the
centrifugation, the cells are retrieved and washed
several times to eliminate the rests of Ficoll.

3.4.2 Density Gradient Purification

The first islet purification was done by Bensley in
1911 [2]. It consisted in hand-picking of islets to
separate them manually from the exocrine tissue.
However, it was a long and tedious procedure,
and not feasible for large-scale experiments. In
1967, Lacy introduced the islet purification by
differential density elutriation using the discon-
tinuous sucrose density gradient [12]. However,
the osmolarity was very high, due to the very
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Fig.3.2 Purity assessment by
dithizone staining. Dark field
micrograph of purified islets. (1.25x,
scale bar 400 pm)

high molar concentration of sucrose in the gradi-
ent, and it damaged the islet integrity. Ficoll, a
high molecular weight polymer of sucrose (40
kD) was introduced in 1969 by Arnold Lindall
[40]. However, since islets obtained by Ficoll
purification exhibited impaired insulin secretion,
Lacy’s team started dialyzing Ficoll with positive
results [38].

While bovine serum albumin, percoll or metri-
zamide have been used in the past [41], the most
common discontinuous density gradients used
today are Ficoll, Histopaque (a Ficoll-based solu-
tion), dextran and iodixanol [42, 43]. Ficoll is the
most widely used, as it reduces cell swelling and
increases the density differences between islets
and exocrine tissue [38]. Although several publi-
cations have reported toxic effects of Ficoll on
islets, affecting its quality [44—46], more recent
studies suggest that neither Ficoll nor Ficoll-
based gradients [43, 47] exhibit deleterious
effects. In fact, McCall et al. [43] compared dif-
ferent density gradient solutions in terms of islet
quality (Ficoll, Histopaque, Dextran and
Todixanol) and showed that the best in terms of
islet quality and cost-effectiveness was
Histopaque, which is Ficoll-based. Iodixanol is a
non-ionic, iso-osmolar solution that was initially
used for porcine islet isolation [48] and later
applied for rodent [46] and human islet isolation
[49]. Todixanol is currently displacing the use of
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Ficoll in human islet isolation with the advantage
of a lower cost [50, 51].

3.4.3 Other Purification Methods

Although density gradient/isopycnic centrifuga-
tion has been the gold standard purification
method since the 1960s, other purification meth-
ods have also been reported in the literature to
purify pancreatic islets: hand-picking [47], pho-
totermolysis [52], radiation [53], differences in
osmolality [54], cryo-isolation [55] and cell sort-
ing [56], among others. Specifically, in the case
of rodent islet isolation, the main alternative
methods that have been reported are: magnetic
microspheres coated with islet or cytotoxic
anti-acinar monoclonal antibodies [57], osmotic
shock [39] and filtration [9, 45, 47]. Ramirez-
Dominguez and Castafio [47] reported for the
first time a comparison study of Histopaque and
filtration purification in terms of quality, time and
costs. In the McCall’s study [43] Histopaque was
recommended over other gradient solutions, but
whether islets obtained by filtration had a
good quality in comparison with Histopaque-
purified islets had not been reported before.
According to the above study, islets purified by
Histopaque and filtration were of comparable
quality, but filtration was more cost-effective
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because it saved 90 % of the time devoted to puri-
fication with Histopaque. Despite anatomical
interspecies differences in islets [58-61] the
range of islet sizes is similar in mice, humans and
other species, with an average diameter of 140
pm and an upper limit of size at around 500-700
pm of diameter [62]. Owing to this, filtration
could be considered a method with high transla-
tional potential.

3.5 Islet Culture

During the isolation process, islets are affected
by many stressing stimuli: “Anoikis” due to the
detachment of islets from the surrounding extra-
cellular matrix [63, 64], nutrient and oxygen
deprivation, presence of endotoxins, the release
of proteolytic enzymes form the acinar tissue,
etc. [65]. Therefore, a step of islet culture can be
used to restore viability and functionality,
improving the islet isolation outcome.

General Considerations
About the Procedure

3.5.1

This step could be interpreted as an extension of
the purification step, since exocrine tissue does
not survive well in culture, enriching therefore

Fig.3.3 Micograph showing bright
field islets. (Scale bar 100 pm)

the islet fraction (Fig. 3.3). In the culture proce-
dure, aspects such as the choice of culture media
and the cell density have to be taken into account.

The most common islet culture medium for
murine islets is RPMI 1640 (Rosewell Park
Memorial Institute Medium). However, some
laboratories prefer to use CMRL 1066
(Connaught Medical Research Laboratories),
which is also widely used to culture human pan-
creatic islets. Preference for CMRL 1066 is based
on the observation that some immune cells, such
as dendritic and endothelial cells, cannot grow in
that medium, which may therefore induce a
decrease in alloreactivity.

One component of the medium that is key for
the physiology of the islets is glucose. A concen-
tration of 11 mM glucose resulted in islets with
lower apoptosis rates and increased viability than
those grown with a different concentration. With
glucose concentrations below 11 mM, insulin
content was reduced and downregulation of key
genes for glucose metabolism was observed.
Similarly, glucose concentrations over 11 mM
resulted in toxicity [66].

Islet culture media are commonly supple-
mented with 10 % fetal bovine serum to keep the
cell viability and antibiotics/antimycotics to
avoid the possibility of contamination.

With reference to other practical issues,
murine islets are cultured in suspension dishes,

100 pm
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avoiding the growth of acinar tissue and
preventing islet attachment. It is also recom-
mended to let islets recover overnight in culture
and change the media after 24-48 h post-isola-
tion, to remove debris and prevent cell competi-
tion for nutrients. Specifically, it is suggested to
seed a maximum of 300 islets in 60x15 mm
dishes to avoid cell stress and keep optimum cul-
ture conditions.

Since the publication of the Edmonton proto-
col [3], there is some controversy on whether
islets should be transplanted fresh or previously
cultured. Although some authors have reported
the superiority of fresh islets in in vitro and
in vivo performance [67], murine islets are gener-
ally used after a short culture period.

3.6 Concluding Remarks
This chapter reviews critical aspects of murine
islet isolation and highlights the importance of
mice as providers of raw material to conduct bio-
logical studies on diabetes, with an additional
translational potential. This emphasizes the need
of implementing an efficient isolation protocol,
not only to obtain high quality islets, but also to
justify a rational use of animals and laboratory
resources. While working with mice is economi-
cal and simple, factors such as strain, age, etc.
highly influence the isolation outcome. Function,
purity and yield are also donor strain-dependent.
Finally, a full translation of the mouse isola-
tion method has yet to be achieved. Research
efforts are focused in developing new purification
methods that maximize the yield and the islet
quality. Another challenge is to investigate and
develop other factors discussed in this chapter
(enzyme formulation, collagen composition in
the extracellular matrix, etc.) with the goal of
improving the efficiency and addressing the
shortcomings of current protocols.
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4.1  Introduction

While the early era of modern organ transplanta-
tion was challenged by the rapid rejection of the
transplanted tissue [1], one of the main problems
of organ transplantation in the current year is the
imbalance between the number of available
donor organs and the number of patients on the
waiting list. Recent data from the North American
United Network for Organ Sharing (UNOS)
show that the donation rate increased by 94 %
over a period of more than 20 years. This signifi-
cant increase has been nullified by the simultane-
ous expansion of the waiting list by 253 %. The
worldwide equivalent figure, as provided by the
World Health Organization, is an organ supply-
to-demand ratio of 1:25 [2].

This obvious dilemma could potentially be
solved by the transplantation of xenogeneic
organs into human patients. Due to the anatomi-
cal and physiological similarities between
humans and pigs, porcine donors are the species
of choice to fill the gap between the demand and
supply of human organs. However, the metabolic
and endocrine concordance between both species
made pancreatic islets of Langerhans to that
donor tissue which will be most likely trans-
planted in human recipients in clinical trials [2—
4]. In fact, the first series of clinical islet
xenotransplantation was performed in 1993 and
involved transplanting fetal pig islets into ten
insulin-dependent patients with type 1 diabetes.
Although small amounts of porcine C-peptide
could be detected in the urine for more than 1
year, a reduction of exogenous insulin demand
was not achieved in any of the recipients [5].
Subsequent approaches provided much more
promising results demonstrating viable tissue
nearly 10 years after transplantation of encapsu-
lated neonatal pig islets into a non-
immunosuppressed patient with type 1 diabetes
[6]. The finding that the vigorous antibody- and
complement-mediated rejection that is observed
after pig-to-primate xenotransplantation [1, 7]
can be reduced using adequate immunosuppres-
sion [8, 9], anti-clotting treatment [10] or multi-
transgenic donor pigs [11-13] makes clinical
trials for pig islet xenotransplantation a realistic
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option for providing a widespread treatment for a
larger population of patients with type 1 diabetes
[14].

However, before treatment of type 1 diabetic
patients with pig islets becomes a daily reality,
numerous precautions must be taken to establish
islet xenotransplantation as a safe procedure.
Specific pathogen-free (SPF) breeding in biose-
cure facilities is a mandatory measure to prevent
transmission of zoonotic pathogens to the human
population [15]. The costs of running these
highly specialised facilities will have an impact
on the total costs for each islet isolation that are
likely to exceed the costs for human islet allo-
transplantation [16], particularly if pancreases
from adult pigs older than 2 years are processed.

The immunological, technical and economi-
cal advantages and disadvantages of using pan-
creases retrieved from fetal, neonatal, juvenile or
adult pigs have been extensively discussed [17—
19]. This review will rather focus on the technical
challenges, pitfalls and specifics that are associ-
ated with the isolation of islets from the pancreas
of pigs of approximately 6 months to older than 2
years.

4.2 PigDonor Variables

4.2.1 PigStrain

Islet isolation always starts with donor selection.
The selection of pig strains suitable for success-
ful release of intact islets from the pancreas is of
relevance for islet research but is of outstanding
importance for clinical xenotransplantation
considering the immense costs related to breed-
ing and maintenance of SPF pigs in biosecure
facilities.

The very few histomorphologic studies in
native pig pancreases which have been performed
so far clearly revealed that significant differences
in terms of islet size, shape and number exist
between different pig strains such as German
Landrace, Duroc, Piétrain or wild boars. In two
studies it was found that pancreases of wild boars
have a high density of islets of very small diam-
eter while the German Landrace is characterized
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by a high percentage of large islets resulting in
low and high total islet volume, respectively [20,
21]. Duroc and Piétrain pigs seem to have an islet
volume in between these extreme poles.

However, to categorize the suitability of dif-
ferent strains for successful islet isolation the
expression of the peri-islet connective tissue
matrix has to be considered as well. Two studies
reported in agreement that Duroc pigs have a low
expression of the peri-islet capsule while the
German Landrace and the German Large White
Pig (Deutsches Edelschwein) are characterized
by a strong expression of this structure [20, 22]
that seems to protect islets from the harmful
effects of proteolytic enzymes used for pancreas
digestion. Despite the differences that exist in the
thickness and perimeter of the peri-islet capsule
it is remarkable how similar the capsular compo-
sition of different extracellular matrix (ECM)
proteins is in widely disparate strains such as
Piétrain, Goettinger Minipig or wild boar [22].

We are aware of only a few studies that have
correlated the strain of the donor pigs with por-
cine islet isolation outcome. In agreement with
the histomorphologic studies of Kirchhof et al.
and Meyer et al. [20, 22] we found a clear advan-
tage of isolating islets from the pancreas of adult
Large White Pigs (Deutsches Edelschwein) com-
pared to German Landrace and hybrid pigs [23].
From two other reports we can conclude that
Piétrain pigs provided higher islet yields com-
pared to German Landrace and hybrid pigs [21,
24].

There is no doubt that the selection of the pig
strain has a significant effect on islet isolation
outcome. However, to rate the relevance of these
previous observations for the current situation it
is important to realize that pig breeding is a con-
tinuously ongoing process performed to meet the
demands of the consumers [25]. For French
Large White Pigs it was demonstrated for the
period between 1977 and 1998 that the lean mus-
cle mass increased by 15% while the relative
liver weight decreased by 16% [26]. Since no
data are available for the pancreas weight we can
only speculate that the changes in relative fat and
muscle mass may also affect the pancreas as well
as islet cell growth and proliferation. However, it

has been clearly shown in different livestock spe-
cies that a high lean muscle mass inversely cor-
relates with the fat content of the carcass which is
mainly under the control of the insulin-glucose
metabolism [27]. In agreement, pigs with a lean
phenotype have a relatively higher somatotropin
serum level compared to pigs with an obese phe-
notype which are characterized by a relatively
higher insulin level or a larger insulin response
toward stimuli [28-31]. Regardless of ease of
islet separation, it can be anticipated that the islet
volume within the pancreas of pigs is continu-
ously reduced as long as pig breeding is mainly
aiming on a higher percentage of lean muscle
mass in the carcass.

Within a short period of approximately 3 years
(2006-2008) we observed a significant
increase of the variability in isolation outcome
when islets were isolated from the pancreas of
BHZP (German Federal Hybrid Breeding
Programme) pigs. As shown in Fig. 4.1, this
observation correlated with an alteration in the
morphology of islets assessed in the pancreas of
donor pigs of the identical strain. While samples
retrieved before 2006 showed native islets with
an ovoid shape well demarcated from acinar tis-
sue (Fig. 4.1a), islets assessed in the same strain
after 2008 were characterized by a smaller diam-
eter or a dumbbell-like shape (Fig. 4.1b).

However, when considering the enormous
costs for housing, breeding and maintenance of
adult SPF strains [15, 16], miniature pigs will
become more and more important as potential
donors for clinical islet xenotransplantation.
Future efforts should therefore be aimed to cross-
breed obese farm pig strains identified as effective
islet donors withsuitable strains of miniature pigs
[32].

4.2.2 Porcine Donor Age

One important variable to be discussed in the
context of donor selection is the donor age. First
attempts to isolate islets from the pancreas of
market age pigs revealed an unique fragility of
islets which appears to be more pronounced than
in any other species investigated so far. During
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Fig.4.1 Insulin
immunostaining of native
pancreas sections retrieved
from BHZP (German Federal
Hybrid Breeding Programme)
retired breeder pigs before
2006 (a) and after 2008 (b)
(magnification x 10)

the isolation procedure juvenile islets fragmented
into small clusters or single cells [33]. This may
be explained by the weak expression of ECM
proteins in pig pancreases, particularly in the
peri-islet region, when compared to other species
such as rat, dog and human [34, 35]. The frag-
mentation of pig islets may be accelerated due to
the particular specific cytoarchitecture of pig
islets composed of several smaller subunits with
a beta-cell core and an alpha-cell mantle [36].
Further studies have indicated that islets iso-
lated from adult pigs are morphologically more
stable and are easier isolated compared with
juvenile pig islets [32, 37, 38].

Although individual differences exist in young
and old pigs [39, 40] pancreases from retired
breeders contain a higher frequency of larger and
compact islets compared with juvenile pig pan-
creases which are defined by a significantly
higher density of islets partially appearing
as small clusters composed of only a few cells
[21, 41-43]. The aging process does not only
contribute to increased islet size but seems also to
enhance the total collagen content in pig pancre-
ases which may reflect the age-dependent forma-
tion of a protective matrix of ECM proteins
around islets [44]. Indeed, we (unpublished data)
and others observed the presence of a peri-islet
capsule in adult pig pancreases but not in young
pigs [38]. In agreement, in a small number of
samples it was found that the expression level of
laminin, fibronectin, collagen type I, IIll and IV is
higher in old pigs compared to young pigs [22].
In contrast, another report revealed that the pan-

creas of juvenile pigs contains a higher total col-
lagen amount than adult pigs [45]. Subsequent
studies could not confirm a difference between
young and old pigs regarding the formation of a
peri-islet capsule or the histologic distribution of
different collagen types. Among all collagen
types assessed, collagen VI was the most abun-
dant intra- and peri-islet collagen type [46]. This
is particularly remarkable as collagen VI seems
to be resistant towards cleavage by bacterial
crude collagenase [47]. However, another study
could not detect any collagen VI in or around
islets collected from different strains [22].

Nevertheless, it seems to be important to note
that the age of the donor pig does not only deter-
mine the separability of islets but also the in vitro
as well as in vivo function of the islets. It was
shown that a higher islet volume of juvenile pig
islets is needed to restore normoglycemia in dia-
betic rodents when compared with posttransplant
function of adult pig islets [37, 41, 42, 48]. This,
again, seems to reflect the morphological disinte-
gration of juvenile pig islets at the periphery
caused by the isolation process and demonstrated
by the loss of peripheral alpha cells [49, 50].

Overall, the majority of studies clearly demon-
strate that adult pig pancreases are characterized
by a larger number of compact islets and a larger
functional islet capacity compared to juvenile
donors, but the data about the expression of ECM
proteins are very inconsistent. The contradiction
between different reports may reflect the use of
heterogeneous tissue samples and the applica-
tion of non-specific ineffective antibodies.
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4.3 Pig Pancreas Procurement

The method of choice for pig pancreas procure-
ment depends on the scientific purpose and on the
financial resources available. Generally, two dif-
ferent strategies are available to procure a pig
pancreas. While the slaughterhouse procedure is
straightforward, it carries the risk of extensive
bacterial contaminations and exposure to signifi-
cant warm ischaemia. However, a surgical
approach is complex and associated with enor-
mous costs. The logistical requirements of a pig
pancreas procurement procedure according to
clinical standards seem to favour the selection of
miniature pigs as potential donors for islet xeno-
transplantation in patients with type 1 diabetes.

Nevertheless, apart from financial and logisti-
cal considerations the few reports published so
far indicate the detrimental effects of a surgical
pancreas procurement on pig islet isolation out-
come [51, 52] when compared with a slaughter-
house procedure that involves immediate brain
death induction, exsanguination and rapid evis-
ceration to minimize warm ischaemia time [53].
Whether these observations are related to the use
of unsuitable perfusion media, excessive perfu-
sion pressure or to physiological stress caused by
extensive medication and surgical trauma
remains unclear [54].

Regardless which technique is selected for pig
pancreas procurement, our own experience, as
well as that of others, clearly indicates that the
removal of blood from pancreatic tissue is abso-
lutely essential to ensure proper activity of intra-
ductally perfused enzymes. The underdigestion
of pancreatic tissue, resulting from the inhibitory
effect of residual blood on enzyme activity,
can cause a substantial reduction in islet yield
[55, 56].

4.3.1 Intraductal Pancreas

Perfusion Technique

Intraductal pancreas perfusion is a backbench
procedure that has a duplicate function: first,
it decreases rapidly the core temperature of the
pancreas in order to reduce detrimental effects of

warm ischaemia without the need for intravascu-
lar flushing [57]. Second, it is the most efficient
way to introduce the enzyme blend into the
pancreas.

Manual distension of the pancreas using a
syringe is easy to apply as it does not require spe-
cial equipment. In contrast, the automated pan-
creas perfusion is performed by means of a
complex pump-perfusion device offering the
option of continuous pressure control [58, 59].
However, the choice of the distension method
depends also on the timing of intraductal pan-
creas perfusion. Early intraductal pancreas perfu-
sion performed immediately after pancreas
retrieval in a slaughterhouse or in a surgical ani-
mal facility prior to pancreas shipment to the iso-
lation facility is mostly a logistical challenge that
is only be feasible by using a minimum of
equipment.

Comparison of manual distension with auto-
mated perfusion in human pancreases, has dem-
onstrated the superiority of controlled perfusion
over manual syringe loading with regard to islet
yield [60]. Although similar comparative experi-
ments have not been performed in the pig pan-
creas, the findings of Lakey et al. may be
particularly relevant for the soft and fragile por-
cine pancreatic tissue. At 180 mmHg of perfusion
pressure the perfusion medium penetrates islets
and expandes the intercellullar space thereby
loosening islet structure and rendering pig islets
more sensitive toward disintegration [61].
The penetration of pig islets can only be pre-
vented by using an intraductal perfusion pressure
of less than 50 mmHg [62].

4.3.2 Intraductal Pancreas

Perfusion Buffer

The selection of the most suitable pancreas per-
fusion medium and/or collagenase solvent is pri-
marily determined by the duration of cold
ischaemia time until pig pancreas digestion can
be initiated. The current standard medium that is
mostly used as enzyme buffer is Hank’s balanced
salt solution (HBSS). However, the simple com-
position of HBSS does not allow the preservation
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of tissue during prolonged cold ischaemia. This
is particularly relevant for cold stored pig pancre-
ases which have a lower tolerance for ischemi-
cally induced damage than human pancreases
[63, 64]. This specific sensitivity for the detri-
mental effects of ischaemia does not only con-
cern the integrity of acinar tissue [65] but also of
the ductal system. The low content of fibrous tis-
sue in the pig pancreas accelerates the collapse of
the ductal system during cold storage which pre-
vents efficient intrapancreatic enzyme distribu-
tion at a later time point [66]. Measurements in
adult pig pancreases demonstrated that the integ-
rity of the ductal system is also affected by warm
ischaemia. It was noted that the intraductal pres-
sure was more than doubled in perfused pig pan-
creases when exposed to warm ischaemia longer
than 20 min [56]. These findings correspond to
improved homogenous distribution of infused
collagenase and increased islet yield in human
pancreases when the ductal system was initially
stabilized by intraductal perfusion of Kyoto pres-
ervation solution prior to cold storage [67].
Similar observations were made in pig pancre-
ases using University of Wisconsin (UW) solu-
tion for intraductal perfusion [57]. These findings
clearly suggest that the early intraductal perfu-
sion/distension of the pancreas with UW-solution
is particularly relevant when islets are isolated
from pig pancreases exposed to significant cold
ischaemia [68].

Studies in adult pig pancreases revealed that
the replacement of HBSS by UW-solution admin-
istered as intraductal enzyme buffer increased
islet yield or islet viability even in pancreases
processed after short cold ischaemia time [37,
69-71]. In perfect agreement with Heald et al.
[70] we found that collagenase concentration has
to be increased by 25% to optimize release of
cleaved islets when using UW-solution [37]
which is in accordance with the observation that
UW-solution inhibits collagenase class II activity
[72]. Because no data are currently available, we
can only speculate whether UW-solution may
also affect collagenase class I activity. As a con-
sequence of these considerations different modi-
fied or simplified versions of UW-solution were
utilized for intraductal pig pancreas collagenase
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perfusion [71, 73] aiming on omission of poten-
tially inhibitory components such as high potas-
sium, magnesium, adenosine, allopurinol,
glutathione and hydroxyethylstarch [74].

The decision whether the collagenase blend
has to be administered prior to or after cold stor-
age of pig pancreases seems to depend on the
preservation procedure used. While intraductal
enzyme perfusion prior to static cold storage
improves islet isolation outcome from ischaemic
pig pancreases [68, 75], the intraductal adminis-
tration of enzymes prior to prolonged pig pan-
creas preservation by means of the two-layer
method seems to be detrimental for porcine islet
integrity and viability [64].

44 PigPancreas Digestion

The primary goal of pancreas digestion is the
release of a maximum number of intact islets
from within the surrounding acinar tissue. The
requirement to obtain complete dissociation of
the non-endocrine components of the pan-
creas without dispersing the endocrine cell clus-
ters is unique in the field of tissue separation [76]
and reflects the dilemma of any effective islet
isolation method to balance two opposite priori-
ties. To achieve this delicate equilibration the
vast majority of procedures combine the applica-
tion of collagenolytic enzymes with mechanical
treatment of the gland.

4.4.1 Enzyme Blend Selection

Since the structure and consistency of the acinar
tissue differs enormously between human and
porcine pancreases, enzyme activities need to be
adjusted for the digestion of the porcine pan-
creas which appears to be much more fragile in
comparison with the human pancreas. In previ-
ous studies we found that the concentration of a
crude collagenase mixture needed to efficiently
digest a human pancreas has to be reduced by
nearly 50 % for a retired breeder pig pancreas.
Moreover, the enzyme activities were addition-
ally reduced by decreasing the digestion tem-
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perature from 37 to 32 °C [37]. Nearly identical
findings were observed when using purified
enzyme blends for adult pig pancreas digestion.
While the enzyme concentration was reduced in
arange from 50 to 67 % compared to the human
concentration, the digestion temperature was
adjusted between 24 and 28 °C [77] which is
equivalent to a further reduction of the enzyme
activity by 50 % [78].

However, the strategy to reduce enzyme activ-
ity by decreasing the digestion temperature also
has the advantage of reducing the metabolic
activity and nutritive demand of islets that are
exposed to a detrimental environment. This envi-
ronment is characterized by anoxia [79], acid pH,
hyperosmolarity and the presence of harm-
ful endogenous enzymes [80—82] thereby reduc-
ing the morphological and functional integrity of
islets. Other attempts have aimed to inhibit tryp-
sin as initial activator of the endogenous zymo-
gen cascade. Although large variability in trypsin
activation seems to exist between individual pig
pancreases [82], the majority of studies indicate
an improvement of islet yield or post purification
recovery when the intraductally administered
enzyme perfusion medium was supplemented
with trypsin inhibitors [83-86].

Previous studies have clearly demonstrated
that neutral protease from Clostridium histolyti-
cum or Bacillus thermoproteolyticus rokko is
detrimental for islet integrity [87—89] particularly
when used for ischaemic pig pancreases [64]. To
reduce the harmful effects of proteolytic enzyme
blends, neutral protease was replaced by dispase
in the Liberase PI blend (Roche Diagnostics,
Indianapolis, USA) specifically developed for
porcine islet isolation [90]. Dispase has been
shown to be less harmful during dispersion of
isolated rat islets when compared with other
enzymes [91]. This observation may have impli-
cations for the isolation of intact islets as well. As
dispase does not cleave laminin (a vital compo-
nent of the basement membrane [92, 93]), it can
be hypothesized that the loss of the basement
membrane, that is usually observed during enzy-
matic islet isolation [94], is reduced thereby
improving islet survival during the isolation pro-
cedure, after culture and posttransplant. This

enzyme blend has been established as widely
used enzyme blend for pig islet isolation [39,
56, 73].

Nevertheless, because evidence is still lacking
that dispase has significant advantages compared
with neutral protease, our current protocol for
adult pig islet isolation utilizes a two-component
enzyme blend composed of collagenase and neu-
tral protease (Serva Electrophoresis, Uetersen,
Germany) that offers the option to individually
reduce the neutral protease activity according to
donor variables, pancreas procurement and cold
ischaemia time [95, 96].

4.4.2 Dissociation

In the history of islet isolation, several different
techniques have been established and then dis-
continued as soon as a more advanced method
was developed [97]. During this evolutionary
process, the automated digestion-filtration
method developed by Ricordi still representing
the current gold standard for the dissociation of
human pancreases for islet release [98]. The
automated digestion-filtration device consists of
a continuously shaken digestion chamber loaded
with the enzyme-distended pancreas together
with a number of stainless-steel balls to increase
the mechanical dissociation of the tissue. The
chamber is topped by a 500 pm-mesh and closed
by a conical top. This digestion-filtration device
is implemented in a closed circuit during the
recirculation phase to allow continuous perfusion
of the system with different buffers from the flat
bottom of the chamber to its conical top. As
soon as fluid samples taken from the digestion
circuit demonstrate release of a significant num-
ber of cleaved islets the collection phase of diges-
tion is started to recover free islets from enzyme
activity. While released islets are collected, the
mechanical treatment of the pancreas in the agi-
tating chamber is ongoing as non-digested tissue
is retained by the mesh. This system has the great
advantage that a final endpoint of the digestion
does not need to be determined. This is in con-
trast to static digestion procedures as practised in
the past [99].
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Although this technique has been established
in all centres for clinical islet transplantation,
numerous variations have been introduced over
time. These modifications mainly concern the
replacement of motor-driven movement by man-
ual agitation of the digestion chamber, the ampli-
tude and frequency of shaking as well as
the spatial orientation of top and bottom chamber
side during agitation. Our own experiences in
porcine islet isolation resulted in a mixture of
automated chamber shaking at the beginning of
the recirculation phase and manual agitation at
the end of recirculation and during collection
phase. During the manual agitation the chamber
is frequently turned upside down to facilitate and
optimize the release of cleaved islets by means of
gravity force which appears to be important
because the volume of a distended adult pig pan-
creas can entirely fill the digestion chamber [77,
95, 96].

However, the variability of techniques for pro-
cessing pig pancreases is much broader than what
has been described for human pancreases and
reflects the difficulties successfully releas-
ing intact islets from pig pancreases. The selec-
tion of the dissociation technique seems to
depend mostly on the age and consistency of the
donor tissue (see previous section). While the
automated digestion-filtration method seems to
provide excellent isolation outcomes when pan-
creases from suitable retired breeder pigs are dis-
sociated [56, 77, 100] its mechanical action
seems to be too harsh for pancreases from market
age pigs.

Therefore, a non-traumatic static digestion
procedure was established for young donor pigs
[73] resembling on early attempts to isolate islets
from human pancreases [99]. These methods use
a closed or open container for pancreas incuba-
tion at 37 °C. Mechanical dissociation is per-
formed at later stages of the enzymatic digestion
using forceps and scissors to tear predigested tis-
sue apart. Because these digestion procedures are
characterized by a fixed endpoint they are bear-
ing the significant risk for under- as well as over-
digestion. Moreover, as discussed in the previous
section, the prolonged exposure of islets to
anoxia [79], hyperosmolarity and harmful endog-
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enous enzymes [80—-82] during digestion can sig-
nificantly reduce viability and function of islets.
The early recovery of released islets from this
environment seems to be absolutely essential to
preserve morphological and functional integrity
of islets [101]. An elegant prospective study,
comparing the digestion of juvenile pig pancre-
ases that were longitudinally splitted into two
identical portions of the splenic lobe, clearly
demonstrated the superiority of the automated
digestion-filtration method when compared to a
static manual digestion procedure [102].

Inspired by an early version of a digestion-
filtration chamber, designed by Scharp et al. for
digestion of the pancreas from rhesus monkeys
[103], we developed a preliminary model of an
oxygen-flushed chamber in order to minimize the
traumatic shear stress without completely omit-
ting mechanical treatment of the sensitive pig
pancreas. As shown in Fig. 4.2 the enzyme-
distended pancreas is loaded into a basket made
from a 500 pm-pore-sized mesh fixed in the cen-
ter of a continuously oxygen-flushed chamber. To
obtain a significant agitation of the pancreas an
oxygen flow of 300-500 mL/min is used.
Overpressure is released through a vent in the top
of the chamber. During the recirculation and col-
lection phase the chamber is continuously per-
fused in a reversed direction from its top to its
conical bottom supporting sampling and collec-
tion of released islets by gravity. Initial pilot
studies indicated an effective release of islets
with fully preserved morphology (unpublished
data).

4.5 PorcineIslet Purification

Separation of isolated islets from exocrine cells,
lymph nodes, vascular and ductal components of
the pancreas is essential prerequisite for subse-
quent transplantation of islets into patients with
type 1 diabetes. Islet purification is essentially
needed to decrease the tissue volume which is
important to limit the portal pressure [104—106]
and the risk of portal vein thrombosis [107, 108]
after intraportal islet infusion in the recipient.
Moreover, the elimination of non-islet tissue
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reduces the immunogenicity of the islet prepara-
tion [109, 110] and enables successful islet cul-
ture [111-113] which is required to perform islet
quality assessment and patient management prior
to transplantation [114, 115].

In several animal models it has been clearly
shown that exocrine tissue induces necrosis and
impairs engraftment of syngeneic or autolo-
gous islets when transplanted under the kidney
capsule, into the liver or into the intramuscular site
[116-118]. These observations were confirmed
after intraportal autotransplantation of human
islets [119] and may be even more relevant for islet
xenotransplantation where implanted tissue pro-
vokes a stronger response than after autologous
and allogeneic islet transplantation [120-122].

The principle of separation of different cell pop-
ulations is based on the tissue-specific density and
on the diameter of isolated cellsor tissue fragments
[123]. While it might be possible to control the size
of digested pancreatic tissue in highly standardized
donors such as inbred mice [124], in porcine and
human donors the diameter of islets and the size of
digested exocrine tissue fragments vary enor-
mously from one preparation to the other but also
within the same preparation. Research on islet puri-
fication techniques has therefore been mainly
focused on media and techniques that are most effi-
cient to separate islets from non-islet tissue accord-
ing to the tissue-specific density.

4.5.1 Determinants of Intrinsic Pig

Pancreas Density

It is obvious, that isopycnic separation of hetero-
geneous cell suspensions to obtain homogeneous
cell populations can only successfully work
when a difference exists between the density of
exocrine particles and isolated islets. In fact, the
specific density of acinar and islet cells differs to
a small extent [125] but can be altered in the pig
by several factors. One of the most important
variables that influence the specific density of the
exocrine part of the pancreas is the nutritional
status of the donor pig. During one hour of stimu-
lation, islets can secrete a maximum of only 10 %
of the initially stored insulin [126], while acinar
cells can discharge more than 40 % of the exo-
crine zymogen granules [127-129]. Because of
their high molecular weight any change in the
intracellular protein level has a strong impact on
the density of exocrine tissue [123, 130]. Vice
versa, during fasting acinar cells discharge only a
marginal amount of enzymes and have a higher
density compared to postprandial conditions
[131]. These findings may justify the advice to
retrieve pancreases only from donor pigs after
overnight fasting prior to pancreas procurement.
On the other hand, any incident that causes
oedematous cell swelling simultaneously reduces
the density of exocrine tissue particularly
after prolonged cold ischaemia time, after pan-
creas perfusion with large volumes of organ pres-
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ervation media and subsequent to enzymatic
pancreas digestion [132, 133]. The significant
overlap of the specific densities of exocrine and
islet tissue deteriorates the successful purification
of isolated islets.

4,5.2 Reversing Cell Swelling

Oedematous cell swelling is a phenomenon that
occurs particularly at hypothermia when the sodium-
potassium pumps are arrested and the membrane
permeability for sodium and potassium is increased
[134]. This phenomenon may vary between differ-
ent tissues but can be observed in all cold-stored
organs [135]. Moreover, cell swelling may continue
or even increase after rewarming of the tissue [136].
It was clearly demonstrated in canine and later
in human pancreases that cold storage-related
cell swelling can be reversed by washing and
incubation of the pancreatic digest in
UW-solution thereby maintaining or enhancing
the difference in the specific density between
exocrine tissue and islets [137-139]. The princi-
ple of incubating digested pancreatic tissue in
UW-solution prior to density gradient centrifuga-
tion was confirmed and established for purifica-
tion of isolated pig islets [37, 140]. As a further
development, van der Burg et al. utilized
UW-solution as medium for all steps of pig pan-
creas processing including collagenase perfu-
sion, pancreas digestion, and purification [69].
Due to the complexity of the UW-solution, sev-
eral attempts have been made to identify which
components are essential for prevention and rever-
sion of cell swelling in order to create a simplified
version of UW-solution [71, 73]. It was found that
hydroxyethyl starch, lactobionate and raffinose are
the most important compounds for successful
purification of human and pig islets [139-141].

4.5.3 Selection of Density Gradient
Media

Numerous density gradient media have been
assessed for their suitability to separate islets from
non-islet tissue [123]. The characteristics and effi-
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ciency of density gradient media are determined
by viscosity, intrinsic density, osmolality and
pH. The finding that Ficoll is contaminated by
high concentrations of ions and osmotically active
sucrose polymers [142] stimulated the develop-
ment of iodinated density gradient media that are
non-ionic, iso-osmotic and metabolically inert thus
improving the posttransplant function of purified
islets [143]. The ionidation of media provides a
high density without increasing the osmolarity
and viscosity. While the latter variable correlates
with centrifugation time, the former determines
the buoyant density of the separated cell popula-
tions reducing the intracellular water content by
means of osmotic pressure [144, 145]. It can not
be excluded that the pH of a density gradient
medium also influences the volume of cells [146].
Currently, isolated and porcine islets are puri-
fied utilizing either Ficoll-sodium-diatrizoate
(Biocoll) [77, 96] or iodixanol [147, 148] as den-
sity gradient media. Apart from a higher effi-
ciency to recover islets after density gradient
centrifugation [149], iodixanol has the advantage
to reduce cytokine and chemokine release from
purified human islets when compared to Biocoll.
This feature facilitates higher islet survival dur-
ing pre-transplant culture [150]. In contrast to
human islets which can most efficiently be puri-
fied when density gradient media are adjusted to
a high osmolarity ranging between 400 and 500
mosm/L [151, 152], bovine, canine and porcine
islets can successfully be separated from exocrine
tissue by means of iso-osmotic density gradient
media [143]. Recent studies have established a
nearly iso-osmotic UW-Biocoll density gradient
for the purification of human islets that seems to
have a larger purification capacity than the
Biocoll density gradient [153, 154]. However,
according to the best of our knowledge this
UW-Biocoll gradient has not been tested for the
purification of isolated porcine islets yet.

4.5.4 Density Gradient
Centrifugation Technique

Compared with rodents, purification of large vol-
umes of digested tissue, as obtained after human
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or porcine pancreas digestion, is time consuming
when performed in tubes, flasks or other centri-
fuge vessels [155]. In order to optimize and
accelerate the purification of human islets, the
Cobe 2991 cell processor was established as cen-
trifugation device for processing large tissue vol-
umes [156]. Since its introduction in 1989 the
Cobe 2991 has been established worldwide as
standard device for human islet purification [97].
Moreover, the feature of the Cobe 2991 to enable
loading of different density gradient media dur-
ing centrifugal spinning, offered the option to
manufacture large-scale linear continuous den-
sity gradients which additionally expanded the
capacity to purify large volumes of tissue in one
single run [157]. Unfortunately, the Cobe 2991
was originally designed to process blood cells at
ambient temperature. If cooling during islet den-
sity gradient centrifugation is intended, addi-
tional significant investments for a cooled room
or a custom-made cooling device have to be
made [158, 159]. However, whether these techni-
cal modifications of the Cobe 2991 are essen-
tially required for successful purification of pig
islets can be questioned. In accordance with
Chadwick et al. we found that pig islets can be
successfully separated from exocrine tissue at
room temperature [23, 160].

With respect to the high acquisition costs for a
Cobe 2991, attempts were undertaken to re-
establish density gradient centrifugation per-
formed in individually loaded flat-bottom flasks
[161]. Using this technique for porcine islet puri-
fication it was found that the utilization of the
Cobe 2991 resulted in significantly higher islet
fragmentation and lower post-purification recov-
ery when compared to centrifugation in top-
loaded flat-bottom flasks. These observations
were related to the higher shearing stress being
present in the Cobe 2991 [162]. Nevertheless, the
data of Shimoda et al. are in contradiction to find-
ings we previously made in the pig. Although we
found an identical islet recovery after purifica-
tion, the purity estimated by visual assessment,
measured by amylase recovery or islet volume-

to-DNA ratio was significantly higher after pig
islet purification in the Cobe 2991 [37].

In this context it should be stressed that
Shimoda et al. utilized a mixed discontinuous-
continuous iodixanol density gradient while we
have applied neutral density separation as a sim-
ple but effective and reproducible approach to
purify pig islets according to their buoyancy.
To perform neutral density separation which is
centrifugation on one layer of iso-osmolar den-
sity gradient medium, pig islets are dispensed in
400 mL of cold iso-osmolar Biocoll of a density
of 1.082 g/L which is loaded by gravity into a
non-activated Cobe 2991. During spinning at
800x g a volume of 150 mL culture medium is
top-layered onto the Biocoll and centrifuged for
5 min at room temperature. Subsequently, 30
mL-fractions are collected in transparent 50 mL-
culture flasks for visual inspection by an inverted
phase contrast microscope. Purified islets are
pooled, washed and suspended in supplemented
culture medium [77, 143].

4.5.5 IsokineticIslet Purification
Although neutral density purification can effi-
ciently separate exocrine tissue from isolated pig
islets, ductal, vascular and lymphoid tissue can still
contaminate the final islet preparation leading to
enhanced rejection of the islet graft [109]. To
remove non-islet tissue of a similar density to iso-
lated islets, it was necessary to introduce an addi-
tional centrifugation step subsequent to density
gradient purification. To facilitate separation of
particles according to size a linear isokinetic
Biocoll gradient was procuded in tubes in order to
enable sedimentation at a constant and slow veloc-
ity [163]. After spinning at low speed for 90 s islets
were collected from a discrete zone that could be
visually distinguished from non-islet tissue frag-
ments. Islets subjected to additional isokinetic cen-
trifugation survived significantly longer in
non-immunosuppressed C57/B16j mice when com-
pared to conventionally purified pig islets [164].
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4.6 Porcinelslet Culture

The primary aim of islet culture is to facilitate
survival of isolated islets in vitro in order to pool
islet preparations from different donors to pro-
vide the critical islet mass for successful xeno-
transplantation into patients with type 1 diabetes
and to enable islet quality assessment prior to
transplantation. The present review will focus on
islet free-floating culture and is not consider-
ing approaches to enhance survival by embed-
ding islets in a matrix or to reduce islet
immunogenicity by different culture techniques.

4.6.1 Selecting the Most Suitable

Culture Medium

Most of the commercially available media were
developed to support expansion and viability of
different cell lines [165]. As isolated islets are not
proliferating any comparison of different culture
media is difficult and has to focus on recovery,
viability and function of initially incubated islets.
Only very few attempts have been undertaken to
identify a medium that is most suitable for suc-
cessful islet culture. We are aware about only two
prospective studies which compare the efficiency
of different commercially available culture media
to promote function of cultured pig islets.
However, no data regarding islet survival were
provided in these studies. In one of these studies,
Ham’s F12 was found being most suitable for pig
islet function when compared to CMRL 1066,
RPMI 1640 and TCM 199 [166]. The sec-
ond study identified TCM 199 as the only
medium that maintains glucose responsiveness
of freshly isolated pig islets during cul-
ture because of its content of ATP, AMP and xan-
thine as precursor for ATP synthesis [49]. The
assumption that the complete loss of peripheral
alpha cells during pancreas digestion is the main
cause for the non-responsiveness of pig islets
toward glucose was confirmed in a subsequent
study. Supplementation of CMRL 1066 with glu-
cagon re-established glucose-stimulated insulin
release of cultured pig islets [50]. These observa-
tions clearly underline that the preservation of
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morphological integrity during enzymatic pan-
creas digestion is of significant importance for
pig islet function.

4.6.2 Glucose Concentration

Because of the complexity of culture media it is
difficult to identify the beneficial compounds that
made Ham’s F12 or TCM 199 to the most effi-
cient media for pig islets. The substance that rep-
resent the most important fuel for islet metabolism
is glucose. In a prospective study we compared
islet survival and in vitro function of pig islets
cultured in CMRL 1066 supplemented with dif-
ferent glucose concentrations. It was found that a
glucose concentration of 11.1
mmol/L increases pig islet recovery after 8§—10
days of culture but reduces islet viability and
insulin secretory capacity compared to 5.5
mmol/L glucose [167].

4.6.3 Serum Content

Serum is a complex and abundant source of vita-
mins, minerals, amino acids, lipids, hormones,
enzymes and growth factors. Serum can be col-
lected from bovine, equine, human and porcine
sources and is characterized by a significant
batch- and species-dependent heterogenity [165].
While a proportion of 10 % fetal calf serum is the
standard supplementation for culture of rodent
islets, serum has mostly been banned for clinical
purposes to prevent transmission of pathogens
[168]. Nevertheless, recent studies demonstrate
that serum is an essential nutritive supplement to
optimize survival and function of human
islets particularly during prolonged periods of
culture [169, 170]. This observation seems to be
even more relevant for cultured pig islets which
are characterized by a significant and rapid loss
within a short period of time when serum-free
medium for clinical purposes is used [171]. A
previous study also found that certain serum
replacement products do not have the same
potency of serum to preserve the integrity of pig
islets during culture [172]. Moreover, because of
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their demanding nutritive requirements long-
term cultured pig islets seem to prefer the supple-
mentation of homologous porcine serum when
compared to xenogeneic bovine serum [173,
174]. In order to further optimise pig islet sur-
vival during culture for research purposes we
increased the proportion of porcine serum in cul-
ture medium to 20 % [77].

4.6.4 Glutamine Supplementation

Another culture supplement that is used for nearly
all cultured cells and tissues is L-glutamine [165].
This essential amino acid does not only serve as
precursor for protein synthesis but is playing an
important role as major fuel to cover the basal
energy consumption of islets [175]. L-glutamine
has a sparing effect on utilization of other endog-
enous nutrients [176] without increasing the oxy-
gen consumption and without stimulating the
insulin release [177, 178]. Because the synthesis
of proinsulin acccounts for a substantial propor-
tion of islet energy consumption, L-glutamine
contributes significantly to save and maintain the
endogenous energy stores of cultured islets [179].

Unfortunately, the stability of L-glutamine is
low. Depending on the conditions such as tem-
perature or pH, the non-enzymatic degradation of
L-glutamine in cell-empty medium can exceed
50 % within 4 days of storage at 37 °C [180, 181].
If proliferating cell lines are present the loss of
L-glutamine can reach 90 % within 4 days of cul-
ture [182]. For that reason stable glutamine com-
pounds were introduced as supplements for
culture media. However, our studies revealed a
significant drop in the recovery of cultured pig
islets when L-glutamine was replaced by the sta-
ble glutamine compound N-acetyl-L-alanyl-L--
glutamine. Moreover, pig islets precultured in
free L-glutamine were significantly more resis-
tant toward treatment with proinflammatory
mediators than islets precultured in the stable
glutamine compound [183]. Because of its bene-
ficial effects on cultured pig islets the concentra-
tion of L-glutamine has been increased to 5
mmol/L  in our current culture protocol.
Previously, several companies replaced N-acetyl-

L-alanyl-L-glutamine by adding L-alanyl-L-
glutamine or L-glycyl-L-glutamine as stable
glutamine supplements. So far, no studies have
been undertaken to compare the suitability of
these dipeptides with free L-glutamine for human
or porcine islet culture.

4.6.5 Culture Temperature

The culture temperature is the main determinant
for the metabolic demand of cultured cells.
According to the Q10 temperature coefficient any
reduction of the environmental temperature by 10
°C reduces the metabolic rate of organisms and
cells by a factor of approximately three or more
[184]. The reduced metabolic activity of pig islets
long-term cultured at a temperature of 22 °C is
reflected by a two- to fivefold lower basal insulin
production and by a two- to threefold decreased
insulin stimulatory capacity when compared to
islets cultured at 37 °C [174]. Because hypother-
mia mainly affects the mitochondrial pathways of
glucose breakdown the demand for oxygen is also
strongly reduced [185]. As a consequence, lower
temperatures significantly decrease the extent of
central necrosis which correlates with a higher pig
islet recovery [174]. A further reduction of the
culture temperature to 4 or 1 °C seems to extend
the survival rate of pig islets additionally when
compared to culture at 22 °C [186].

Nevertheless, in spite of improved recovery,
pig islets cultured at 22 °C are characterized by a
significantly lower viability and peripheral disin-
tegration of islet morphology [174] which is in
agreement with observations in hamster
islets cultured at 37 °C or 24 °C [187]. From
these observations the question arises whether
the higher recovery of islets after 22
°C-culture reflects mummification of dying islets
rather than preservation of fully functional and
viable islets. In fact, the Leiden group clearly
demonstrated that an aliquot of freshly isolated
pig islets failed to reverse hyperglycemia in dia-
betic nude mice while the small proportion of
islets surviving after 1 or 2 weeks of culture at 37
°C completely restored normoglycemia in the
recipients [188].
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4.7 Summary

This overview has highlighted that the optimisa-
tion of currently available enzyme blends facili-
tates the successful isolation of islets from the
pancreas of adult donor pigs. The data of the
reviewed studies seem to favour a less traumatic
dissociation of the pancreas particularly in
younger pigs in order to maintain the morpho-
logical integrity of released islets. Pig islets can
be efficiently purified using iso-osmotic ioni-
dated density gradient media. Morphological
integrity is an essential prerequisite to culture pig
islets for several days to perform islet quality
assessment and to pool islet preparations from
different donors to provide the critical islet mass
for successful xenotransplantation into patients
with type 1 diabetes. The preservation of the
morphological and functional integrity of iso-
lated pig islets during culture seems to be sup-
ported by the supplementation of culture media
with a large proportion of pig serum, a glucose
concentration higher than 5.5 mmol/L and a high
concentration of L-glutamine.

However, apart from the discussion of the
technical details and prerequisites for a success-
ful isolation of pig islets the selection of a suit-
able pig strain is of overwhelming importance for
success and failure of any single step within the
procedure of pancreas processing for islet
isolation.
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Abstract

Nonhuman primates (NHP) constitute a highly relevant pre-clinical ani-
mal model to develop strategies for beta cell replacement. The close phy-
logenetic and immunologic relationship between NHP and humans results
in cross-reactivity of various biological agents with NHP cells, as well as
a very similar cytoarchitecture between islets from human and NHP that is
strikingly different from that observed in rodent islets. The composition
and location of endocrine cells in human or NHP islets, randomly distrib-
uted and associated with blood vessels, have functional consequences and
a predisposition for paracrine interactions. Furthermore, translation of
approaches that proved successful in rodent models to the clinic has been
limited. Consequently, data collected from NHP studies can form the basis
for an IND submission to the FDA. This chapter describes in detail the key
aspects for isolation of islets from NHP, from organ procurement up to
assessment of islet function, comparing and emphasizing the similarities
between isolation procedures for human and NHP islets.

Keywords
Islet isolation e Islet purification ® Islet yield ® Islet assessment

5.1 Introduction

Several centers have reported extended pancre-
atic islet allograft survival with restoration of
glycemic control and insulin independence in
patients with type 1 diabetes [1-3]. This rela-
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widespread application of this technique still
faces important challenges, such as progressive
graft dysfunction, need for chronic immune sup-
pression, need for multiple donors and allo sensi-
tization, among others [6]. Nonhuman primates
(NHP) constitute a highly relevant pre-clinical
animal model that should allow for rapid, direct
translation of experimental results to clinical tri-
als. The animal species used in submission of an
IND for the FDA should mimic as close as pos-
sible the profile found in humans. In this regard,
the NHP model to develop strategies for beta cell
replacement fulfills several of the required char-
acteristics: the close phylogenetic and immuno-
logic relationship between NHP and humans
results in cross-reactivity of various biological
agents with NHP cells. The insulin content of
NHP islets is similar to that in human islets, and
although the insulin secretory response to glu-
cose is higher in NHP islets [7], the cytoarchitec-
ture of human and NHP islets is very similar, and
strikingly different from that observed in rodent
islets [8]. The composition and position of endo-
crine cells in human or NHP islets, randomly dis-
tributed and associated with blood vessels, have
functional consequences and a predisposition for
paracrine interactions [8]. Additionally, the fact
that NHP are upright imposes physical con-
straints on graft sites similar to those in humans.
Brain death in cadaveric donors is characterized
by activation of proinflammatory cytokines that
affect the pancreas and islet function [9, 10].
Therefore, access to NHP islets from healthy
donors provides a useful model to study islet cell
biology and function. Furthermore, translation of
approaches that proved successful in rodent mod-
els to the clinic has been limited. Consequently,
data collected from NHP studies can form the
basis for an IND submission to the FDA. Human
islets used for clinical purposes are manufactured
under current good-manufacturing-practice regu-
latory guidelines. This involves a costly process
to establish an infrastructure in place to address
all issues for regulatory compliance. Laboratories
doing NHP islet isolation should try to adhere to
Good Laboratory Practices (GLP) as much as
possible, so that any promising finding in this
valuable model can be included in IND submis-
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sions to FDA and be translated to the clinic. NHP
islet isolation involves a mechanically enhanced
enzymatic digestion, following the semi-
automatic procedure used to isolate human islets
[11-14] with minor modifications. The weight of
the pancreas in NHP is smaller compared to that
in humans. For example, the weight of the pan-
creas in 246 male cynomolgus monkeys weigh-
ing 6.8+1.7 kg with an age of 6.6+2.0 years
(n=238 for the age variable) was 10.8+2.3 g
(mean +SD, unpublished data) which is approxi-
mately ten times smaller than the weight reported
for human pancreas, i.e., Schaefer J.H. reported
84.88+14.95 g in females and 90.3+15.08 g in
males in 216 cases [15]; recently, Caglar et al.
[16] reported a pancreas weight of 87.3+30.6 g
in 114 males between 25 and 88 years old.
Therefore, the Ricordi chamber we mostly use
for NHP studies has a volume of 250 ml vs the
500 ml used for human pancreas processing.
Nevertheless, occasionally, more than one organ
may be processed together. In general, for NHP
isolations where the weight of pancreas used is <
30 g we use the 250 ml chamber, and for a total
pancreas weight >30 g we use the 500 ml Ricordi
chamber.

5.2  Description of the Procedure
and Key Aspects
5.2.1 Laboratory Set Up

We conduct our islet isolation following the
Standard Operation Procedures (SOP) that we
wrote aiming to perform the process the closest
possible to the standards of a GLP laboratory. An
SOP is a document that describes in detail pro-
cesses to be performed at an institution, and they
should enable any trained individual to execute
the procedure successfully. By following SOPs
the institution guaranties quality, reproducibility,
traceability and integrity of information and data.
All instruments used for the NHP islet isolation
have to be serviced annually or semi-annually, as
suggested by the manufacturers, and all the docu-
mentation has to be kept for the period of time
required by the institution. This includes
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micropipettes, microscopes, biosafety cabinets,
centrifuges, incubators, refrigerators, freezers,
etc. Sterile conditions must be maintained
throughout the procedure.

5.2.1.1 Procedures Prior to the Day
of Islet Isolation

Several solutions can be made few days before
the islet isolation, and all serum to be used in the
solutions must be heat inactivated at 56 °C for
30 min to destroy the complement present.
Solutions made in the lab or purchased that are
not sterile must be filter sterilized (0.22 pm fil-
ter). Addition of nicotinamide to media used in
islet isolation has been shown to improve islet
yields [17], and stock solutions (2.5 M in DPBS)
of nicotinamide can be frozen at —20 °C and be
added to the corresponding media on the day of
islet isolation. Examples of solutions prepared in
advanced include dithizone to stain islets [18],
Hanks with 2% fetal bovine serum (FBS) to
recirculate in the Ricordi chamber, washing solu-
tion (RPMI with 10 % FBS; 1 M Hepes and 1 M
NaOH), culture media (CMRL with 10 % FBS)
and Eurocollins (supplemented the day before
isolation with Electrolyte additive solution). One
or two bags of sterile saline are placed at —20
°C. Additionally, all instruments and devices that
will be used for the islet isolation, e.g., tray with
scissors, forceps, etc.; Ricordi chamber with
attached Masterflextubings, etc. can be washed
and autoclaved in advanced.

5.2.1.2 Procedures on the Day of Islet
Isolation

Solutions and Instruments

On the day of isolation, Nicotinamide is added to
Eurocollins solution (5 mM) that will be used to
transport the organ/s to the laboratory and to cul-
ture medium (10 mM); washing solution is final-
ized by adding insulin (Humulin®R, 20 U/L);
Heparin (10,000 U/L) and Nicotinamide (10
mM). Following sterile technique, the autoclaved
package containing isolation instruments, Ricordi
chamber with five silicon nitride marbles inside
and Masterflex tubings is placed in a biosafety
cabinet, opened and the material is organized. A

temperature probe is connected to the chamber,
the chamber is closed and the ends of the tubing
connected to the bottom of the chamber (size 16)
and to the top of the chamber (size 17) are placed
inside an empty 1 L beaker. Part of the size 16
tube, which contains a metal solenoid, is taken
out from the safety cabinet and is connected to a
peristaltic pump that will push the liquid from the
1 L beaker, through the solenoid into the cham-
ber. Once the chamber is filled, the liquid will be
pushed out via the size 17 tube, which will drain
the liquid into the beaker, creating a closed cir-
cuit (Fig. 5.1). Hanks with 2% FBS is added to
the beaker to fill the closed circuit, with the pur-
pose of verifying there are no leaks in the circuit,
and the serum present in the solution will pre-
clude the enzyme solution that will be used later
on to stick to the tubings and walls of the cham-
ber. After this test, the chamber is emptied and
ready to be filled with tissue and digestive
enzymes.

Preparation of Digestive Enzymes

The cocktail of digestive enzymes used is the
same as the one used for human pancreas, scaling
down the amounts to adjust to the size of the
NHP pancreas. We used Liberase HI (Roche
Diagnostics, Indianapolis, Indiana), a specialized
blend of collagenase and proteases enzymes until
its use in human islet transplantation stopped
because of potential risk of bovine spongiform

Fig. 5.1 Set up for pancreas processing in a biosafety
cabinet including connection of tubings to a peristaltic
pump located outside the cabinet (in the lower shelf of a
transporting cart)
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encephalopathy in this enzyme blend [19]. Since
2009, we have been using mammalian tissue free
Liberase (Liberase MTF C/T, Roche Diagnostics,
Indianapolis, Indiana), where collagenases and
thermolysin are prepared separately and mixed
just before the organ digestion. In the lots of
Liberase MTF C/T we have used so far, each
bottle of lyophilized collagenases I and II con-
tains approximately 2800—3100 U (Wiinsch, cal-
culated), and each bottle of lyophilized
thermolysin contains approximately 150,000—
215,000 Units. Currently, we are using 33 % of a
collagenase vial and 40 % of a thermolysin vial
when processing organs in a 250 ml Ricordi
Chamber. However, these proportions may need
to be readjusted for different lots as well as for a
larger chamber. The final preparation of collage-
nase in Hanks contains CaCl, (2.7 mM), HEPES
(21 mM) and NaOH (2.5 mM) to achieve a final
pH of 7.4. Thermolysin diluted in Hanks is pre-
pared in a separate container and both enzymes
are kept at 4 °C.

Pancreas Procurement

All procedures performed must be previously
approved by the institutional animal care and use
committee. The best opportunity for healthy
islets is derived from donors >4 years old and
weighing 4 kg or more. Donor animals are NPO
and placed under general endotracheal anesthe-
sia. After appropriate prepping and draping, a
midline incision is performed (xyphoid to pubis),
the distal aorta is isolated and cannulated (IV
infusion set), and the proximal aorta is prepared
for cross-clamping (cephalad to superior mesen-
teric artery). Subsequent to exsanguination and
collection of appropriate blood samples, gentle
dissection of the pancreas is initiated with expo-
sure of portal vein and splenic vessels. The pan-
creas is then mobilized with marking suture
ligatures on the main and accessory pancreatic
ducts. The pancreatic head is freed anterior and
posterior from the portal vein and mobilization
from spleen, portal vein and duodenum are then
completed. The excised pancreas is placed in
cold Eurocollins solution. Additional required
tissue is then removed (e.g., lymph nodes, etc.).
A pancreas that requires delay or transportation
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is perfused (gravity only) with cold UW solution
prior and during resection (cephalad to the aorta
clamped). Topical ice may also be used in lesser
sac and an inferior aortic catheter is used for per-
fusion. Survivor donors are not perfused in con-
junction with meticulous hemostasis. For
shipping, the pancreas is transferred to a Nalgene
container with cold UW solution covering the
organ and the container is placed in one to two
sterile isolation bags and packed into ice. Prompt
shipping is then initiated.

Collagenase Digestion and Dilution

Figure 5.1 shows the set up ready in the lab before
the arrival of the pancreas. Part of the set up in the
biosafety cabinet includes two trays, a smaller
one where the pancreas will be cannulated and
distended, laying inside a larger pan. Once the
organ arrives to the lab, and while it is being
weighed, a bag of frozen saline is placed in the
larger pan, chipped using an ice pick, and sus-
pended in 1 L cold saline. The smaller tray inside
the big pan is filled with cold Eurocollins solu-
tion. This way, if the pancreas falls off the inside
tray, it will fall into saline and not into water. The
objective of ductal distension with collagenase is
to deliver the enzyme to the connective tissue and
dissociate the acinar cells surrounding the islets,
thereby releasing intact islets. In order to maxi-
mally distend the organ with the enzyme, it is cut
in the middle (body of the organ) using a sharp
movement with a scalpel. The pancreatic duct in
each half is visualized and cannulated with a
small catheter (i.e., 26 G or larger diameter,
depending on the size of the duct) which is then
secured with silk suture (Fig. 5.2). After cannula-
tion, the solution in the small tray, as well as the
larger pan are removed, and the distension of the
gland is done are room temperature. In the mean-
time, the preparation of collagenase is being
warmed up in a water bath at 48 °C until it reaches
room temperature (23-24 °C). Immediately
before organ distension, thermolysin is added to
the preparation of collagenase, as well as one vial
of DNAse (Pulmozyme®) to prevent cell clump-
ing. The cocktail of enzymes is poured into a
500 ml beaker and each half of the pancreas is
distended manually two times using 30 ml
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Fig.5.2 Pancreas cannulation
and distension. (a) NHP
pancreas; (b) cannulation of
one half of the organ; (c)
distension with collagenase/
thermolysin mixture; and (d)
two halves of the organ
distended with the enzyme

=1

1. A

syringes filled with enzyme cocktail pushing at a
slow, constant pace (Fig. 5.2). Once ductal dis-
tension is complete, the two pieces of pancreas
are trimmed and placed into the lower half of the
Ricordi chamber together with the rest of the
enzyme contained in the tray and 5 silicon nitride
marbles that will help the digestion of the organ
mechanically. A stainless steel screen (533 pm
mesh) is placed on top of the tissue to retain undi-
gested tissue and the chamber is closed. The tub-
ing feeding the chamber (size 16) and the tubing
collecting the effluent from the chamber (size 17)
are both placed into a 250 ml conical and the left-
over enzyme cocktail that was not used for dis-
tention is poured into the conical. The perfusion
pump is turned on at a flow rate of 200 ml/min
and the solenoid is placed into a water bath (at
48 °C) to warm up the contents of the chamber
until it reaches 37 °C. Once the closed circuit has
been filled, the level of the enzyme cocktail is
kept at 75 ml in the conical, so that the total vol-
ume of liquid recirculating the chamber is
approximately 400 ml. Warm (37 °C) Hanks
solution is added if necessary to achieve the
desired volume for recirculation. At this moment,
the flow rate is lowered to 150 ml/min, a timer is
turned on, the chamber is brought outside the

biosafety cabinet and manual, gentle shaking
begins and will continue for the first 20 min of
the process. Afterwards, the chamber may be
placed in an automated shaker until the end of the
dilution. Initially, the shaking is done using very
delicate movements, until the temperature inside
the chamber reaches 37 °C. The temperature in
the chamber is kept at 37 °C by moving the sole-
noid in and out of the 48 °C water bath. Once the
tissue begins to dissociate, samples from the
chamber (coming from the size 17 tubing) are
taken and placed directly into small dishes con-
taining dithizone, to determine the presence of
isolated islets (stained in red), as well as the
breakup of acinar tissue under the microscope at
40x magnification. The determination of the time
to stop the digestion process is critical, as stop-
ping too early results in lots of islets still embed-
ded in acinar tissue, while stopping too late
results in partially digested islets. The length of
time for digestion depends on the tissue, on the
ratio of thermolysin/collagenase used, and often
times on the lot of enzyme used. Once the deter-
mination to stop digestion has been made, which
can be within a range of approximately 4-10 min
of recirculation of the enzyme in the case of NHP
pancreas, 100 ml of FBS are added to the closed
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circuit to inactivate the enzyme, the solenoid is
simultaneously placed in an iced water bath and
the flow rate is raised to 200 ml/min. From that
moment on, all solutions used are cold and kept
on ice. The circuit is then opened, by placing the
size 16 tubing into a 2 L flask containing 2 L
washing solution and the effluent from the cham-
ber (size 17 tubing) in a 4 L flask containing 1 L
washing solution (Fig. 5.3). The contents of the
250 ml conical containing digested tissue are
poured into the 4 L flask, together with the con-
tents obtained after washing the conical two
times with washing solution. Once 3 L are col-
lected into the 4 L flask, it is removed and the rest
of the media washing the chamber is collected in
1 L bottles. This process continues until no more
free islets are detected in samples taken from the
chamber. Ideally, only duct tissue and blood ves-
sels should remain in the chamber, and the weight
of the remaining tissue must be subtracted from
the weight of tissue originally placed in the
chamber.

Concentration and Purification of Islets

The dissociated tissue is collected in 250 ml coni-
cals kept on ice, which are spun in refrigerated
centrifuges for 1 min at 1000 rpm (Fig. 5.4a).
After discarding the supernatants, pellets are
pooled and the process is repeated until all the
dissociated tissue is collected into one conical
tube. The next step is islet purification. In gen-

eral, we have less than 10 ml of digested tissue,
and proceed to purify islets using a discontinuous
gradient with Ficoll (polysucrose, Euro-Collins
base, Mediatech), in a similar way as the one
described for human islets [11, 20, 21]. Briefly, a
sterile closed system is provided by using the
COBE 2991 cell processor (COBE Laboratories,
Inc., Lakewood, Colorado, USA), and ideally
this procedure should to be done in a refrigerated
cell processing room at 4 °C. The digested tissue
is resuspended in 300 ml stock Ficoll (density
1.132 g/mL), loaded into a 600 ml transfer bag
(Fig. 5.4b) and it is bottom loaded by gravity into
the doughnut-shaped COBE bag (Fig. 5.4¢). The
discontinuous gradient is obtained by applying
subsequently Ficoll solutions with density 1.108,
1.096 and 1.037 g/mL (75 mL each) and 50 ml
Hanks at 2400 rpm. After a 3-min centrifugation,
four fractions are collected into each of 250 ml
conicals containing 100 ml of 10% RPMI kept
onice: a 85 mL (layer #1), and 75 ml into each of
the subsequent conicals (layers 2—4). The purest
islets are generally found in layer #2, at the inter-
face of 1.037/1.096 densities; less pure islets are
found at the interface of 1.096/1.108 densities
(layer 3); and the least pure islets are in layer 4, at
the interface of 1.108/1.132 gradients. A sample
from the tissue remaining in the COBE bag is
taken to determine the presence of isolated islets
or embedded islets after staining with dithizone.
The conicals containing the islets are filled with

Fig.5.3 Collection of digested organ. (a) After stopping
enzymatic activity, collected digested tissue is poured into
a flask containing 1 L washing media; (b) Perfusing the

chamber with washing media and collecting effluent from
the chamber into 1 L bottles
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Fig. 5.4 Concentration and purification of islets. (a)
Digested tissue is collected into 250 ml conicals; (b) con-
centrated digest resuspended in stock Ficoll is poured into

a 600 ml transfer bag; (c) contents of the transfer bag are
emptied into the doughnut-shaped COBE bag located into
the cell processor

Fig.5.5 Representative samples of purified NHP islets. Purified isolated islets from two different pancreata stained
with dithizone. Bar in the picture indicates 100 pm. Magnification for both pictures at 100x

10% RPMI and centrifuged at 1,500 rpm for
3 min at 4 °C. After removing the supernatant
from each of the conicals, each pellet is resus-
pended in a final volume of 100 ml 10 % RPMI
for layers 1 and 4 and 100 ml culture media at
room temperature for layers 2 and 3. Figure 5.5
shows representative pictures of purified NHP
islets stained with dithizone. They are shaped
similar to human islets, with heterogeneous
shapes and sizes. In general, islets obtained from
the purest layer after purification are >90 % pure.

Determination of Islet Yield and Purity

Samples from each conical are used to count and
assess the islet yield. We generally perform a
1:500 dilution, by taking 0.2 ml from the 100 ml
suspension and placing the aliquot into a count-

ing dish with dithizone and Hanks. Samples are
counted using a microscope with a calibrated eye
piece at a 40x magnification. Using 50 pm diam-
eter increments, islets are divided into seven
classes, as previously described [22]: 50-100;
100-150; 150-200; 200-250; 250-300; 300-350
and >350. Calculating the mean volume for each
diameter class and relative conversion into equiv-
alent number of islets with a diameter of 150 pm
gives the yield in islet equivalents (IEQ) [22].
There is an inherent variability in the counting of
islet numbers between operators. In fact, it is rare
that two operators counting the same islet sample
would attain the same result, and it has been esti-
mated that standard manual methods can give
intra- and inter-operator variabilities (CV) of
>20 % [23]. To circumvent this issue, there are
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now automated counters to quantitatively assess
islet cell numbers using fully computerized
digital image analysis-based methods. Using an
automatic islet cell counter (ICC; Biorep
Technologies) that uses a digital imager and an
image analysis segmentation method imple-
mented in LabVIEW, we obtained good correla-
tion (2>0.95) between the IEQ obtained by the
ICC and the same experienced operator [24]. One
limitation of the ICC we use is that while it works
well with very pure islet preparations, as the ones
we obtain from NHP pancreas, it sometimes has
problems with less pure preparations including
those from human pancreata. Nevertheless,
efforts are ongoing to standardize updated ver-
sions of ICC that are able to distinguish endo-
crine from exocrine tissue and will be ideal to use
with islet preparations obtained from human pan-
creas. The purity of the preparation is still esti-
mated by comparing the relative proportions of
dithizone stained tissue (red) vs dithizone nega-
tive tissue (lighter colored exocrine tissue).

Islet Assessment in NHP Islets

In Vitro Tests

The fundament of the in vitro tests used to assess
islet function is based on the measurement of insu-
lin release after stimulation with different glucose
concentrations. In this regard, glucose challenge
can be performed in static incubations or during
continued, dynamic perifusion of islets, and a
stimulation index can be calculated as the ratio
between stimulated and basal insulin release [25,
26]. Analysis of predictors of successful human
islet transplant from the collaborative Islet
Transplant Registry (CITR) from 1999 to 2010
showed no association between the stimulation
index from static incubations and clinical outcome
[27]. We routinely asses our islet preparations
using a perifusion assay performed 48 h after islet
isolation as previously described [25]. This assay
assesses not only the release of preformed insulin,
but also the one newly synthetized. We found a
positive correlation between the stimulation index
obtained from perifusion studies and the earliest
fasting c-peptide levels measured on post-opera-
tive day (POD) three to five in recipients of a mar-

D.M. Berman

ginal mass of allogeneic islets under the cover of
steroid-free immune suppression [28].

In Vivo Test

Assessment of islet function in vivo involves
transplantation of human or NHP islets into nude
(athymic) mice. Because of a congenital thymic
aplasia, nude mice do not reject transplanted
xenogenic islets [29, 30]. Transplantation of via-
ble NHP islets under the kidney capsule of strep-
tozotocin (STZ)-induced diabetic nude mice
results in diabetes reversal, with stable non-fasting
blood glucose values. Restoration of hyperglyce-
mia after nephrectomy of the transplanted kidney
confirms the reversal of diabetes was due to the
transplanted islets and not to residual function of
the native pancreas [26]. In general, transplanta-
tion of 2,000 IEQ from NHP results in diabetes
reversal in this system [26]. However, no correla-
tion has been established between reversal of dia-
betes in immunodeficient mice and NHP graft
outcome in islet allotransplantation.

5.3  Conclusions

The close phylogenetic and immunologic rela-
tionship between NHP and humans makes NHP a
highly relevant pre-clinical animal model that
should allow for rapid, direct translation of
experimental results in transplantation of insulin
producing cells to clinical trials. Consequently,
data collected from NHP studies can form the
basis for an IND submission to the FDA. The
costly process involved in the isolation, purifica-
tion and functional assessment of NHP islets is
very similar to that used to obtain human islets,
with some nuances emphasized in this chapter.
Similar to other species, NHP islet isolation is a
craftsmanship where the experience of personnel
involved in the process plays a critical role.
Nevertheless, as we continue streamlining the
process, we hope to get closer to a standardiza-
tion and optimization of the procedure.
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Abstract

For more than two decades we have been refining advances in islet cell
transplantation as a clinical therapy for patients suffering from type 1 dia-
betes. A great deal of effort has gone to making this a viable therapy for a
broader range of patients with type 1 diabetes. Clinical results have pro-
gressively improved, demonstrating clinical outcomes on par with other
organ transplants, specifically in terms of insulin independence, graft and
patient survival. We are now at the point where islet cell transplantation, in
the form of allotransplantation, has become accepted as a clinical therapy
in adult patients affected by type 1 diabetes, in particular those suffering
from severe hypoglycaemic unawareness. This chapter provides an over-
view on how this has been undertaken over the years to provide outcomes
on par with other organ transplantation results. In particular this chapter
focuses on the processes and facilities that are required to establish a clini-
cal islet isolation and transplantation program. It also outlines the very
important underpinning processes of selection of the organ donor for islet
isolation, the processes of organ donor operation and preservation of the
pancreas by various means and the ideal ways to best improve outcomes
for human islet cell isolation. Providing these more optimal conditions we
can underpin the isolation processes to provide islets for transplantation
and as such a safe, effective and feasible therapeutic option for an increas-
ing number of patients suffering from type 1 diabetes with severe hypogly-
caemic unawareness.
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6.1 Introduction

For more than two decades we have been refining
advances in islet cell transplantation as a clinical
therapy for patients suffering from type 1 diabe-
tes (T1D). A great deal of effort has gone to mak-
ing this a viable therapy for a broader range of
patients with T1D and clinical results have pro-
gressively improved, demonstrating clinical out-
comes on par with other organ transplants,
specifically in terms of insulin independence,
graft and patient survival [1]. We are now at the
point where islet cell transplantation, in the form
of allotransplantation, has now become accepted
as a clinical therapy in adult patients affected by
TID, in particular those suffering from severe
hypoglycaemic unawareness.

Islet cell transplantation has also gained
greater acceptance as a viable therapeutic option
after pancreatectomy for painful chronic pancre-
atitis in the form of autotransplantation. Islet cell
autotransplantation therapy has become widely
accepted for this subpopulation of patients, see-

ing broader acceptance and earlier intervention to
provide pain relief to these patients [2]. In this
chapter we will however, be focusing directly on
allotransplantation rather than autotransplanta-
tion, but it should be noted that there are a signifi-
cant number of processes that are identical to
both forms in the isolation and preparation of
islets for transplantation. The clear overlaps
between both types of transplant will become
obvious to the reader and as such the way they
are performed can be utilised in either process.
Overall we have seen significant improvements
to isolation and transplantation results due to the
significant research undertaken to improve out-
comes. We have undertaken studies that have pro-
vided significant improvements to how we choose
the type of donor pancreas, how we isolate the
islets, how we culture them and ultimately ensure
the islet preparation is suitable for transplantation
[3]. On the recipient side we have further improved
outcomes with changes to the transplant and to the
pharmacological treatment of recipients. Anti-
inflammatory treatments facilitate islet engraft-
ment and prevent metabolic exhaustion and
functional p-cell apoptosis; new immunosuppres-
sive strategies better control islet graft rejection.
As a result we have seen a broader adoption of
the islet transplantation technique and we have
seen this therapy expand to be offered to many
more patients with T1D [1]. This chapter focuses
on the process of human islet cell isolation and its
role in how to optimally provide cells for trans-
plantation. However, with a great number of pro-
cesses to outline, only the major ones will be
focused on in this chapter. The major improve-
ments in regards to the donor selection, islet
isolation, transplantation and the immunosuppres-
sive therapies used to improve outcomes to
engraftment, function and survival of the islets
will also be discussed. It is also acknowledged that
there still remains the need for further ongoing
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Table 6.1 A list of potential exclusion criteria that are
suggested to be screened for in the donor [7]

“Bacterial "Tuberculosis (TB), "Leprosy,
"Treponema pallidum (Syphilis) and
"multi resistant bacteria

“Fungal *Cryptococcus, *Aspergillus

Viral Human immunodeficiency virus
(HIV), Hepatitis B (HBV),
Hepatitis C (HCV),
cytomegalovirus (CMV), Epstein
Barr Virus (EBV), Zika virus

Parasitic Malaria, Chagas disease,
Schistosomiasis, and Strongyloides

Prion — Creutzfeldt-Jacob disease

General Agranulocytosis, aplastic anemia

exclusions

Previous or
current
malignant
neoplasms

Specifically melanoma and
haematologic malignancies

2Positive bacterial and fungal cultures are a common
occurrence following the donor procedure. These are usu-
ally due to the surgical process including bowel stapling
and dissection to remove duodenum en-bloc with the pan-
creas. A high percentage of these positive cultures are
from the skin and gut flora and are not an unexpected cul-
ture result. Part of processing the pancreas in the isolation
laboratory is the decontamination of the pancreas, which
is discussed later in this chapter

"The specific exclusions to this are the above mentioned
positives for these bacterial and fungal pathogens

improvements to islet cell isolation and transplan-
tation, but as a whole, islet cell transplantation
offers a safe and feasible therapeutic option for an
increasing number of patients suffering from T1D
with severe hypoglycaemic unawareness [4].

The focus of clinical islet isolation lays in its
ability to reliably provide islet cells that are of a
sufficient number, viability and overall quality to
allow the islet preparation to reach release crite-
ria for transplantation every time the islet isola-
tion process is undertaken. Underpinning this
entire process is the reliance on the quality of the
donor organ, which needs to be of a suitable size
and quality to allow the production of enough
viable islet cells. In order to undertake the isola-
tion process for clinical transplantation, it is
imperative that the donor pancreas be free from
viral, bacterial, fungal, prion, cancer or genetic
disease from the donor. Table 6.1 provides a
guide to some of the more commonly occurring
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diseases that should be avoided when screening
the donor before accepting the pancreas for islet
cell isolation and subsequent clinical transplanta-
tion. Infectious risk factors depend on the history
of the underlying disease of the transplanted
organ, the donor, and the immunosuppressive
treatment [5]. All pathogens, bacteria, viruses,
fungi and parasites are possible but their fre-
quency varies according to the transplanted
organ, the selected immunosuppressive therapy
and prophylaxis [6]. Obviously, there are many
more variables with regards to donor selection
criteria, and these will be discussed in more com-
prehensive detail in the following section on
donor selection.

Careful selection and adherence to sterile pro-
cedures also flows through to processing of the
pancreas tissue, and this includes the importance
of taking microbiology culture samples at points
throughout the entire isolation process to ensure
protection to the recipient and regulatory compli-
ance is met. These culture sample points are per-
formed as interventional as well as precautionary
as there remains the potential to unintentionally
introduce contamination throughout the islet
preparation process literally from the start to the
completion of the process. This commences even
prior to the processing of the organ with the organ
donor and the surgery performed during the
donor operation where there is the potential for
exposure to a multitude of skin, gut and environ-
mental pathogens despite adherence to the most
stringent of sterile techniques [8, 9]. Less likely
but still a potential point of unintentional con-
tamination, is during the many steps undertaken
throughout the isolation and the culture process
prior to the transplant procedure [10, 11]. Along
with this careful donor selection, there remain a
significant number of other roadblocks and devi-
ations that need be addressed to allow for islet
cell isolation to be completed with a successful
outcome, in order to be able to reach release
criteria and allow safe and effective transplanta-
tion of the patient [12]. All islet preparations
must be subjected to quality control assessment
to reach a minimum standard to justify release
and thus proceed to transplantation [13]. This is
necessary to not only ensure the best possible
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outcome for recipients following transplant and
to minimize chances of exposure to any tissue
antigens or potentially transmissible agents from
the donor, but also to justify exposing the patient
to the unavoidable risks associated with the trans-
plantation procedure such as anaesthesia and the
need for life-long immunosuppression.

6.2 Thelslet Processing Facility

The islet isolation facility is an integral part of
this process, providing a regulated environment
where the islets are purified from the donor pan-
creas. Clean room facilities of an appropriately
legislated standard are compulsory to be able to
provide a clean, safe and effective working envi-
ronment for islet cell isolation or the manufacture
of any biological or cellular product governed by
the Regulatory Guidelines for Biologicals.

The clean room design minimizes the risk of
contamination by providing an environment
capable of limiting microbial contamination and
lowers concentration of airborne particles to
specified limits. These requirements are outlined
in the ISO14644 documents for cleanrooms and
associated controlled environments and can be
found inthe International Standard ISO 14644
Cleanrooms and associated controlled environ-
ments [14]. Routine processing of cells or tissues
in these types of cleanroom environment are run
under the control of environmental programmes
that provide monitoring and measurement of the
cleanroom’s performance. Eliminating sub-
micron airborne contamination is a strictly
regulated process with the level to which these

Table 6.2 Shows the recommended limits for airborne
contamination by particulates in the air for clean rooms
both when not in use (at rest) and in use whilst carrying
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particles need to be removed depending upon the
government standards prescribed in each
country.

However, as a general rule, control of contam-
inants generated by people, processes, facilities
and equipment requires filtered air handling sys-
tems (utilising sealed systems with HEPA filters)
that remove particulates from the air that enters
the clean room. Effective contamination control
is supported by appropriate clean room design,
controlled air flow/direction, graded pressure,
temperature, and humidity, effective validated
cleaning systems and monitoring programmes.
The Human Applications Laboratory cleanrooms
at Westmead were designed and built utilising
engineering expertise meeting prescribed require-
ments nominated in the Australian Code of Good
Manufacturing Practice for human blood and
blood components, human tissues and human
cellular therapy products. As a guideline the rec-
ommended performance levels for the manufac-
ture for products such as islets for clinical use are
outlined in Table 6.2.

Clean rooms manufacturing biological prod-
ucts using sterile production also require strict
aseptic gowning protocols designed to reduce the
risk of any introduced contaminants or potential
pathogens to the product. The use of face masks,
full containment overalls, hoods, boots and
gloves are used to reduce any potential for intro-
duction of contaminants into the facility as can be
seen in Fig. 6.1. All work undertaken within the
facility is also performed within a Class II
Biological Safety Cabinet. Along with the pre-
vention of any potential contamination, the entire
environment is strictly monitored and a battery of

out product preparation. The maximum permitted of any
type of particulate is given per m* equal to or greater than
the tabulated size (Adapted from [14])

Recommended limits for airborne contamination

Maximum permitted of particles per m* equal to or greater than the tabulated size

ISO At rest
Grade EN14644-1 0.05 pm
A 5 3,520
B 5 3,520
C 7 352,000
D 8 3,520,000

In operation

0.5 pm 0.05 pm 0.5 pm

20 3,520 20

29 352,000 2,900
2,900 3,520,000 29,000
29,000 Not defined Not defined
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Fig.6.1 A typical example of a clean room environment
where pancreatic islet cells are isolated for clinical trans-
plantation and can be also for research. Note the use of
facemasks, full containment overalls, hoods, boots and
gloves to reduce introduction of contaminants into the
facility. All work is undertaken within closed systems and

tests are performed to ensure close monitoring of
the processes occur. Specifically, the environ-
ment is monitored where air samples are continu-
ously collected throughout the duration of the
isolation process by using air samplers, microbi-
ological settle plates and contact plates of the
work surfaces as outlined by the International
Standard ISO 14644 Cleanrooms and associated
controlled environments [14].

6.3 Clinical Islet Isolation

Outcomes

We have seen significant improvements in out-
comes achieved over the last decade and these
have helped drive the increasing use of islet cell
transplantation as a broadly applicable clinical
therapy for treating TID [15-17]. These
improvements to outcome have resulted in islet
cell transplantation being able to demonstrate
successful outcomes with 92% at 1-year and
83 % at 3-year survival rates. These are certainly
as good as or better than the currently accepted
gold standard of whole pancreas transplantation

performed inside of Class II Biological Safety Cabinets as
shown. The facility is the National Islet Transplant
Laboratory within the Human Applications Laboratory
(HAL) at the Westmead Institute for Medical Research on
the Westmead Hospital campus, Westmead (Sydney),
NSW, Australia

that has reported survival rates to be 80% at 1
Year and 61 % at 3 Years post-transplant [1]. A
number of in-depth analyses have shown that
with advances in islet isolation and post-trans-
plant management, islet transplantation does
produce outcomes on par with whole pancreas
transplantation and represents a clinically viable
option to achieve long-term insulin indepen-
dence in selected patients with T1D [18].
Governmental and health insurance providers in
several countries now reimburse islet transplan-
tation as part of clinical care. As the safety of the
procedure and of adjunctive immunosuppressive
therapies improve, and benefit accrues over
potential risk, islet transplantation will be offered
earlier in the course of the disease to these
patients [19].

This chapter provides an overview of the pro-
cesses involved with this extremely complex and
intricate technology, which involves cutting edge
technical means to ensure reliable, and consistent
islet isolation outcomes that provide safe clinical
transplantation for patients with minimal risk
from the donor, associated islet cell isolation or
the transplant procedure itself.
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Despite the issues involved being complex
and somewhat difficult to achieve in all centres
undertaking islet cell isolation, they provide a
clear platform to advance the treatments for T1D
and to provide targeted therapies for the various
groups of patients who suffer from T1D. At pres-
ent, this therapy remains targeted at those patients
who suffer from uncontrolled hypoglycaemic
unawareness. This is due to a number of factors;
firstly due to the low numbers of organ donors
available and as such relatively few donor pan-
creata available for use, let alone the overall qual-
ity of the organs available for donation meaning
that not all pancreata are suitable for islet isola-
tion due to donor factors that will be further dis-
cussed in this chapter [20]. Secondly, the
population currently targeted with treatment
arguably show greatest benefit due to its life sav-
ing reversal of their hypoglycaemic unawareness
following transplantation [21]. The significant
benefits to both the patient and the whole of the
community have been shown with comprehen-
sive analysis demonstrating great benefits to both
the recipient with prevention of hypoglycaemia
or at worst death on the waiting list. In addition,
reduction in hospitalization rates and associated
medical costs following transplantation signifi-
cantly lowers the overall cost to society, with
studies showing that islet cell transplantation is
clearly more effective than standard insulin treat-
ment over the longer term [22].

Beckwith et al. performed a cost-effectiveness
analysis and made a comparison with standard
insulin therapy, using Markov modelling and
Monte Carlo simulations. They showed that insu-
lin therapy, cumulative cost per patient during a
20-year follow-up was $663,000, and cumulative
effectiveness was 9.3 quality-adjusted life years
(QALY), the average cost-effectiveness ratio
being $71,000 per QALY. Islet transplantation
had a cumulative cost of $519,000, a cumulative
effectiveness of 10.9 QALY, and an average cost-
effectiveness ratio of $47,800. During the first 10
years, costs for transplantation were higher, but
cumulative effectiveness was higher from the
start onwards. In sensitivity analyses, the need
for one instead of two transplants during the first
year did not affect the conclusions, and islet
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transplantation remained cost saving up to an ini-
tial cost of the procedure of $240,000. Their
study showed that islet cell transplantation is
more effective than standard insulin treatment,
and becomes cost saving at about 9—10 years fol-
lowing first transplant.

We can now offer our patients with type 1 dia-
betes and severe hypoglycaemic unawareness the
option of treatment with a clinical allo-islet cell
transplant as a means to cure their diabetes [16].
This cutting edge technology has been available
and utilized for over two decades with ever
increasing success [23]. As the technologies and
immunosuppressive therapies advance, the out-
comes improve with greater options available
and the functional survival rates also greatly
improving to now be equivalent to those offered
by whole organ pancreas transplantation rates
[19].

A significant advantage of islet allograft trans-
plantation is that it is a minimally invasive proce-
dure to the recipient with the transplant being
able to be performed by a number of relatively
simple transplant methods. These are based
around two main types of procedures usually
being undertaken as a percutaneous transhepatic
radiological procedure [24] or as a minilaparot-
omy and cannulation of a mesenteric vein to
access the porta in order to infuse the islets into
the liver [16].

Despite some units having selected success
with single donor transplants [23, 25] it does
however usually require two or more transplants
to achieve insulin independence [15] with some
units transplanting as many as five islet prepara-
tions into a single recipient, but this is not the
norm. The greatest success remains with the fact
that with just one transplant most patients become
C-peptide positive and this has been extremely
successful in reducing the underlying issue in
these patients which is to prevent their severe
hypoglycaemic episodes [26], making this a
life-saving form of treatment for these patients
which few current other therapies can offer.

Like its forerunner, simultaneous pancreas
kidney transplantation, islet cell transplantation
has been demonstrated to provide excellent suc-
cess rates with improving long-term outcomes
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being shown to prevent ongoing progression of
the other secondary complications of diabetes
[27] and a number of studies have shown signifi-
cant improvements in the secondary complica-
tions including retinopathy [13, 28, 29] and
neuropathy [29].

This chapter provides a comprehensive out-
line to the methods currently available to improve
the outcomes for islet isolation to ensure a treat-
ment and as such cure for T1D for our patients.
This also provides an ongoing advancing plat-
form to base and develop the newer methods so
that we can move forward with cutting edge tech-
nologies such as xeno-islet cell transplantation to
provide a wider reaching treatment strategy for
all patients suffering from type 1 diabetes.

6.4 The DonorOrgan

The most significant hurdle to increasing the
number of islet transplant recipients still remains
the ongoing reliance on the extremely altruistic
but still nevertheless low donation rate from
cadaveric organ donors [30]. Improved donor
management, organ recovery techniques, imple-
mentation of more stringent donor criteria, and
improved islet cell processing techniques can
contribute to enhance organ utilization for trans-
plantation [31].

The problems associated with low organ dona-
tion rates are universal and are ongoing despite
the best attempts to improve these with cam-
paigns to educate and inform people of the bene-
fits. However, we have seen recent improvements
in organ donor rates and the uptake of methods of
organ donation such as the use of deceased car-
diac death (DCD) and utilisation of more mar-
ginal organ donation to expand the available
donor numbers [9]. The current treatment rate for
patients with TID by these methods has seen
improvement but despite this increase they ulti-
mately remain comparatively low [32]. To be
able to increase treatment rates for a greater pro-
portion of patients, we rely on a focus on better
utilisation of the current donor organs to provide
improvements [9]. However, even with major
increases in organ donor rates by such methods,
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we remain unlikely to be able to transplant the
ever-increasing number of patients that require
treatment for their T1D and development of their
secondary complications such as renal failure
[33]. Despite these issues, the current technology
platform leads the way for treatment of patients
with T1D by islet cell transplantation providing
ever increasingly improved outcomes for patients
in these sub-populations [1]. It also provides a
means upon which we can base future advances
in cellular therapies such as xenotransplantation
to treat a broader range of patients that suffer
from T1D in the future [34].

The donor therefore remains the integral fac-
tor influencing the success of isolation as this has
significant impacting variables that affect the out-
come of the islets for release at the end of the
isolation procedure [35]. The donor organ con-
tains the islets that are affected by the donor and
their cofactors that the donor has been subjected
to both genetically and environmentally. In
regards to both genetic and environmental factors
we must clearly screen the donor to ensure that
the donor pancreas is free from viral, bacterial,
fungal, prion, cancer or genetic disease. Table 6.1
provides a guide to some of the more commonly
occurring diseases that should be avoided when
screening the donor before accepting the pan-
creas for islet cell isolation and subsequent clini-
cal transplantation. One of the original landmark
studies in this area by Lakey et al. showed that
there were critical factors in the multiorgan
cadaveric donor that play an overall role in islet
isolation outcomes which they identified using
univariate analysis [36]. They identified a num-
ber of contributing co-factors that included donor
age, body mass index (BMI), cause of death, and
prolonged hypotensive episodes (systolic blood
pressure <90 mmHg or mean arterial pressure
<60 mmHg for > 15 min) requiring high vaso-
pressors (>15 microgram/kg/min dopamine or >5
microgram/kg/min Levophed). In their indepen-
dent analysis of 19 donor variables using multi-
variate logistic stepwise regression, they showed
the most significant factors that were statistically
significant and had an odds ratio (OR), demon-
strating that donor age (OR 1.1, P<0.01), high
BMI (OR 1.4, P<0.01), and local procurement
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team (OR 10.9, P<0.01), had a highly positive
correlation with islet recovery. These studies
eventually lead to the development of a score sys-
tem to help aid in the subjective assessment of
potential pancreata for islet isolation. Scoring
systems are useful as a guide and as such follow
essentially the variables described in this section
of the chapter such as; Donor Age, BMI, CIT,
and the procuring surgical team and techniques
used to retrieve the pancreas.

We and others have subsequently also shown
there are crucial factors that affect the isolation
outcome due to the donor pancreas which
include; the donor age, size (height and weight),
BMI and overall health which play significant
roles as does the cause of their hospitalisation
and subsequent reason for their resulting dona-
tion. The direct admission and intensive care
treatment including the length of time that they
are managed prior to organ donation also plays a
role in the isolation outcome. We have seen sig-
nificant improvements to donor management and
implementation of more stringent donor criteria
that have contributed to enhance organ utilisation
and thus transplantation [9, 31]. But despite these
improvements, without care and improvement to
organ retrieval by surgical teams trained and ded-
icated specifically to undertake pancreas retrieval
as part of the multiorgan donor retrieval, we can
see these improvements negated by the organ
donor retrieval process [37]. Thus the appropriate
choice of donor is imperative to provide a pan-
creas that can provide an islet cell preparation
that can be transplanted safely and effectively
into a recipient. These many factors have been
investigated in depth over many decades and the
most significant factors investigated are outlined
here [23, 35, 38].

6.4.1 Effect of Donor Age

The first variable factor having been shown to
play a significant role in isolation outcome by a
number of studies is that of the donor age. It has
been shown to significantly influence the out-
come of the islet isolation process, this obviously
contributes on its own but also in combination
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with other factors that will be discussed including
their various interactions and causative outcomes.
The age of the donor [39] has a significant impact
for many reasons both due to the size of the organ
but also from the perspective of how to undertake
the digestion process. The influence it has on the
overall outcome relies on the way the tissue is
digested. Ultimately the amount of fat, vascular
and connective tissue and percentage of fibrosis
in the organ determine the speed and amount the
surrounding tissues are digested and thus release
the islet cells from them [40]. Obviously the easi-
est demonstration of the effect of age is by ana-
lysing the various age groups, and this is best
observed by looking at the two major outliers;
donor pancreata that are younger (<20 years of
age) or older (>65 years of age), as they pose
their own individual issues [40, 41]. Islet grafts
isolated from young donors allow superior func-
tional outcomes but are often associated with
poor islet isolation yields with low numbers. The
younger pancreata are obviously much smaller
due to the donor’s smaller size and overall weight
and as such contain lower numbers of smaller
islet cells. But this is not the only issue with
younger donor pancreata; Meier et al. showed
quite clearly that the pre-purification percentage
of trapped or mantled islets was significantly
higher in younger donors (44.3+22.7%) com-
pared to >20 years of age donor pancreata
(24.9+20.9%, P<0.001). This obviously leads
to a lower recovery rate in younger donors (48 %)
compared to >20 years of age donors (76 %,
P=0.002) and hence results in lower post-
purification islet equivalent (IEQ) per gram of
pancreas in the younger donor (2,412+1,789
IEQ/g) compared to >20 years of age donor
(3,194 +1,892 1IEQ/g, P=0.01). As a result the
final islet cell yield is much lower in the younger
donors at a mean of 180,982 + 128,073 IEQ when
compared to >20 years of age donors at
244,167+134,137 IEQ, (P=0.006) [41]. A num-
ber of other studies have shown similar findings
and have shown a strong negative correlation to
isolation islet equivalent per gram (IEQ/g) pan-
creas in regards to younger donors (less than 20
years of age). As discussed this is due to the
younger pancreas having more mantled and
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trapped islet cells and upon density separation
undergoing significant losses of the islets due to
their density being similar to the acinar tissue
entrapping them. The islets and acinar tissue of
the same density is pulled to the bottom of the
density gradient used in separation of the islets
from the acinar tissue, and so the islets are lost
into the acinar and connective milieu. The same
difficulties in separation of islets from acinar tis-
sue in relation to age of the donor animal are also
seen in animal models [42] and are described in
greater detail in other chapters of this book.

At the other end of the age range are those
donors deemed to be older with a number of stud-
ies having categorised islet donors into age
groups with the general consensus being that
organ donors 45 years of age or older provide
overall better isolation results in terms of actual
islet number and also IEQ/g of pancreas.
However, there is a significant cost to using
donors older than 45 years of age as they have
negative outcomes in regards to transplantation
due to a decrease of in-vivo function of the islets
[43]. Niclauss et al. retrospectively analyzed 332
islet isolations according to donor age. In this
study they investigated isolation outcome by islet
yield, transplantation rate, and p-cell function
in vitro. Transplanted patients were divided into
two groups depending on donor age younger than
or equal to 45 and older than 45-years of age.
They showed that there was no difference in islet
yields between the two groups (251,900« 14,100
and 244,600 + 8,400 islet equivalent for <45- and
>45-year-old donors, respectively).
Transplantation rates and stimulation indices
were similar in both groups as well. However, the
significant differences were seen in the islet graft
function parameters, which were significantly
higher at 1-month follow-up in patients who had
received islets from younger donors. At 6-month
follow-up after second or third injection and at
12-month follow-up, secretory units of islets in
transplantation indices and C-peptide/glucose
ratios were significantly higher in patients with
donors aged 45 years or younger.

Other studies have shown similar findings but
have used slightly different age parameters with
donors older than 50 years of age showing a
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worse outcome in regards to isolation outcomes.
Cardillo et al. showed that there was a strong cor-
relation with poorer isolation outcomes from
those pancreas donors older than 50 years of age,
with respect to the quality of the islet cells [39].
This was supported by data from the Edmonton
group [36] showing that the insulin secretory
capabilities of islets isolated from their >50-year-
old donor group was significantly reduced as
compared with the younger age group (P<0.02).
More interestingly to note is the fact that one of
the few islet transplantation series reporting a
consistent achievement of insulin independence
after islet infusion from a single-donor have used
strict donor selection criteria, limiting donor age
to less than 50 years of age [44]. Obviously limit-
ing the donor age creates significant issues with
regards to reducing the potential organ donor
pool and in our own unit, although our own pref-
erence is to utilise pancreata from organ donors
younger than 50 years of age, we have used donor
pancreases for islet isolation and subsequent
transplantation from organ donors up to 63 years
of age with good results [15].

These data suggest that, despite similar out-
comes of the isolation procedure, islet graft func-
tion is significantly influenced by donor age.
These results may have important consequences
in the definition of pancreas allocation criteria.
The major problem being that organ donors within
the 20—45 years age group also happen to be the
ideal donor age group for use as whole pancreas
transplantation, and such is the case in a large
number of simultaneous pancreas and kidney
transplant programs [45]. At Westmead Hospital
in Sydney, we see this directly as we run a
National Islet Cell Transplant program alongside
the National Simultaneous Pancreas and Kidney
(SPK) Transplant program where preferential
selection of donor pancreata prioritises younger
aged pancreata to the SPK program. However,
this can be viewed as a synergistic program as
pancreata that would ordinarily be not utilised for
clinical transplant such as from donor pancreases
from donors 45 years or older or pancreases that
have vascular disease, heavy fat infiltration, or
fibrotic changes can be used for islet isolation
rather than in the whole pancreas program.
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A study from the Northern Italian group of
Cardillo et al. analyzed the allocation protocols
of all pancreas donors (2011-2012; n=433) in
Northern Italy [39]. Outcome measures included
donor characteristics and pancreas loss reasons
during the allocation process. 23 % of the 433
pancreases offered for allocation were trans-
planted. Younger age, shorter ICU stay, traumatic
brain death, and higher eGFR were predictors of
pancreas transplant, either as vascularized organ
or as islets. Among pancreas allografts offered to
vascularized organ programs, 35% were trans-
planted, and younger donor age was the only pre-
dictor of transplant. The most common reasons
for pancreas withdrawal from the allocation pro-
cess were donor-related factors. Among pancreas
offered to islet programs, 48 % were processed,
but only 14.2 % were transplanted, the most com-
mon reason for pancreas loss was due to unsuc-
cessful islet isolation. Younger donor age and
higher BMI were predictors of islet allograft
transplant. As a result, they have changed the
pancreas organ donor allocation strategy with
equal distribution of donor pancreata between
programs for either vascularized organ or islet
transplant [39]. This is a practical means by
which a number of programs around the world,
including our own, can potentially improve trans-
plant rates from the islet programs.

6.4.2 Effect of BMI

One of the original landmark studies in this area
by Lakey et al. showed that there were clear ben-
efits in using pancreata from larger donors but
more importantly that higher body mass index
(BMI) had a positive correlation with islet recov-
ery [36]. The current literature provides strong
evidence that continues to support this, with
donors of BMI >25 providing significantly larger
numbers of islets and significantly larger IEQ,
leading to correspondingly higher chances of
such isolations resulting in transplantation [12,
23].

Ponte et al. analyzed the effects of the donor
and islet processing factors on the success rate of
human islet cell processing for transplantation
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performed at their islet cell-processing center
[31]. Higher islet yields were obtained from adult
male donors, BMI >25 kg/m?, showing adequate
glycaemic control during hospital stay. Their data
suggest that evaluation of the donor organ criteria
prior to acceptance for islet isolation and ensur-
ing the best possible criteria pancreas are selected
is highly desirable to improve the success rate of
islet cell processing. More recently, data from the
Collaborative Islet Transplant Registry (CITR)
report detailed the Islet Product Characteristics
and Factors Related to Successful Human Islet
Transplantation. One of the major findings was
that donor body weight and BMI was associated
with outcome of the IEQ count [23]. From this
data, it would appear that the greater the BMI, the
greater the number of IEQ. This is supported by
some earlier studies that also evaluated signifi-
cantly higher BMI donors such as BMI greater
than 30 have even better IEQ. One such study by
Sakuma et al. analyzed data from 207 islet isola-
tions performed in their unit over a 5-year period
with respect to donor characteristics, pancreas
condition, and processing variables. They anal-
ysed the 207 isolations in regards to an outcome
measure of more than 3,000 IEQ/g pancreas
weight as being considered an acceptable isola-
tion outcome. They showed a strong correlation
with a positive outcome from donors with a BMI
>30 kg/m? (P=0.002) [46].

However, there can be issues with larger BMI
donors with a ceiling to larger BMI having a pos-
itive effect. There is a point at which a donor is
too obese and pancreata are too heavily impreg-
nated with fat to be beneficial instead they
become problematic. As can be seen in (Fig. 6.2a,
b), a donor pancreas for islet isolation heavily
covered with a large amount of donor fat and
connective tissues makes it difficult to cleanly
dissect the pancreas free from the fat. It also
makes it much more difficult to effectively decon-
taminate the pancreas for islet isolation which is
essential to ensure a sterile product at the end of
the isolation process which is described in detail
in the next chapter. Also rather importantly the
excess permeation of fat into the tissues requires
greater distension of the gland for digestion and
as such results in islets that are more fragile and
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Fig. 6.2 (a) Shows a donor pancreas being unpacked
from its transport bags as it is received into the isolation
laboratory. This donor pancreas is heavily covered in
donor fat and connective tissues, which make it difficult to

or readily destroyed in the isolation process. In
fact, the amount of digestive enzyme used is even
reduced to ensure that adequate dissociation
occurs without over digestion and loss of islet
cell numbers.

6.4.3 Effect of Cold Ischaemic Time
(CIT)

Another very important but confounding factor
that has an impact on isolation outcomes is the
cold ischaemic time (CIT). The CIT is the time
taken from the time of cessation of blood flow
(cross clamp) in the organ donor and cold perfu-
sion is commenced up until the time the pancreas
is received into the processing laboratory and
commences the islet isolation process. This is
impacted by such variables such as surgical
retrieval time, packaging, courier and transport
times and receipting into the facilities. Being so
multifactorial it is very dependent on logistical
expertise of the organ donor network and systems
they utilise. These are obviously quite variable
dependent on the region in the world in which
you live. In order to provide this service central-
ized islet isolation centers need to overcome a
number of unique logistical problems, in particu-
lar retrieving donor pancreases and transplanting
patients from distant areas. In Australia, this is

cleanly dissect the pancreas free from the fat as in (b). It
also makes it much more difficult to effectively decon-
taminate the pancreas for islet isolation

particularly problematic [16] as our service cov-
ers an area of more than 7.5 million square kilo-
metres, which is approximately twice the size of
Europe or three-quarters the size of the United
States. Almost one third of the Australian popula-
tion lives outside these major urban centres and
patients from regional and rural areas face a num-
ber of barriers to accessing medical services. So
the importance of logistical expertise is para-
mount in order to minimise shipping times and
ultimately CIT.

Traditionally the general consensus among
clinical islet isolation and transplant centres is
that a cold ischaemia time beyond 8 h results in
significantly reduced yields and quality of human
islets [47, 48]. A number of studies have previ-
ously shown that the longer the ischaemic time,
the worse the isolation outcome in terms of IEQ
and functional capacity of the islets. Wang et al.
analyzed 276 islet isolations to identify variables
for islet yield and, additionally, islet size and size
distribution. Pearson correlation analyses demon-
strated that CIT had a significantly negative cor-
relation with actual islet count and islet equivalent
(IEQ)/g (all p<0.003) the longer the CIT the
worse the outcome [12]. However, more recently
studies have shown extension of the 8 h limit to
extend this to as far as 12 h in order to be able to
provide greater numbers of pancreata to process
for islet isolation and potential transplantation
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and others have suggested extending this even
further for research-only isolations [48, 49].
Kiihtreiber et al. examined the isolation process
for pancreata with extended CIT pancreata (mean
of 13.2+0.7 h) and concluded that human islet
isolation process permitted the recovery of large
numbers of high-quality human islets from
extended CIT pancreata [48]. More recently Lyon
et al. examined the feasibility of a research-only
human islet isolation and whether key criteria
such as CIT and metabolic status may be relaxed
and still allow successful research-focused isola-
tions. They examined 142 isolations over approxi-
mately 5 years and confirmed that CIT had a
negative impact on isolation purity and yield, and
extending CIT beyond the typical clinical isola-
tion cutoff of 12 h (to > 18 h) had a modest impact
on islet function [49].

However, the findings of the most recent
Collaborative Islet Transplant Registry (CITR)
data reported by Balamurugan et al. showed that
only a limited number of the clinical islet isola-
tions used pancreata extended past 10 h with the
mean CIT of 9.3 h in isolations performed
between 2007 and 2010 [23]. In our islet trans-
plant program we prefer to not utilise pancreata
with a CIT of greater than 10 h for isolation for
clinical transplantation but will process for
research preparations from pancreata with a CIT
of more than 12 h.

To help aid in the subjective assessment of
potential pancreata for islet isolation scoring sys-
tems are useful as a guide and as such follow
essentially the variables described in this section
of the chapter such as; Donor Age, BMI, CIT,
procuring surgical team, cause of death, length of
hospital stay, use of Vasopressors, social history,
medical history, and other additional co-factors
such as physical properties of the pancreas. These
were originally described by O’Gorman et al. in
a study that they undertook looking at all the
potential variables that impacted their pancreas
donor and islet isolation outcomes [35].
Developments of new score systems are showing
resurgence as a means by which we can try to
utilise a formula to provide a guide to accept
donor pancreata for islet isolation. A score sys-
tem is a useful exercise but ultimately it does not
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impact on the donor source as to what is available
in your own country as this is entirely a reflection
of the available donors and the ability of the
donor agency to follow them to donation.

6.5 Organ Retrieval

As detailed previously there are a number of fac-
tors that can affect islet isolation outcomes,
amongst these one of the most significant to
effect islet isolation outcomes in regards to islet
cell yield and function is the retrieval process
and this is for a number of reasons. One of the
strongest correlating factors was when the pan-
creas was retrieved by a surgical team from the
isolation centre’s hospital and this is most likely
due to an obvious interest in retrieving the pan-
creas for islet isolation [36]. A number of subse-
quent papers have also demonstrated similar
findings and a number of studies have shown
direct effects from surgical retrieval of the pan-
creas during procurement. The effect using the
local surgical team has on the pancreas retrieval
outcome is to limit the amount of potential dam-
age that can occur to the pancreas at retrieval.
This impacts on the ability to adequately distend
the pancreas upon injection of enzyme into the
gland for distension and dissociation [37]. Quite
clearly the surgical team involved in the donor
organ retrieval plays a significant role and the
UK Transplant Registry was analyzed to deter-
mine the frequency of pancreatic injuries, iden-
tify factors associated with damage, and assess
the impact of injuries on graft survival. 1,296
pancreata were procured from donation after
brain death donors. Surprisingly, more than 50 %
of recovered pancreata had at least one injury.
Following univariate analyses, they found the
most important factors associated with increased
rates of pancreas damage were from simultane-
ous liver donation, procurement team origin and
increasing donor BMI. Damage to the pancreas
during organ recovery is more common than
other organs, and meticulous surgical technique
and awareness of damage risk factors are essen-
tial to reduce rates of procurement-related inju-
ries [50]. A number of “no touch” techniques
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Fig. 6.3 Shows an example of a multiorgan abdominal
surgical team working with the cardiothoracic surgical
donor team performing an organ donor retrieval procedure
at a major hospital, which is set up for multiorgan donor

have been developed to ensure no damage occurs
to the pancreas at retrieval including the use of
the Harmonic scalpel to aid in the retrieval pro-
cedure as described by Hameed et al. [51].
Romanescu et al. also provide a very detailed
description of the pancreatic retrieval procedure
using a “no touch” technique where the spleen is
used as a mechanical support or handle for pan-
creas mobilization for islet isolation [52].
Ensuring adherence to the no touch technique
and ensuring that no damage to the capsule of
the pancreas is essential to ensure complete dis-
tension when enzyme is infused to digest the
pancreas. A study by Ponte et al. analyzed the
effects of the donor and islet processing factors
on the success rate of human islet cell processing
for transplantation performed at their islet cell-
processing center. Islet isolation outcomes
improved with higher islet yields obtained when
the local surgical team retrieved the pancreas.
Their data suggest that a sequential, integrated
approach including the use of a well-trained
donor surgical team can improve the success rate
of islet cell processing [31]. The Westmead

retrieval procedures. Note the great number of staff
required to work effectively together as an integrated team
to make the entire process occur as smoothly and flaw-
lessly as possible

Hospital transplant program has the advantage
that it is a multiorgan donor retrieval service as
well as a National Pancreas and a National Islet
transplant unit. As such, it has vast experience in
multiorgan retrieval for a period of decades with
a dedicated focus on pancreas organ retrieval.
This integrated approach to both multiorgan
donation and transplantation has allowed a great
focus from the time of donation to transplanta-
tion of the organ or isolation of islets. As can be
seen in Fig. 6.3 the organ donor team must be
versatile and able to readily integrate with all of
the many other staff in the operating theaters to
allow them to attend these procedures at any
potential organ donor hospital. The donor team
and the donor operation are significant factors in
the overall outcome and quality of the islets. The
importance of the organ retrieval procedure can-
not be overstated as it has significant impacts on
the outcomes of the islet isolation and as such is
of the utmost importance to be done without
damage to the pancreas and urgency the same as
that of a pancreas that is being retrieved for
whole pancreas transplantation.
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6.6  Pancreas Preservation

As detailed in the previous section, the impor-
tance of the organ donor and the influence the
donor pancreas plays on isolation outcome are
also effected by the way the organ is retrieved in
regards to the surgical team performing the
retrieval and obviously the type of perfusate solu-
tion used for preservation of the donor pancreata.
The currently most widely used perfusion tech-
nique is direct aortic flush of the organ donor
with cold preservation solution which in the
majority of units is still University of Wisconsin
(UW) solution, however a number of other perfu-
sion solutions have seen increasing use more
recently with histidine-tryptophan-ketoglutarate
(HTK) and Celsior (CS) being used along with
other local agents in some centres. Most recently
Balamurugan et al. reported for the CITR that of
the total 1,017 pancreata retrieved for pancreas
islet isolation between 2007 and 2010, over 42 %
of abdominal donor organs perfused with UW
solution, 7 % with HTK and 2.3 % with CS with
the remainder not reported [23]. Since 2010 a
number of other papers have shown predomi-
nance in the use of perfusion of the donor for
multi-organ retrieval still with UW perfusion
solution but that there is an increase in the use of
HTK and CS to some degree [9, 53, 54].

Despite the apparently good outcomes with
the use of UW solution a number of units have
continued to investigate alternatives specifically
for improving outcomes of the pancreas for islet
isolation. However, this is very difficult, as there
has to be a solution that covers all abdominal
organs as once the perfusion commences, it per-
fuses all of the abdominal organs via the aorta at
the same time. Some of the solutions that have
been developed for this purpose have not essen-
tially differed that greatly from the currently
available UW, HTK, CS solutions and there
remain concerns that supplementation of cold-
storage solutions with cytoprotective agents and
perfusion may improve pancreas and islet trans-
plant outcomes [55].

A study evaluating the effects of one such
solution was on Institut Georges Lopez-1 (IGL-
1) a preservation solution similar to UW solution,
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however the ratio of Na/K are reversed. In a study
by Niclauss et al. they assessed the impact of
IGL-1, UW, and CS solutions on islet isolation
and transplant outcome [56]. They retrospec-
tively analyzed 376 islet isolations from pancre-
ases flushed and transported with IGL-1 (n=95),
UW (n=204), or CS (n=77). Isolation outcome
and p-cell function in vitro along with trans-
planted patients were divided into three groups
depending on preservation solution of pancreas,
and islet graft function was assessed by decrease
in daily insulin needs, C-peptide/glucose ratios,
p-scores, and transplant estimated function at 1-
and 6-month follow-up. The IGL-1, UW, and CS
groups were similar according to donor age, body
mass index, and pancreas weight. There was no
difference in islet yields between the three
groups. Success rates, transplant rates, P-cell
secretory function, and viability were similar for
all three groups. They observed no difference in
decreased insulin needs, C-peptide glucose
ratios, f-scores, and transplant estimated func-
tion at 1- and 6-month follow-up between IGL-1,
UW, and CS groups. Their study clearly showed
that UW, CS and IGL-1 were equivalent solu-
tions with no significant differences in outcomes
for pancreas perfusion and cold storage before
islet isolation and transplantation [56].

A number of units have reported differing
methods for infusion or treatment of the pancreas
and its storage/shipping of the organ at the time
of retrieval, once the pancreas has been divided
from the liver on the back table [36, 57]. Takita
et al. have recently reported a study that evalu-
ated the effects of two different solutions for pan-
creatic ductal perfusion (PDP) at organ
procurement [57]. They studied the effects of
treatment on 18 human pancreases assigned to
three groups: non-PDP (control), PDP with
ET-Kyoto solution, and PDP with cold storage/
purification stock solution. Pancreatic islets were
isolated according to the modified Ricordi
method. No significant differences in donor char-
acteristics, including coldischaemiatime, were
observed between the three groups. All islet iso-
lations in the PDP groups had more than 400,000
IEQ in total islet yield after purification, a signifi-
cant increase when compared with the control
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(P=0.04 and P<0.01). The islet quality assess-
ments, including an in vivo diabetic nude mice
assay and the response of high-mobility group
box protein 1 to cytokine stimulation, also
showed no significant differences. The propor-
tion of terminal deoxynucleotidyl transferase
(dUTP) nick-end labeling-positive cells showing
apoptosis in islets in the PDP groups was signifi-
cantly lower than in the control group (P<0.05).
Both ET-Kyoto solution and cold storage/purifi-
cation stock solution are suitable for PDP and
consistently resulted in isolation success. These
results appear to be encouraging, but further
studies with a larger number of pancreas donors
should be done to compare the effects of the PDP
solutions [57].

6.6.1 The Two-Layer Method

Further studies have helped to develop other
novel ways to treat the pancreas and improve its
storage whilst shipping to the isolation centre.
Kuroda et al. was first to report the so-called
Two-Layer Method (TLM) in 1988 [58]. This
method utilised a perfluorochemical (PFC) and
initially Euro-Collins’ solution, which was even-
tually replaced by UW solution to store the pan-
creas during shipping (Fig. 6.4a). The benefits of
the use of the PFC are theoretically because it is

Adjustable Plunger

- Blue Lock Nut

Fig. 6.4 (a) Shows an example of the type of pancreas
transport device used for 2 layer storage for shipping from
the donor hospital to the isolation facility. (b) Shows a
perfused pancreas in the chamber showing the pancreas

PFC (Perfluorodecalin)
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a biologically inert liquid that acts as an oxygen-
supplying media. A pancreas preserved using the
TLM is oxygenated through the PFC and sub-
strates are supplied by the UW solution. This
allows the pancreas preserved using the TLM to
generate adenosine triphosphate during storage,
prolonging the preservation time [59]. The pre-
dominance of these methods has revolved around
the use of oxygen exchange media such as the use
of oxygenated fluorocarbons (Perfluorocarbon,
Perfluorodecalin, perfluorohexyloctane  and
polydimethylsiloxane 5 (F6HS8S5)) [59-61].
However, strong debate still remains of its bene-
fits over the use of the static cold perfusion and
storage using UW solution for preserving human
pancreata prior to islet isolation [55, 61]. There
are significant questions that relate to the oxygen
exchange that can occur via the perfluorocarbon
into the body of the pancreas whilst in the two-
layer solution as can be seen in Fig. 6.4b where
the pancreas sits upon the layer of perfluorocar-
bon with the UW solution on top. Despite this
strong debate there has been a continuing level of
research into the delivery of oxygen during solid
organ preservation with the use of PFC. The one-
and two-layer methods have been used as static
storage techniques, proving popular for pancreas
preservation trials. They have also been formu-
lated as an emulsion for continual perfusion or as
a simple flush solution. The success of PFC in

sitting on top of the UW/perfluorodecalin layers (Photo
courtesy of Dr Tom Loudovaris, St Vincent’s Institute, 9
Princes Street, Melbourne, VIC, 3065, Australia)
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organ preservation seems to be somewhat organ
and species dependent, and further experimental
evidence is needed to establish their continued
application [61, 62].

Recently, Li et al. performed a systematic
review on donor characteristics and islet isolation
outcomes between 2000 and 2013 [63]. They
compared static UW perfusion alone with the
TLM alone. From this they found that the TLM
produced a significantly higher islet yield
(weighted mean difference, 776.32; 95 % confi-
dence interval; 370.82-1181.82; P=0.0002).
TLM alone also yielded higher proportion of
transplantable preparations (odds ratio, 1.60;
95 % confidence interval; 1.15-2.23; P=0.005).
The following measures did not differ: islet via-
bility (weighted mean difference, 2.10; —2.41-
6.60; P=0.360), purity (weighted mean
difference, —0.92; -3.75-1.91; P=0.520) and
function assessed by measuring the stimulation
index (weighted mean difference, 0.17; —0.21-
0.55; P=0.380). When comparing TLM follow-
ing UW storage with UW alone, the results were
similar to the previous ones. These results indi-
cate that the TLM can be used without detriment
to islet yield and has the potential to increase the
isolation outcomes resulting in improved human
pancreatic islet transplantation rates [63].

6.6.2 Machine Perfusion

Like the advocates for the TLM, there are those
that are now pursuing other options for pancreas
preservation as they feel that the current methods
have been identified as suboptimal due to insuf-
ficient oxygenation. Enhanced oxygen delivery is
a key area of improvement. Scott and colleagues
investigated other options for improving oxygen
delivery to the pancreas whilst cold stored [64],
such as by persufflation (PSF), i.e., vascular gas
perfusion as can be seen in Fig. 6.5 where a donor
pancreas is cannulated via both the superior mes-
enteric artery and the splenic artery to be able to
perfuse the whole of the pancreas vasculature
using the machine perfusion technique. In their
study Scott and colleagues evaluated PSF on
human pancreata obtained from brain-dead

W.J. Hawthorne

Fig. 6.5 Is a photo of machine perfusion being under-
taken on a donor pancreas with cannulation of both the
superior mesenteric and the splenic arteries to allow for
complete perfusion of the pancreas with preservation fluid
during transport to the isolation center (Photo courtesy of
Dr Tom Loudovaris, St Vincent’s Institute, 9 Princes
Street, Melbourne, VIC, 3065, Australia)

donors and also porcine pancreata procured by en
bloc viscerectomy from heparinized organ dona-
tion in organ donors following cardiac death. In
this study they performed a comparison of these
pancreata where they were either preserved by
the TLM or PSF. Following procurement, organs
were transported to a 1.5-T magnetic resonance
system for nuclear magnetic resonance spectros-
copy to investigate their bioenergetic status by
measuring the ratio of adenosine triphosphate to
inorganic phosphate (ATP:P(i)) and for assessing
PSF homogeneity by MRI. They clearly showed
that both human and porcine pancreata can be
effectively preserved by PSF. Under the MRI
they also showed that pancreatic tissue was
homogeneously filled with gas. TLM can effec-
tively raise ATP:P(i) levels in rat pancreata but
not in larger porcine pancreata. ATP:P(i) levels
were almost undetectable in porcine organs pre-
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served with TLM. When human or porcine organs
were preserved by PSF, ATP:P(i) was elevated to
levels similar to those observed in rat pancreata.
The methods developed for human and porcine
pancreas PSF homogeneously deliver oxygen
throughout the organ. This elevates ATP levels
during preservation and may improve islet isola-
tion outcomes while enabling the use of marginal
donors, thus expanding the usable donor pool
[64].

This is obviously very important when we
look at todays increased use of donation after car-
diac death (DCD) donor organs for transplanta-
tion. Grafts from DCD are subjected to greater
ischaemic insult and are at higher risk of poor
functional outcome. Although conventional pres-
ervation techniques may be adequate for dona-
tion after brain death (DBD) and low-risk DCD
pancreases, as the number of DCD pancreas
transplants increase and the threshold for reject-
ing organs decreases, the importance of optimal
preservation techniques is going to increase. The
use of these newer techniques in pancreas preser-
vation warrant further studies to ensure ongoing
improvements to our potential pancreas donor
organs for islet isolation [62].

6.7 ThePancreas

The process of organ donor selection, the organ
donor operation and preservation obviously all
play significant roles to underpin the overall suc-
cess of the isolation process and these have all
been clearly outlined in the previous sections.
However, ultimately it is the pancreas and the
various cofactors that have affected the organ in
the overall processes undertaken to provide it as a
donor pancreas for islet isolation. These also
obviously affect its ability to yield islets that are
suitable for safe and effective islet transplanta-
tion. To understand the various cofactors that
may affect the organ it is also useful to under-
stand the organ itself and herein is a description
of the pancreas and how best to target our pro-
cesses to provide higher yield of good numbers
of viable islets in the isolation process.
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The normal human pancreas is a soft vascular-
ized organ contained within a fibrous capsule, the
bulk of the pancreas is made up of 80-90 %exo-
crine (acinar) and 1-2 % endocrine (islet) tissue
[65]. The islet cells can be seen very clearly as
nests of endocrine cells on histology with the
remainder of the organ being comprised of vas-
cular, ductal, connective, fibrous and nerve tis-
sues as seen in (Fig. 6.6a)

Although reliant on the size of the gland, there
are approximately 1-1.5 million islets [66] in a
healthy human pancreas, making up 1-2 % of the
whole organ. Some studies report that the distri-
bution of islets is similar between the head and
body regions, but others have reported that they
are up to two times higher numbers in the tail
region [67]. However, a recent very detailed
study by Ionescu-Tirgoviste et al. observed that
‘islets are spread gradually from the head up to
the tail section of the pancreas in the form of con-
tracted or dilated islet routes’ [68]. This requires
confirmation by further studies as the analysis
was performed on a single pancreas. We have
seen fairly even distribution of the islets through-
out the entire pancreas and it is not important in
regards to the isolation process. The entire organ
is used in the isolation process with the aim to
remove as many islets from the surrounding aci-
nar and connective tissues as possible.

Also understanding the ratio of the number of
islets in proportion to the size of the pancreas is
also an important issue. Understanding that there
is a direct correlation of the size to the number of
islets means that we know that the bigger the
donor patient is and the bigger the donor pancreas
is the more islets that we are likely to obtain are
key in donor pancreas selection for isolation. The
details of its size, form and make up should ide-
ally be known to those about to perform the isola-
tion process. Described as a solitary organ,
Schaefer undertook autopsy and studies to
describe the size and appearance of the human
pancreata and found that in the cohort of pancre-
ata studies, those from females on average
weighed 84.88+14.95 g and from males
90.31£15.08 g (n=216) [69]. In a more recent
study by Caglar et al., observations of male autop-
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Fig.6.6 (a) Shows an H&E a
stained histology section of a
human pancreas at low power
(100x mag). The islets can be
seen stained pink (white
arrow) surrounded by purple
staining exocrine tissue. (b) A
high power image (9200x
magnification) of the same
human pancreas section
immunohistochemically
stained for insulin, which
appears as the brown areas as
indicated by the white arrow

sies discovered similar findings with the average
male pancreas to be 8§7.3+30.6 g (range 41-174
g; n=114), demonstrating significant variance in
size between organs for potential islet isolation
[70]. However of note is the fact that male donors
tend to be on the whole larger than female donors
and their corresponding pancreata correlate to this
is important. Although due to the low organ donor
numbers it is difficult to turn down any organ
based on its size and certainly this is the case in
our own program where regardless of the sex of
the donor or their size we have been able to
achieve successful isolation outcomes.

Islets are made up of endocrine cells involved
in the secretion of hormones involved in the
regulation of blood glucose levels. There are
five types of endocrine cells: f cells, a cells, &
cells, y or PP cells and & cells (this is clearly
seen in Fig. 6.6b) — where there is an example of

immunohistochemistry staining of f cells in a
human pancreas). According to Cabrera et al.
and others, human islets are made up predomi-
nantly of ~60% insulin secreting P cells and
~30 % glucagon secreting a cells [71, 72]. The
somatostatin secreting dcells make up <10 %,
pancreatic polypeptide secreting y cells <5 %
and a small number of ghrelin secreting € cells.
Laser scanning confocal microscopy used to
generate serial optical sections through entire
isolated human islets demonstrated that o and &
cells were intermingled with p cells in a hetero-
geneous manner [71]. This study also showed
that § cells were common on the surface of iso-
lated islets. This is in contrast to the core-mantle
architecture of mouse and rat islets where o and
d cells are located around the edge of islets and
p cells in the core. There are also non-endocrine
cells within an islet, which include nerves,
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dendritic cells, macrophages, fibroblasts and
vascular cells [73].

The vessels, which surround and penetrate the
islets, deliver nutrients and oxygen to the islet
cells and transport secreted hormones to target
sites. This dense capillary network in which islets
are embedded also provides a basement mem-
brane, which is critical for islet function and via-
bility [74, 75]. Ducts link the acinar tissue to the
main pancreatic duct and possibly an accessory
duct that deliver digestive enzymes into the duo-
denum. The ducts play a very important part in
islet isolation as they enable delivery of the
enzyme used to break down the pancreatic tissue
and release islets. Connective tissue provides
support for the pancreatic components and nerve
tissue (sympathetic and parasympathetic) is
involved in normal function.

In order to obtain large numbers of high qual-
ity human islets, the composition of the tissue,
which surrounds islets, should be known. This
aids in the correct choice of enzyme to enable
release of islets from the surrounding tissue and
ensure that islet integrity and vascularity is main-
tained. It also assists in the development of new
enzymes to better suite this purpose. An immuno-
histochemical study by Hughes et al. identified
and quantified the collagen subtypes of the islet-
exocrine interface in the human pancreas from
older (mean age 55.7+3 year) and younger
donors (21.8+3.2 year) [76]. They reported that
collagen VI was a major component of the adult
human pancreas and was more than double that
of collagen I or IV. Interestingly, they found that
“the proportional collagen VI content was not
dependent on age of the donor” so therefore may
not be the reason mantling of islets occurs with
younger donors. Regardless, such information
can assist in the development of new enzymes
with specific targets to improve clinical islet iso-
lations, which have also started to be investigated
in depth by others.

6.8 Concluding Remarks

In this chapter we have outlined the numerous
advances in the techniques in islet transplantation
outcomes by improvements to organ donor
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selection and management, organ perfusion,
preservation and surgery, along with the facilities
now necessary to provide the safe and effective
isolation, culture and transplantation of clinical
islets. In addition, the adoption and modification
of newer immunosuppressive treatments have
also helped to provide significant improvements
in transplantation results and an overall increase
to long-term outcomes [77]. We have also seen
insulin independence rates of up to 10 years post-
transplant with minimal complications [78] and
the use of single pancreas donor infusions pro-
ducing good long-term success [44]. However,
islet transplantation still has limited application
to the broader population of patients with T1D
due to its reliance on the availability of cadaveric
donor availability and selection, isolation results
and transplant engraftment, the side effects of
immunosuppression and issues associated with
the requirement for life-long immunosuppression
[79]. With further ongoing research in experi-
mental and clinical studies we can see rapid
improvements to islet transplantation which has
moved from an experimental procedure to an
effective clinical treatment option being offered
now in a large number of islet transplant centres
around the world offering another viable option
to treat patients suffering from type 1 diabetes.
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Abstract

The overarching success of islet transplantation relies on the success in the
laboratory to isolate the islets. This chapter focuses on the processes of
human islet cell isolation and the ways to optimally provide islet cells for
transplantation. The major improvements in regards to the choice of
enzyme type, way the digested pancreas tissue is handled to best separate
islets from the acinar and surrounding tissues, the various methods of puri-
fication of the islets, their subsequent culture and quality assurance to
improve outcomes to culminate in safe and effective islet transplantation
will be discussed. After decades of improvements, islet cell isolation and
transplantation now clearly offer a safe, effective and feasible therapeutic
treatment option for an increasing number of patients suffering from type
1 diabetes specifically for those with severe hypoglycaemic unawareness.

Keywords

Diabetes ¢ Insulin * Islet * Islet cell ¢ Islet cell allotransplantation e Islet
cell autotransplantation e Islet cell isolation e Islet equivalent (IEQ) ¢ Type
1 diabetes (T1D)

W.J. Hawthorne ()
National Pancreas and Islet Transplant Laboratories, Abbreviations
The Westmead Institute for Medical Research,

Westmead, NSW 2145, Australia .
BMI  Body mass index

Department of S}Jrgery, 'West.mead Clinical School, BSE Bovine spongiform encephalopathy
Westmead Hospital, University of Sydney, Westmead, )

NSW 2145, Australia CMRL Connaught medical research
e-mail: wayne.hawthorne @sydney.edu.au; laboratories
http://www.westmeadinstitute.org.au IEQ Islet cell isolation

L. Williams * Y.V. Chew IEQ/g Islet equivalent islet equivalents per
National Pancreas and Islet Transplant Laboratories, gram

The Westmead Institute for Medical Research, MTC Mixed treatment com pa rison

Westmead, NSW 2145, Australia X
http://www.westmeadinstitute.org.au; TID Type 1 ('habetes' ) )
http://www.westmeadinstitute.org.au UW  University of Wisconsin solution

© Springer International Publishing Switzerland 2016 89
M. Ramirez-Dominguez (ed.), Pancreatic Islet Isolation, Advances in Experimental Medicine and
Biology 938, DOI 10.1007/978-3-319-39824-2_7


mailto:wayne.hawthorne@sydney.edu.au

90
7.1 Pancreas Digestion:
Separating Islets
from the Surrounding Tissue
7.1.1 Receipt of the Pancreas

into the Laboratory

Following the organ donor operation, organ per-
fusion and cold shipping, the pancreas is taken to
the clinical isolation laboratory to undergo isola-
tion. In this process there are a series of integral
steps undertaken to ensure the best possible out-
comes in terms of number of islets, islet equiva-
lents per gram (IEQ/g) pancreas, quality of the
isolated islets and of course their functional
capacity. However, first and foremost is safety to
the recipient patient who is both diabetic and
immunosuppressed due to the immunosuppres-
sive drugs used for induction and ongoing sup-
pression of the immune system. This allows the
islets to not be rejected by the recipient’s immune
system but at the same time potentially poses
inherent risks to the recipient due to a depressed
natural immunity for protection against potential
pathogens. As such it is integral to not introduce
any such potential pathogens to the patient by
way of the islet transplant. To do this we have
developed a number of steps to minimise any
potential introduction of pathogens to a recipient.
These include multi step surveillance of the pro-
cess by collection of samples that are processed
for identification of any potential microorgan-
isms throughout the isolation process and culture
periods. Prior to release of the islets for trans-
plantation, a strict release criteria protocol is fol-
lowed and conformance to this includes both
assessment for microbiological and any potential
endotoxin burden in the islet preparation.
However, the very first steps in the whole process
are to minimise any potential introduction of
pathogens into the process by way of decontami-
nation and prevention of such.

Figure 7.1a shows a donor pancreas after
receipt into the islet isolation facility. The pan-
creata are generally retrieved using the “No touch
technique” and still have surrounding connective
tissue, fat, blood vessels and quite often a seg-
ment of duodenum and or spleen still attached

W.J. Hawthorne et al.

[1]. As mentioned, the organ is transported in
sterile bags with the pancreas in cold preserva-
tion solution. When it arrives the first thing to be
done is to collect a sample of the transport media
for microbiological assessment (refer to Sect.
7.5.3). The extraneous tissue is removed prior to
cannulation of the pancreatic duct to reveal the
head, middle (body) and tail [2, 3] as can be seen
in Fig. 7.1b.

To minimise the introduction of contaminants
into the isolation process, the trimmed and can-
nulated pancreas is decontaminated through a
series of 4 °C solutions (Fig. 7.1c). Using sterile
instruments, the pancreas is removed from the
UW perfusion/transport solution and placed in a
10 % Povidone-Iodine bath for a period of no less
than 3 min before then being transferred to a bath
of 2 mg/ml Cephazolin/M199 solution for a
period of no less than 3 min before finally being
rinsed in cold media such as M199 to remove the
decontaminating solutions. This process is done
immediately prior to the pancreas being trans-
ferred to a dish for enzyme distension as described
in Sect. 7.1.3.

7.1.2 Enzymes for Digestion
of the Pancreas

The release of islets from surrounding exocrine
and connective tissue remains a limiting factor in
the success of islet isolation and the resulting
transplantation of islets to treat individuals with
type 1 diabetes (T1D). To add to the complexity
associated with the architecture of the pancreas,
donor variables and retrieval conditions, each
described previously, is the variability of enzyme
types, methods of introducing the enzyme into
the pancreas (manual vs machine) and shaking of
the Ricordi chamber (automated vs manual; [4]).

Early attempts at obtaining large numbers of
high quality islets from donor human pancreases
were hampered by the use of crude enzyme
blends. These were very often mixtures of vari-
ous collagenases, proteases and unknown
enzymes, which degraded many types of colla-
gen [5]. This meant there was variability in
enzyme activity and concentration between
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Fig.7.1 (a) Shows a pancreas received into the islet iso-
lation laboratory. It is still in the organ perfusion fluid —
UW solution — from the donor procedure and transport.
Note the presence of connective tissue, blood vessels, fat
and a segment of duodenum. (b) Shows the same pancreas
from (a) after removal of all extraneous connective tissue,
blood vessels, fat and the segment of duodenum. It is still

batches making it difficult to achieve reproduc-
ibility in islet isolation procedures.

It was hoped the release of Liberase HI, a
standardized highly purified collagenase and
thermolysin blend, would enable the achieve-
ment of consistency in clinical islet isolations.
Early reports when it was compared to the tradi-
tional collagenase preparation used for islet iso-
lation (collagenase P) were hopeful, as islet yield
was significantly higher and no differences were
observed in this outcome when different batches
were used [6]. However, further studies showed
that this enzyme blend was variable between and
also within lots [7]. In spite of this, many Islet
Isolation and Transplant Units, including our
own, were able to transplant islets, isolated with

in the UW organ perfusion fluid from the donor procedure
about to undergo decontamination. In (c), the pancreas
has been removed from the UW solution and is being
taken through decontamination. The kidney dish on the
left contains sterile Povidone-Iodine, the second contain-
ing Cephazolin, the last M199 media wash to remove any
of the povidone and antibiotic mix

Liberase HI, into individuals with T1D and hypo-
glycaemic unawareness [8—10]. In many cases,
this resulted in the cessation or reduction of
endogenous insulin and abolition of hypoglycae-
mic unawareness, even when insulin was
required.

However, the use of Liberase HI for clinical
islet isolation stopped in 2007 when it was
revealed that the Clostridium histolyticum from
which it was manufactured was cultured in a
broth containing bovine brain and may have
posed a risk of transmission of Bovine
Spongiform Encephalopathy (BSE). The manu-
facturer, Roche Diagnostics Corp determined
that “the risk of BSE prions being present in the
bovine material used in the production of Brain
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Heart Infusion broth, carried through the produc-
tion for the Liberase Purified Enzyme Blends and
subsequent isolation and purification of cells
used in clinical applications is remote, less than
1 in 1 million probability.” [11].

During the Liberase HI period, another colla-
genase enzyme and neutral protease supplement
was being tested — Collagenase NB1 and Neutral
protease NB (SERVA Electrophoresis GMbH).
This combination was reported to yield a similar
number of islets with similar glucose stimulation
indices as Liberase HI [12]. Sabek et al. also
demonstrated that there was no difference in islet
yield, purity as well as in vivo function as
assessed by transplantation into diabetic NOD-
SCID mice, when Liberase was compared with
the SERVA enzymes [13]. Results obtained from
a retrospective study comparing islet isolations
performed with Liberase HI and the premium
grade of Collagenase NB1 suggested that
although the former was more efficient in pan-
creas dissociation, the percentage of islet isola-
tions that reached criteria for clinical
transplantation was the same with both enzyme
types [14]. Observations from both studies indi-
cated that Collagenase NB1 and Neutral protease
NB caused less damage to the islets and sur-
rounding tissue and may have been associated
with the higher purity and reduced apoptotic rate
seen.

An advantage of these SERVA enzymes is that
they are available as a GMP product i.e. they are
manufactured in compliance with the EU guide-
lines for good manufacturing practice (GMP) and
fulfilled the requirements of TSE guidelines
according to the European Pharmacopoeia. As
such, they are more suited for clinical use from a
safety aspect. The combination of the GMP
Collagenase NB1 and Neutral protease NB
(SERVA enzymes) has been used by our Unit and
others to successfully treat individuals with T1D
and hypoglycaemic unawareness [15-17].

This also stimulated the development of a
mammalian tissue-free enzyme by Roche
Diagnostics — called Liberase MTF (mammalian
tissue free). This is similar to Liberase HI, how-
ever, it is manufactured under GMP, and as the
name suggests, in the absence of mammalian tis-
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sue. Initial tests carried out by groups in the
Netherlands, Sweden and France used a pre-
mixed blend of collagenase and thermolysin —
Liberase MTF-S — resulting in 9 of 12 isolations
reaching criteria for clinical transplantation [18].
Criteria for potential clinical transplantation were
>250,000 islet equivalents, static stimulation >1
and >70% fluorescent viability. There was a
large variability in the results and the authors
suggested that this was likely due to inexperience
using the new enzyme blend and possible inabil-
ity to adjust the thermolysin concentration
individually.

Another study compared the islet isolation
outcomes of Liberase MTF and the SERVA
enzymes [19]. For the Liberase MTF group, col-
lagenase and thermolysin concentrations were
adjusted separately and perfused into the pan-
creas simultaneously. The SERVA enzymes,
however, were delivered separately — collagenase
first then Neutral protease after initial digestion
in the Ricordi chamber. They found that 53 % of
Liberase MTF islet isolations compared with
33% SERVA isolations were successful (they
deemed this >400,000 islet equivalents). The
quality of the islets was similar using both
enzymes. More recently results of a study com-
paring Liberase HI, SERVA Collagenase NB1/
Neutral Protease and Liberase MTF/Thermolysin
indicated that the latter was superior to the others
in terms of digestion efficacy (percentage of tis-
sue digested by weight) and insulin secretion in
response to glucose in vitro [20].

In mid-2008 another enzyme blend — VitaCyte
collagenase HA — for clinical human islet isola-
tion became available. Assessment of this blend
showed that islet isolation outcomes were similar
to those obtained with the SERVA enzymes [21].
This study demonstrated that the VitaCyte blend
was more potent than the SERVA blend, and this
did not cause deterioration of islet integrity,
expressed as distribution of islet sizes, survival
post-culture, insulin secretory capacity and cyto-
kine expression.

A recent study evaluated three different
enzyme combinations (ECs) to determine the
optimal blend for isolating large numbers of high
quality islets [22]. The ECs included the standard
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SERVA NBIcollagenase + NB Neutral protease
(EC-A) and VitaCyte-Clzyme™ Collagenase-HA
+ VitaCyte — Clzyme™ Thermolysin (EC-F).
These were compared to a new enzyme mixture
(NEM) consisting of VitaCyte — Clzyme™
Collagenase HA + SERVA NB Neutral protease.
The NEM consistently achieved higher islet
yields from deceased donor pancreases (p <0.001)
than other standard ECs and met release criteria
for transplantation from 8 of 10 consecutive pan-
creases, compared with 3 of 13 from EC-A and
7/19 from EC-F. All but one patient transplanted
with islets isolated using the NEM exhibited ade-
quate basal and stimulated C-peptide levels simi-
lar to patients in other enzyme groups.

A similar study compared the efficacy of
SERVA NBI1 collagenase with either a high
activity-grade, low endotoxin level, neutral pro-
tease or thermolysin, in clinical islet isolation
[23]. They reported that both combinations gen-
erated islets of a clinical grade. A retrospective
analysis of SERVA NBI1 collagenase and NB
Neutral Protease with the NB1 and high activity
neutral protease demonstrated there was no dif-
ference in islet mass or viability between the two
groups or favourable 1 month post-transplant
outcomes.

Thus it is still not clear which collagenase
blends and/or combinations of such will provide
the best outcomes for islet isolation, i.e. large
numbers of high quality islets suitable for trans-
plantation. In an attempt to shed light on what
may be best, Rheinheimer et al. carried out a
mixed treatment comparison (MTC) meta-
analysis of studies that reported on human islet
isolation and evaluated the effect of different
enzyme blends on islet yield IEQ/g pancreas),
purity, viability and glucose-stimulated insulin
release (SI) [24]. There were 755 articles retrieved
from searches of Pubmed, Embase and Cochrane
libraries. Of these, 15 were included in the MTC
meta-analysis as they fulfilled the eligibility cri-
teria. The analysed enzymes included Liberase
HI, SERVA NBI, VitaCyte, Liberase MTEF,
Collagenase P (Boehringer = Mannheim,
Indianapolis, USA), Sevac (Crescent Chemical,
Hauppauge, USA), Sigma V (Sigma, St. Louis,
USA), Recombinant (Roche, Penzberg,
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Germany) and Collagenase Custom (Roche,
Indianapolis, USA). This comprehensive analy-
sis concluded that with regards to islet yield,
purity and viability, the digestion enzymes cur-
rently being used for human islet isolation were
of similar efficiency. In regards to glucose-
stimulated insulin release, this was improved
with SERVA NB1 and VitaCyte when compared
to Liberase MTF.

The packaging of collagenases and proteases
separately mean adjustment of enzyme ratios can
be made to take into consideration donor charac-
teristics, provide the ability to add each enzyme
separately as proteases can accelerate digestion
and combine different enzyme blends in order to
improve islet yield. However, there is still diffi-
culty in isolating sufficient numbers of high qual-
ity islets from young donors and marginal donors.
In a small number of cases, our Unit perfused a
reduced concentration of Liberase MTF +
Thermolysin, as compared with our standard,
into the pancreas of donors &lt;25 years, with
limited success (unpublished data). Another
group, Shimoda et al., manually introduced a
high concentration of collagenase NB1 + Neutral
protease into pancreases from donors &It;30
years and compared islet isolation outcomes with
donors of a similar age where a lower concentra-
tion of enzyme was automatically perfused into
the organ [25]. They found the ratio of embedded
islets was lower and the islet equivalents per pan-
creas weight, was higher in the trial group when
compared to the standard group. This needs to be
confirmed, as it was only performed in a small
number of isolations.

Our Unit routinely now uses the SERVA GMP
enzymes and reconstitutes Collagenase NB1 and
Neutral protease NB during trimming and decon-
tamination of the pancreas. These are combined
immediately prior to infusion; the concentration
can vary depending on the organ assessment but
we use a range between 18 and 24 U/g pancreas
of collagenase and 1-2 DMC U/g pancreas of
Neutral protease. This range of concentration
seems to work adequately in most cases. Varying
the enzyme concentrations beyond these does not
seem to alter our outcomes when we first started
using the SERVA GMP enzymes.
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7.1.3 Distension of the Pancreas
with Enzyme

Islets are released from the human pancreas via
infusion of digestive enzyme through the main
pancreatic duct, which breaks off into smaller
ducts that penetrate the exocrine portion of the
pancreas. To ensure the release of a maximal
number of islets, it is important that the enzyme
is distributed evenly throughout the organ. This
may be achieved through the cannulated pancre-
atic duct via two methods: hand distension or
pumping with a mechanical perfusion device
under pressure control.

Hand distension, has been used successfully
by our islet isolation unit since the commence-
ment of our clinical islet isolation programme in
2002 [9, 16]. After decontamination and trim-
ming of the pancreas, it is cut in half and the duct
on both halves is cannulated. The enzyme solu-
tion is then pumped through the cannulated duct
using a 50 mL syringe and pulsatile motion, as
can be seen in Fig. 7.2a. This allows the operator
to monitor and adjust the enzyme delivery
according to the physical attributes of the pan-
creas e.g. fibrous content or duct architecture.
Figure 7.2b is an example of a pancreas optimally
distended with enzyme solution following hand
distension. Our isolation unit trialed hand held
manometry to monitor the pressure while pump-
ing enzyme solution into the pancreas, however,
we found that it required extra time for set-up,
was cumbersome with additional lines and con-
nectors and did not enhance the outcome of the
islet isolation procedure. Other groups load
enzyme into the pancreas using a pump and a
recirculating perfusion device system allowing
enzyme infusion under controlled pressure. An
early study comparing the two techniques showed
that islet yield was higher post purification with
the perfusion device but in vitro islet function as
measured by glucose perifusion was no different
between the two groups [26].

Fig.7.2 (a)Is a photo of a pancreas being hand distended
with collagenase using a 50 ml syringe. The collagenase
enzyme is injected slowly in a pulsatile fashion via the
cannula in the pancreatic duct. Note also that the pancreas
has been dissected in half and the duct on both halves of
the pancreas have been cannulated to allow for injection
with complete and even distension of the gland, as can be
seen in (b)



7 Clinical Islet Isolation

95

7.1.4 Release of thelslets
Following Distension

Following the complete distension of the pancreas
with enzyme solution, the organ is chopped into
~2 c¢m? pieces and placed into a metal dissociation
chamber (Ricordi Chamber) containing stainless
steel ball bearings. The separation of the islet cells
from the acinar and connective tissue is achieved in
the circulating system and a Ricordi chamber as
seen in the digestion circuit consists of a closed cir-
culation tubing system which circulates the colla-
genase and media containing the pancreas (Fig.
7.3a, b). The chamber and fluid are warmed to 37
°C and the pancreas is prevented from blocking the
tubing by the use of a 500 pm mesh in the lid of the
chamber. The chamber also contains sterile stain-
less steel or other type ball bearings that aid in the
breaking up of the digesting pancreas tissues as the
chamber is shaken gently. The islets pass through
the mesh and continuous biopsy is used to identify
the point at which the isolation has progressed to
release of islets from the acinar and other tissues.
This stainless steel chamber called ‘the
Ricordi chamber’ is connected to a tubing system
is and was introduced by Ricordi and colleagues
in 1988. It was termed the ‘automated method’
[4]. Enzyme solution is recirculated through the

tubing system and the chamber is gently shaken
to aid the enzymatic break down with mechanical
disruption of the pancreatic tissue by the aid of
the ball bearings.

The shaking of the chamber can be carried out
manually i.e. by hand (Fig. 7.3a) or mechanically
using a ‘shaker’. A recent paper that compared
manual with mechanical shaking reported that
hand shaking yielded more islets with better
integrity than mechanical shaking [13]. They
found that digestion times were longer but yields
higher and more pancreas digest collected,
regardless of the enzyme used.

Our Unit uses hand shaking of the Ricordi
chamber as it enables us to monitor the digestion
process by sensing the disruption of the gland
with the enzyme. It allows us to better control the
shaking intensity depending on how dissociated
the pancreas tissue feels e.g. is the tissue moving
more freely in the chamber, is it pulling apart eas-
ily or are there still large intact pieces in the
chamber. The agitation intensity is changed
depending upon the amount of tissue disruption
that has occurred. Shaking intensity is decreased
as the gland pulls apart as observed as biopsies
are collected during the digestion process as can
be seen being collected from a 3 way tap in the
closed tubing circuit (Fig. 7.3b) [27].

Fig. 7.3 (a) Shows the closed circulation tubing system
with the Ricordi chamber in the foreground being gently
shaken to aid in the breaking down of the pancreatic tis-

sue. (b) Shaking of the chamber continues even whilst
biopsies are collected for digestion assessment as can be
seen being taken from the three-way tap in the circuit
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7.1.5 Switching from Digestion
to Collection

A critical step in the isolation of human islets for
transplantation is determining when to switch
from digestion of the pancreas to collection of the
digested tissue. There is a fine line ensuring islets
are adequately separated from the exocrine tis-
sue, but have not been over-digested, resulting in
fragmentation and destruction. It has been known
for some time that cell-cell contact is necessary
for islet function as disruption of the microanat-
omy alters insulin secretory responses [28].
Recently, Jaques et al. showed that the normal
response to glucose was in part due to the engage-
ment of the adhesion molecule E-cadherin
between cells in contact with each other, which is
Ca?*-dependent [29]. So it is important to avoid
excessive disruption during digestion of the pan-
creas. Further to this, using graph theory, Striegel
et al., recently suggested that ‘beta cell arrange-
ment is dependent on its connectivity in order to
maintain an optimal cluster size’. This must be
kept in mind during digestion of the pancreas as
disruption of this cell-cell contact may render the
islets non-functional [30].

To achieve this fine balance, islet release is
monitored constantly during digestion, by col-
lecting biopsies, staining with dithizone (which
stains zinc granules in the islet tissue) then view-
ing them under the microscope to review the
presence of islet and acinar tissue (Fig. 7.4a).
Biopsies are collected at regular intervals
throughout the digestion process, early in the
digestion process and when free islets are seen,
collection begins. Collection involves switching
from a closed system where enzyme solution is
continually pumped through the Ricordi chamber
and tubing system to an open system. In the open
system, fresh solution, without enzyme, is
pumped through the chamber and tubing system
and digested tissue is collected into a cold media
containing human albumin. Reduction in tem-
perature means the enzyme cannot function opti-
mally and dilution of the enzyme solution also
inhibits its action. Figure 7.4b shows just fibrotic
and ductal tissue remaining in the Ricordi cham-
ber, demonstrating optimal digestion of the pan-
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creas which indicates that the maximal number
of islets have been released. Figure 7.4c shows a
biopsy of the pancreas digest that has been sam-
pled showing free islets stained red by dithizone
stain in amongst acinar (yellow coloured cells)
and other tissues.

The digest is then combined and washed twice
in a cold wash media M199 containing human
albumin, insulin and heparin to neutralize and
further remove the digestive enzymes. It has been
demonstrated that collagenase does not persist in
the islets following washing during the isolation
process [31] despite being detected immediately
following infusion of collagenase through the
ductal system [32], which eliminates concerns
for patient safety. Following washing, the digest
is placed in UW solution supplemented with a
high concentration of human albumin, and hepa-
rin and insulin, for 30 min prior to purification.
This ‘quenching’ step, allows uptake of starch
into the acinar tissue altering its density and thus
assisting separation during the next step of islet
isolation — purification i.e. separation of the islets
from the exocrine tissue.

7.2 Islet Purification

All islet isolation laboratories may well be dif-
ferent in shape, size and format but the basic
principles of process and equipment remain the
same. As described earlier the clean room plays
an important role in the asepsis of the process-
ing but another very important part of the over-
all process is the equipment in the facility. This
equipment is essentially the same in most islet
isolation laboratories as are the various stages in
the isolation process that are made up of a num-
ber of very defined steps which have been
described in significant detail in numerous stud-
ies [4, 33-35]. The development of the auto-
mated systems came following many early
studies, which tried various methods for optimi-
sation of the purification of the islets following
the digestion phase. All revolved around optimi-
sation of the already basic density separation
with  Ficoll-sodium diatrizoate, Dextran,
Iodixanol and other radiological contrast media
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Fig. 7.4 (a) Examining biopsies of pancreatic digest
stained with Dithizone to determine the appropriate time
to switch from pancreas digestion to tissue collection and
inactivation/removal of enzyme. (b) Remaining fibrous
and ductal tissue in the Ricordi chamber following opti-

[35-40]. A number of variable mixtures of den-
sity gradients with agents such as the organ
preservation solutions UW, Euro-Collins, to
form variances of the Dextran and Ficoll gradi-
ents such as EuroFicoll or EuroDextran gradi-
ents all of which did not appear to have an
advantage over the more traditional density gra-
dients [36, 39, 40].

A number of studies also ran single density
layer of Ficoll-sodium diatrizoate or Nycodenz at
densities of 1.080 g/ml or 1.085 g/ml resulting in
recovery of 47.4-77.4% [37]. They suggested
that further refinement of factors such as osmo-
lality, viscosity, pH, ionic composition and tem-
perature of iodinated density gradient media

mal digestion of the distended pancreas. (c) Is a biopsy
from the pancreas digest that has been sampled showing
free islets which are stained bright red with dithizone in
amongst acinar and other tissues that are easily distin-
guished from the red staining islets

could provide continued improvement of islet
purity and recovery.

There continued to be numerous studies over
the years with ongoing changes and develop-
ments to improve purification outcomes.
Chadwick et al., in 1994 described the technique
of density-dependent purification of islets from
several species of mammalian pancreata is
improved by prior storage of the dispersed,
collagenase-digested pancreas in suitable storage
solutions, such as UW solution as cellular imper-
meants and colloids are important components
[36]. In their study they dispersed tissues from 7
porcine and 7 human pancreata stored in UW or
in solutions containing the impermeants
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lactobionate and raffinose, with either no added
colloid or in the presence of the colloids hydroxy-
ethyl starch, dextran 40, dextran 250, or Ficoll
400; hydroxyethyl starch-containing solutions in
which the principal cation was sodium, rather
than potassium, were also studied. Subsequent
purification of islets on continuous linear density
gradients of bovine serum albumin was then
assessed by insulin/amylase assay of gradient
fractions. Islet purity was slightly reduced using
solutions containing impermeants but lacking a
colloid, compared with using UW. In the com-
bined presence of impermeants and a colloid,
however, islet purity was similar to that obtained
with UW, and for porcine pancreata, solutions
containing Ficoll 400 or dextran 40 were slightly
superior to UW. Purity was not, however, influ-
enced by the sodium to potassium ratio of storage
media. As such they concluded that impermeants
and colloids are both essential components of
solutions used to preserve pancreatic tissue
before islet purification and specifically during
collagenase digestion/density gradient purifica-
tion [36].

The currently used and run density gradients
have evolved from these earlier forms of density
gradients. The current density separation media
used in the major units around the world include;
Ficoll, Dextran, Biocoll and various radiological
contrast agents such as lodixanol [16, 33, 34, 36,
41-47].

Ficoll or Ficoll-Paque density gradients are
solutions of high molecular weight sucrose poly-
mers and sodium diatrizoate. Ficoll density gradi-
ent media are excellent for isolating viable islet
cells in high yield and purity. Dextran is a com-
plex branched glucan (polysaccharides made of
many glucose molecules) composed of chains of
varying lengths (from 3 to 2,000 kDa) [36, 43, 45,
48]. A water-soluble high molecular weight glu-
cose polymer (ranging between MW 1,000 and
40,000,000), Dextran is produced by the action of
bacteria from the family Lactobacillaceae and
certain other microorganisms on sucrose or glu-
cose. This was one of the earliest used density
gradients used by a number of units early on but
less so these days [9, 36, 38, 40].
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Biocoll separating solution is a polymer with a
molecular weight of approximately 400,000 Da.
Densities of up to 1.1 g/ml can be adjusted using
this hydrophilic polymer. For optimal pH and
osmolality, adjusting Biocoll with an acid, pref-
erably amidotrizoeic acid, and sodium hydroxide
is required. Biocoll with densities of 1.077 and
1.090 g/ml are already adjusted as commercially
available separating media. In our unit we use the
pre-prepared Biocoll gradients for islet purifica-
tion [16].

Iodixanol is a radiologic contrast agent, sold
under the trade name Visipaque; it is also sold as
a density gradient under the name OptiPrep. It is
the only iso-osmolar contrast agent, with an omo-
lality of 290 mOsm/kg H,O, the same as blood. It
is sold in two main concentrations 270 and 320
mgl/ml — hence the name Visipaque 270 or 320
which are predominantly used by a number of the
major units within Asia [44, 46, 47, 49].

The changes that have evolved in the density
gradients have also been matched in advances in
the equipment. One significant development that
made advances to processing was the automated
purification processing step using the IBM 2991
COBE cell separator as it reduced the time
required for purification, shortening it to one
fourth the usual time and total processing time to
about half as long. Moreover, a team of fewer
laboratory staff is now able to prepare islets for
transplantation, significantly reducing overall
costs [39, 50]. One of the earlier studies by Vargas
et al. demonstrated major improvements to prep-
aration of human islets for transplantation adopt-
ing the then use of the IBM 2991 COBE cell
separator and a metrizamide/Ficoll density
medium that was relatively easy to prepare.
Using 27 pancreatic glands processed with the
COBE cell separator, they showed a dramatic
improvement of recovery and viability in these
preparations when compared retrospectively with
manual gradients. They concluded that the auto-
matic cell separator and separation medium were
major advances to the then islet purification
methods [50]. Quite clearly the adoption of these
techniques and the preference for the use of the
automated technique utilising multiple density
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gradients on the COBE® 2991™ Cell Processor
fast became the mainstay of the process which is
still used the same today [35, 36, 38, 40, 41, 43].

The COBE® 2991™ Cell Processor which
has been the main stay of the isolation process for
many years involves some modifications to the
stock cell separator. These were to develop cool-
ing of the machine to ensure the density separa-
tion gradients that the islets were loaded onto
remained cool, as did the islets. This is because a
suitable hypothermic environment would prevent
interaction with the toxic density gradients pre-
venting ischaemic cell injury but also maintain
the density of the temperature sensitive gradient
solutions during the purification process. To this
end, a number of modifications to many COBE®
2991™ Cell Processors were undertaken in vari-
ous units around the world. Two different
approaches of controlled cooling of the COBE®
2991™ cell separator for islet purification have
been undertaken. The first method was to modify
the machine itself and this was done by a number
of methods that have included; water cooling, air
cooling and even an electronically controlled lig-
uid nitrogen injection system (Geneva COBE
cooling system) [41]. The second way was the
use of the “Clean Room Cold Room” maintained
at 1-4 °C such as was established in a number of
units in the USA such as at the University of
Ilinois, Chicago and San Francisco [41]. Both
methods demonstrated similar temperature gradi-
ents from the beginning to the end of centrifuga-
tion both being around 7 °C. COBE cooling
systems can easily be adapted to a COBE®
2991™ cell separator and are efficient in main-
taining gradient solutions at a defined low tem-
perature during centrifugation [41, 43]. Our own
unit has modified several COBE® 2991™ Cell
Processors with water cooling which was per-
formed by our own in-house engineering depart-
ment and can be seen in Fig. 7.5a.

Running the COBE® 2991™ Cell Processor
to purify the more pure islet component from
the acinar contaminated tissues is performed in
a very steady process with the aid of chilled
density mixer devices that allow for the continu-
ous loading of two differing density gradients.
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Prior to uploading the mixing density gradients,
the heaviest density gradient is loaded onto the
bottom of the pre-cooled COBE bag, then the
mixing gradients are top loaded over this base
gradient. As can be seen in Fig. 7.5b the two dif-
fering gradients are slowly mixed whilst being
loaded into the already primed and centrifuging
COBE bag. Once the gradients are loaded, the
chilled pancreas milieu is top loaded over the
preloaded density gradients as can be seen in
Fig. 7.5c. The COBE® 2991™ Cell Processor is
then run for a predetermined time (usually sev-
eral minutes) prior to the gradient/pancreas mix
being pumped out into chilled tubes or flasks
that have cold media and 10 % human albumin.
Keeping the temperature cool means the islets
are less stressed from changes in temperature
gradients and also the effects of the density gra-
dient are less affected at the lower temperatures.
The separated purified fractions are then imme-
diately biopsied from each of the collection
tubes, stained with dithizone and the fractions
assessed for the number of islets in each fraction
and also the purity of each fraction. The tubes
containing the most pure fractions are then
washed several times and recombined as are the
less pure fractions. Care is taken to ensure the
more impure fractions are kept separated from
the more pure fractions to ensure that only the
most pure fractions are combined for eventual
transplantation. Once combined, these are sam-
pled and assessed by dithizone staining.
Dithizone is a stain that binds zinc ions found in
P cells but not exocrine tissue for assessing islet
numbers, mass and purity [51, 52]. Although it
does not allow differentiation between endo-
crine cell types, it remains the quickest and most
simple method of estimating islet cell numbers
and purity to allow for determination of the suc-
cess of the isolation and more importantly for
determination of seeding density of the cells
when placed into culture. The numbers are
assessed at this stage to ensure that the pure islet
aliquots are cultured separately from the more
impure acinar bound cells. This will be dis-
cussed in far greater detail in the following
sections.
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Fig. 7.5 (a) Laboratory setup for the islet purification
phase. In the foreground the COBE® 2991™ Cell
Processor has been set up with a COBE bag that is being
loaded with a continuous density gradient by a gradient
mixer as shown in (b). (¢) Shows top loading of the den-

73 Islet Culture

7.3.1 To Culture or Not

Following isolation, human pancreatic islets may
be transplanted immediately into a patient, or
transferred into culture vessels and incubated for
a specified duration before transplantation. Both
approaches have been employed in the clinical
setting with islets transplanted into patients
within 2 h of isolation [9, 10, 53], and islets trans-
planted following up to 72 h of culture [16, 34,
54-57].

sity gradients with the pancreas digest in UW solution.
This is then centrifuged on the COBE® 2991™ Cell
Processor to allow for separation of the islet fractions
from the remaining contaminating acinar and connective
tissues

Various studies have been conducted with the
aim of determining the cost and benefit of islet
culture prior to transplantation. The main con-
cern when culturing islets is the reduction in islet
mass and functional capacity after the culture
period [56, 58, 59]. Long-term culture studies
(12-21 days) have shown a decrease in cell
recovery rate, increase in DNA fragmentation,
central necrosis and cell death, and loss of
responsiveness to high glucose challenge [60—
62]. However, in clinical application, islets are
typically cultured no longer than 48 h before
transplantation into the recipient.
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Typical culture methods involve free-floating
islets in non-adherent plastic culture flasks, an
environment which does little to mimic the
endogenous state where islets are supported
within the extracellular matrix (ECM) [34, 63].
Destruction of the capillary networks surround-
ing the islets during the isolation process results
in post-isolation hypoxic stress which contributes
to islet loss in culture [63—65]. Studies have
shown losses of up to 35 % cell mass following
72 h culture, with bioassays demonstrating that
fresh islets allowed achievement of normogly-
caemia with better glucose tolerance and stimula-
tion indices compared to cultured islets [66].
Syngeneic transplant studies in rodents also dem-
onstrate better outcomes with freshly isolated
islets versus islets cultured for up to 1 week [67,
68].

However, other factors during the organ pro-
curement and isolation process also play a role in
loss of islets during culture. These include factors
such as longer cold ischaemic time, lack of oxy-
gen supplementation during organ preservation,
larger islet size and lower preparation purity [56].
Management of these elements may be beneficial
in improving the recovery rate of islets post-
culture. For instance, separating islet prepara-
tions into fractions based on purity and culturing
these in separate culture vessels may improve the
recovery rate as enzymes released from dying tis-
sue in the less pure fraction will not affect health
cells in the fraction of higher purity [56].

It has also been suggested that those islets lost
during culture are already determined at the point
of isolation and the culture period serves to dis-
tinguish between these dying islets and to allow
healthy islets of higher purity to be recovered for
transplantation [69]. In addition, it allows time
for performing quality assessment of the islet
preparation such that any quality or contamina-
tion issues to be identified, preventing transplan-
tation of poor preparations and improving
transplantation outcomes [54]. The additional
time afforded also allows for transport of islets to
different transplant centres, as well as being able
to have patients come to the transplant centre be
health screened and commence on immunosup-
pression [54, 56, 70].
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Kedinger et al. demonstrated prolonged sur-
vival of cultured human pancreatic islets trans-
planted into the liver of histo-incompatible
patients with 70% of recipients maintaining
complete or partial glucose control up to 160
days post-transplant. This observation, along
with similar studies involving culture of human
islets of up to 7 days, suggests that short periods
of in vitro culture are able to reduce the immuno-
genicity of islets [71-73].

An early study by Andersson et al. demon-
strated that isolated human islets could be main-
tained in tissue culture for over 1 week without
loss of alpha and beta cell function [74]. Other
studies using porcine islets showed that although
islet recovery gradually decreased as culture
duration increased, the ability of recovered islets
to reverse hyperglycaemia in mice improved with
culture duration [75, 76]. Similar studies in por-
cine and human islets also generated the same
outcome; improved islet function following cul-
ture in optimal media [58, 77]. This is supported
by observations of higher ATP content of cul-
tured islets in comparison to freshly isolated
islets, suggesting recovery of islet metabolic and
functional capacity while in culture [77, 78].

While most culture studies subject islets to
long-term culture in the order of weeks to months
[60-62], in general, clinical applications limit islet
cell culture to the short-term — up to 72 h prior to
transplant [34, 54-56]. Studies have shown that
only a minimal loss of islet mass was seen in short-
term cultures, with no significant changes in islet
purity [56, 77]. It has also been suggested that
decrease in islet mass may in part be due to islet
recovery and reduction of swelling that occur dur-
ing the perfusion process [69]. As transplant of
large volumes of tissue are known to result in par-
tial thrombosis of portal vein branches and changes
to liver morphology [79-81], the reduction in
packed cell volume after islet culture would corre-
spondingly reduce the risk of portal pressure
increase and thrombosis of the portal vein.
However, increased expression of hypoxia/stress-
related markers indicates that continued refinement
of culture media and conditions have the potential
to further improve islet recovery and maintenance
of functional capacity post-culture [77, 82-84].
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7.3.2 Base Culture Media

There are specific challenges faced in islet tissue
culture as pancreatic islets consist of clusters of
endocrine cells and are more akin to mini-organs
as opposed to single cells. Changes to the media
and techniques traditionally used are therefore
required to provide optimal conditions for cell
survival and recovery. As the ideal outcome of
human pancreatic islet isolation is successful
clinical transplantation of patients, the media
used during culture must be defined, free of
serum and xenoproteins, and contain little or no
antibiotics or additional supplements.

Based on comprehensive testing of commer-
cially available tissue culture medium, Connaught
Medical Research Laboratories (CMRL) 1066
media was found to be optimal for islet cell cul-
ture [34, 58]. Originally used for culturing fibro-
blasts and kidney epithelial cells, it was found to
be optimal for culturing human pancreatic islets
[85], yielding cells with greater functional capac-
ity compared to other media tested [58]. Several
components of CMRL 1066 make it suitable for
islet culture. One of these is glucose, essential for
cellular ATP production, at a concentration of 5.5
mM, ideal for preserving responsiveness of
human islets to glucose stimulation [86].
Prolonged exposure to higher glucose concentra-
tions are known to lower insulin content and
impair islet function [86].

Another form of islet culture media is defined
Miami media, which consists of CMRL 1066
modified supplemented with nicotinamide, vita-
min E and human serum albumin, in addition to
insulin-transferrin-selenium, water-soluble lin-
oleic acid, sodium pyruvate, zinc sulphate,
HEPES and glutamine [87]. This modified form
and similarly supplemented base media has also
seen wide use in culture of human islets for the
purposes of clinical transplantation [9, 16, 54,
57], although research is ongoing into the use of
alternative media formulations [88, 89].
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7.4 Additional Factors

7.4.1 Human Serum Albumin/
Insulin-Transferrin-Selenium

The addition of serum or serum albumin to islet
culture media has been comprehensively studied
and these have shown that albumin possesses
lipid-binding properties, therefore preventing
complications associated with free lipid solubil-
ity and toxicity [90]. As xenoproteins must be
absent in clinical transplant preparations, serum
or serum albumin of human origin is added to
culture media rather than fetal bovine serum
(FBS; commonly used for culturing islets for
research), although in vitro studies and bioassays
have shown improved metabolic rate and func-
tion in islets cultured with fetal bovine serum
[91].

A previous comparison between human serum
(HS) and human serum albumin (HSA) deter-
mined that HSA was able to better preserve islet
mass and secretory capacity compared to HS
[92]. However, a more recent study observed
increased viability, function and recovery rate of
human islets cultured in media with HS added,
although no significant difference in transplant
outcome was seen in nude mouse bioassays [93].

The use of serum-supplemented versus serum-
free media (SFM) has also been tested in long-
term culture of human islets by comparing
FBS-supplemented CMRL 1066, or CMRL sup-
plemented with bovine albumin and insulin-
transferrin-selenium (ITS) [61]. Insulin and
insulin-like growth factors (IGF-1 and —II) have
the potential to improve islet recovery and viabil-
ity, and reduce mantle disintegration when added
to islet culture media [61, 62]. The iron-binding
properties of transferrin allow it to act as a stimu-
latory factor to islets, while selenium-dependent
enzymes are able to scavenge reactive oxygen
and nitrogen species, therefore preventing oxida-
tive damage to cells in culture [90, 94].
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Islets cultured up to 2 months in CMRL sup-
plemented with ITS were found to have a higher
recovery rate, viability and functional capacity
compared to CMRL with FBS added [61]. A fol-
low-up study using the same supplementation
confirmed this as well as demonstrated improved
islet function in vivo bioassays [95].

Current clinical programs utilise various con-
centrations of HSA as an additive to both culture
media and the media used to transplant the islets
into the patient. These are used at various con-
centrations but most clinical programs including
our own utilise culture of islets in CMRL media a
10% HSA [16].

7.4.2 Other Various Additives

Free radical scavengers are frequently added to
islet cell culture media to reduce oxidative dam-
age. Two examples of such, nicotinamide (NIC)
and desferrioxamine (DFO) have been found to
protect against damage to chronic islet allografts
and reduce the incidence of rejection [96-98]. In
addition, neither NIC nor DFO were found to
result in cell toxicity or impaired function when
added to culture media [99, 100].

Another free radical scavenger, alpha-
tocopherol (vitamin E) has also been shown to
protect pancreatic islets against nitric oxide dam-
age when added to islet culture media [101].
Supplementation with alpha-tocopherol during
short-term culture was also found to moderately
increase in vitro secretion of insulin of rat islets
in response to glucose stimulation [102].
However, this effect was not maintained over cul-
ture periods longer than 3 weeks.

Activation of the free fatty acid (FFA) recep-
tor GPR40 by linoleic acid was found to influ-
ence calcium channel signaling and result in
increased glucagon secretion [103]. This FFA
receptor has also been shown to play a role in free
fatty acid-mediated insulin secretion [104].
Various studies have determined that accumula-
tion of free fatty acids in pancreatic islets during
glucose metabolism, assist in regulation of insu-
lin secretion through voltage-dependent calcium
channels [105, 106]. Additionally, addition of
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fatty acids to islet culture media was observed to
increase cell proliferation and insulin secretion
[107]. However, these beneficial effects were
only observed with addition of polyunsaturated
fatty acids such as arachidonic acid. Use of satu-
rated fatty acids, such as palmitic acid, was found
to increase production of reactive oxygen spe-
cies, and impair islet viability and insulin secre-
tion in response to glucose [107-109]. As such,
care must be taken to select fatty acids suitable
for supplementing culture media.

Pyruvate is a glycolytic intermediate and is
transiently metabolized by islets, acting as a mito-
chondrial substrate [110]. In addition, pyruvate
stimulates glucagon secretion and is known to
improve recovery rate and glucose responsiveness
when provided in islet culture media [110, 111].

Zinc is an important component of insulin syn-
thesis, storage and secretion as proinsulin binds to
zinc, forming a structure composed of six insulin
molecules and two zinc atoms [112], and is stored
as such in pancreatic beta cells [113]. Zinc also
plays a signalling role, stimulating secretion of
glucagon from alpha cells following secretion of
insulin from beta cells [111]. The presence of zinc
is therefore necessary to facilitate proper function
of pancreatic islets. The addition of zinc chloride
to culture media of rat islets demonstrated a
reduction in apoptosis and mitochondrial oxida-
tive stress [114]. Conversely, excessive zinc has
been shown to decrease islet insulin content and
negatively impact cell membrane integrity [115].

Glutamine, a non-essential amino acid, is fre-
quently added to cell culture media due to its role
as a cellular substrate source in addition to being
an important precursor to glutathione, a free radi-
cal scavenger [116, 117]. Pig islets cultured in
media supplemented with glutamine show
increased cell recovery and viability, as well as
improved stress resistance [118].

Perfusion of rat pancreata with glutamine dur-
ing islet isolation was found to improve yield and
viability of islets from pancreata subjected to 30
mins of warm ischaemia. The concentration of
glutathione was also found to be increased with
glutamine treatment [119]. A follow-up study in
human pancreatic islet isolation observed similar
results, with a reduction in percentage of
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apoptotic cells observed. Functional assessment
in a nude mouse model showed that a higher per-
centage of mice achieved normoglycaemia within
a shorter duration compared to mice transplanted
with islets isolated without intraductal glutamine
perfusion [120].

Treatment of rat islets with glutamine prior to
transplantation was observed to protect against
cytokine damage and nitric oxide-induced apop-
tosis through induction of heat shock protein
(HSP) 70 and glutathione expression [121].

Glutamine also plays a role in regulating beta
cell mass and function by stimulating biosynthe-
sis and secretion of IGF-II, an autocrine ligand
[122].

7.4.3 Culture Temperature

Various studies have attempted to determine the
optimal temperature for islet cell culture. In gen-
eral, islets are cultured in 5% CO, at one of two
temperatures: 22-24 °C (low) or 37 °C (high).
Current clinical practice at most centres utilise
culture at 37 °C for a period of 24 h and if further
culture is required the temperature is reduced to
22-24 °C for no more than 12 h prior to trans-
plantation [16, 123].

Human islets cultured at low temperatures
have shown prolonged graft survival when trans-
planted into mouse models, suggesting that low
temperature culture reduces islet immunogenic-
ity [72, 73, 124]. In addition, low temperature
culture lowers metabolic rate and is known to be
beneficial for maintenance of islet morphology.
Scharp et al. cultured human islets at 24 °C and
showed reduced central necrosis and preservation
of islet morphology after 1 week in culture [125].
A similar study in rat islets demonstrated that
islets were able to maintain their morphology and
function after 4 weeks in culture at 24 °C [126].
Both rat and pig islets showed decreased necrosis
and cell death after low temperature culture,
allowing higher recovery rates for cultured cells
[60, 127].

Conversely, disintegration of the islet periph-
ery was observed in hamster and pig islets cul-
tured at low temperatures [60, 128]. Low
temperature culture has also been shown to result
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in islet degranulation, impaired metabolism and
glucose responsiveness [60, 129]. Escolar et al.
showed partial inhibition of glucose-stimulated
insulin secretion even at 27 °C, with complete
inhibition at 17 °C [129]. Islets cultured at 24 °C
demonstrated reduced insulin secretion in
response to glucose after 1 week, although trans-
ferring those islets to 37 °C was found to be suf-
ficient to return glucose responsiveness to initial
levels [125, 126].

Culturing islets at 37 °C allows maintenance
of islets close to physiological temperature. Pig
islet studies show that islets cultured at 37 °C
show increased viability, insulin content and
secretion in response to glucose stimulation [60].
However, the higher metabolic rate is also known
to result in a higher rate of necrotic cell death
[126, 127, 129].

Currently, both temperatures are used for cul-
ture of human islets for clinical transplant with
some groups culturing at 22 °C and others at 37
°C [9, 10, 16, 34]. Culture at 37 °C, followed by
22 °C has also used by some to take advantage of
the benefits afforded by both culture tempera-
tures [54, 55, 57]. A recent gene expression sur-
vey was conducted to compare porcine islets
cultured for 6 days at either 37 °C or 22 °C, and
for 5 days at 22 °C followed by 24 h at 37 °C
[130]. This study demonstrated that islets cul-
tured at 37 °C had marked reduction in expres-
sion of lymphocyte markers, lymphokines and
chemokines. A smaller decrease in apoptotic and
stress markers was also observed. Transfer of
islets cultured at 22—-37 °C for 24 h was sufficient
to restore expression to the levels seen in the 6
day culture at 37 °C, suggesting that 37 °C may
be an ideal temperature for islet cell culture
[130]. However, care must be taken in extrapolat-
ing these results to culture of human islets as no
similar gene expression studies have been con-
ducted to identify the effect of culture tempera-
ture on human islets.

7.4.4 Seeding Density and Culture
Vessels

Seeding density is another important consider-
ation during islet culture as increasing islet
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Fig.7.6 (a) Multiple culture flasks are used for one pan-
creas worth of islets when cultured to ensure optimal cell
density to try to reduce hypoxia and preserve cell viabil-
ity. (b) Incubator inside the Human Applications
Laboratory Clean Room showing examples of the various

density is thought to correlate to tissue necrosis
[95]. A study by Brandhorst et al. showed that
high islet densities result in a hypoxic environ-
ment, and a concomitant decrease in islet viabil-
ity, insulin content and secretory function [131].
To avoid these adverse effects, isolated islets
intended for clinical transplant are typically cul-
tured at a seeding density at no more than
1,000 IEQ/ml culture media [34, 55].

In terms of culture vessels, islets are generally
cultured in tissue culture flasks [9, 34, 57] or petri
dishes [55, 56] (Fig. 7.6a). The amount of media
used per vessel is generally kept low as the larger
surface area and lower cell densities prevents
hypoxia and preserves cell viability and function
[132, 133].

Gas-permeable culture vessels have been tri-
aled to improve oxygen delivery to islets in cul-
ture. A comparison of human islets cultured in
vessels incorporating five different commercially
available medical-grade gas-permeable mem-
branes in addition to standard culture flasks iden-
tified an improved glucose stimulation response
using one of the five tested [134]. Flasks with
oxygen-permeable silicon rubber membranes
have also been successfully used to culture
human islets for 36-48 h at 10-20-fold higher

types of culture devices that can be used for culturing of
islet cells. Some countries closely control the use of vari-
ous flasks or vessels for the culturing of cells. Thus it is
essential to ensure the appropriate standard device is used
for culture of islets for clinical transplantation

densities than in conventional gas-impermeable
flasks, with no significant loss in viability [135].
A distinct benefit of increasing cell culture den-
sity is that the number of culture flasks required
is reduced, reducing the chances of contamina-
tion and islet loss during recombination for
transplant.

In addition to flasks, a culture bag system has
also been developed using a gas-permeable poly-
ethylene membrane. Initial experiments using
porcine islets demonstrated reduced cell loss,
with improved viability and insulin secretion in
response to glucose after 24 h culture, compared
to islets cultured in conventional cell culture ves-
sels [136]. This was also extended to human islet
culture for transplantation; with good graft func-
tion observed in the two patients transplanted
[136].

Human islets have also been cultured in a rota-
tional cell culture system (RCCS) consisting of a
high aspect ratio vessel (HARV) that is rotated
horizontally throughout the culture period [137].
In this way, the islet cells are suspended in media,
preventing settling and unwanted cell aggrega-
tion associated with necrosis while increasing
oxygenation and maintaining cell-to-cell contact
and signaling. A 10 day culture of human islets in
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a RCCS observed better preservation of islet
morphology and function compared to static cul-
ture [137]. However, this culture system has not
been tested as yet in the clinical setting. Our own
unit has tested a number of different types of cul-
ture vessels for culturing islets these can be seen
in (Fig. 7.6b) inside of an incubator within our
isolation laboratory.

7.5 Quality Assessment Prior
to Release

for Transplantation

Various methods have been developed with the
aim of assessing the quality of islet preparation
following isolation and/or culture to ensure that
the islet preparation will provide a safe and effi-
cacious result. To be able to reach release criteria
for transplantation the following are generally
covered: cell mass, purity, viability, sterility and
functional capacity. Quality assessment is partic-
ularly critical when characterizing islet prepara-
tions intended for clinical transplantation. It has
previously been suggested that transplantation of
poor quality islet preparations causes the incon-
sistencies observed in the ability of islet trans-
plants to reverse diabetes [53], so quality control
is essential to both determine the suitability of
islets for transplant as well as to improve the
chances of a long-term functional graft in
recipients.

In the USA, the Food and Drug Administration
regulations place islets isolated for transplant
therapy under the biological products, and human
cells and tissues, requiring the released prepara-
tion to demonstrate product stability and consis-
tency between lots in addition to complying with
standards of product identity, safety, purity and
potency [138, 139].

However, due to donor variation and the nature
of the isolation process, it may be difficult to
apply regulations designed initially for therapeu-
tics manufactured in a highly controlled situation
to islet preparation release criteria wholesale.
Other centres throughout the world typically
employ methods intended to provide sensitive,
accurate and reproducible quality assessments in
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the shortest time possible while ensuring release
of a safe and efficacious preparation.

The release criteria formally accepted for the
CITR program are based on islet count per recipi-
ent weight (5,000-20,000IEQ/kg for the first
transplant, and 3,000-20,000 for following trans-
plants), with purity >30%, viability >70%,
endotoxin concentration <5 endotoxin units (EU)
per kg recipient weight, and no detectable organ-
isms in a Gram stain prior to transplant, in addi-
tion to a glucose stimulation index (ratio of
stimulated insulin secretion: basal insulin secre-
tion) >1 [123, 140]. However, these criteria are
generally accepted as guidelines to exclude poor
preparations and may not necessarily relate to
functional outcomes in vivo.

Criteria based on these are currently in formal
use at the National Pancreas Transplant Unit at
Westmead Hospital, Australia, where we require
each islet preparation to be above determined
thresholds of islet number/mass, viability, purity,
and sterility before the product is released for
transplantation (Table 7.1).

This section will briefly describe different
indicators of islet quality most commonly
assessed and used as release criteria, and their
use in predicting islet survival and function in
recipients. We will also describe a number of
other useful methods that provide an indication
of function but are NOT part of the formal release
criteria.

7.5.1 Islet Cell Mass and Purity

Assessment of islet cell mass is a basic require-
ment for determining the suitability of an islet
preparation for transplantation. As a proportion
of islets may fail to engraft, apoptose or be
destroyed by acute immune responses immedi-
ately following transplantation [141-143], a suf-
ficient number of islets need to be transplanted to
ameliorate this loss [10]. In Australia, for clinical
islet transplantation this is currently a minimum
of 4,000 islet equivalents (IEQ) per kilogram of
recipient weight in order for the product to be
released for transplantation along with also pass-
ing all other stipulated release criteria.
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Table 7.1 Shows the release criteria used for product release for clinical islet transplantation at the National Islet

Transplant Unit at Westmead Hospital

Parameter Criteria limit Result Outcome

Islet Equivalents (IEQ) for >200,000 (A-B) Acceptable/not acceptable
transplantation

A. Total IEQ post culture =

B. IEQ taken for quality control =

Islet equivalents/recipient body >4,000/kg Acceptable/not acceptable
weight

Packed cell volume <10 ml Acceptable/not acceptable
Islet cell purity >30% Acceptable/not acceptable
Islet cell viability >70% Acceptable/not acceptable
Gram stain Free of all organisms No organisms/organisms present
Endotoxin assay <25EU/50 ml (<0.5 © Acceptable/not acceptable
C. Total Endotoxin Units in sample EU/ml)

(endotoxin value x sample volume)

D. EU/kg Recipient body weight <5.0 EU/kg (D) Acceptable/Not acceptable

(C/recipient weight)

It has previously been shown in a pancreatec-
tomized pig model that critical islet mass is
essential for normalization of the glucose
response after transplantation [144]. In human
islet transplantation, sufficient islet mass is also
known to be positively correlated to graft func-
tion, with various studies observing increased
C-peptide and decreased requirement for insulin
supplementation when larger numbers of islet
cells were transplanted [42, 145].

However, studies of porcine and rat islet grafts
showed that insulin content could be more closely
correlated to the beta cell mass rather than just
the number alone [146]. Microscopic analysis
has indicated that up to 87 % of total islet volume
in human islet preparations were found to be
comprised of beta cells [147], although cytomet-
ric studies found this proportion to be closer to
60 %, suggesting some loss of beta cell mass dur-
ing the isolation process [69]. Keymeulen et al.
also observed that beta cell mass transplanted
may be a better indicator of graft function post-
transplant, rather than total islet cell mass. By
controlling for the beta cell mass transplanted,
they were able to standardise human islet trans-
plant outcomes, with transplants of >2 x 10° beta
cells per kilogram recipient body weight found to
maintain function up to 1 year post-transplant
[148, 149].

Dithizone, a stain that binds zinc ions found in
beta cells but not exocrine tissue, is commonly
used to stain fresh and cultured islet tissue for
assessing islet numbers, mass and purity [51, 52]
as can be seen in (Fig. 7.7a) the biopsies are gen-
erally best viewed under an inverted microscope
with a backlit stage. Although it does not allow
differentiation between endocrine cell types, it
remains the quickest and most simple method of
estimating islet cell numbers and purity of the
islet aliquot as seen in Fig. 7.7b where pure islets
are stained vividly red with dithizone stain and
some acinar tissue are attached to the islets and
are not stained (yellow coloured tissues).

Briefly, islet numbers are counted after stain-
ing and divided into diameter categories with the
smallest being 50 pm, and increasing incremen-
tally by 50 pm. To standardise islet volume calcu-
lations, the islet equivalent (IEQ) was proposed
as a measure of normalising islet volume based
on the premise that 1 IEQ corresponds to a spher-
ical islet of 150 pm diameter [52]. The number of
islets in each diameter category is then converted
using a pre-determined set of IEQ factors, and the
sum of these calculated to obtain the total IEQ for
each islet preparation [52] (Table 7.2).

Since then, several modifications have been
proposed, such as adjustment of IEQ conversion
factors to more accurately represent the
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Fig. 7.7 (a) Counting and quantification of cell purity
form an integral part of the quality assessment of the islet
cells prior to release for transplantation or use in research.
Cells are sampled in triplicate and placed into the wells of
a six-well plate containing media and dithizone to stain
the cells before examination under an inverted micro-

proportion of different sizes of islets seen in a
preparation [150], or to account for the fact that
islets are not completely spherical with ellipsoid
or irregular islets commonly observed [151, 152].

In addition to islet volume, islet size distribu-
tion is also known to have an impact on graft
function with smaller islets demonstrating better

Table 7.2 To calculate the islet equivalent (IEQ), islet
cells are categorised into different groups based on size
increments of 50 pm, and the total number in each group
is converted using a set of islet factors and combined to
obtain the total IEQ

IEQ: conversion into
islets of 150 pm

diameter
Islet diameter Islet number (n) X islet
(pm) Mean vol (pm?) | factor
50-100 294,525 n/6.00
100-150 1,145,373 n/1.50
150-200 2,977,968 nx1.7
200-250 6,185,010 nx3.5
250-300 11,159,198 nx6.3
300-350 18,293,231 nx10.4
350400 27,979,808 nx15.8
Total IEQ Sum of IEQ for each

diameter category

scope. (b) A biopsy of human islets stained with dithizone
which stains the islets red in contrast to any acinar or con-
nective tissue that is not stained and is generally yellow
when examined under an inverted microscope (Note that
this biopsy is >90 % pure and has a good size distribution
of islets)

function compared to large islets, both in rat
models and human islet transplants [153, 154].
Small islets (diameter 50-150 pm) tended to be
more viable, maintaining higher survival rates
than large islets (diameter 150-300 pm) in both
normoxic and hypoxic conditions [153, 154].
Preparation purity is also an essential consid-
eration in assessment of islets for transplant as
acinar tissue remaining attached to islet cells
post-isolation release proteases that contribute to
islet cell death [56, 155]. Low purity islet prepa-
rations also demonstrate reduced viability and
functional capacity [155-157]. Decreased purity
and increased total preparation volume caused by
attached acinar has been postulated to be a poten-
tial cause of thrombosis during infusion of the
islet preparation into the portal vein during trans-
plant as well as impair survival and engraftment
of islets post-transplant [79, 158]. To assess islet
purity post-isolation or -culture, islets are stained
with dithizone to examine the proportion of cells
remaining bound to acinar [157]. Islets may be
accepted for release for clinical transplantation if
the purity of the preparation is assessed to be over
30% based on dithizone staining, with a total
packed cell volume of less than 10 ml [9, 16].
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7.5.2 Islet Cell Viability
Staining for islet cell mass alone is not sufficient
to determine the quality of a preparation as islets
can potentially be damaged and non-viable at the
time of transplantation. As such if we transplant a
large number of non-viable cells it provides a
poor outcome in regards to function but also then
provides an antigen load that can potentially sen-
sitize the recipient to subsequent transplants.
Obviously to transplant the best possible cells is
of the utmost importance. To do this assessment
of islet viability is an important factor in quality
assessment and various methods are used to
assess this. The currently accepted assay for islet
viability involves staining with DNA-binding
dyes to differentiate between live and dead cells
based on membrane integrity, usually fluorescein
diacetate (FDA) and propidium iodide (PI) [159,
160]. Based upon the CITR where they use FDA/
PI and as performed in our own unit at Westmead
a cut off of 70% viability is a minimum for
release of the product for transplantation [9, 16].
FDA is derived from fluorescein, a dye that
fluoresces green. It diffuses passively across the
cell membrane and is converted to fluorescein by
esterase activity in the cytoplasm, causing live
cells to fluoresce green under a 490 nm excitation
wavelength [161]. Dead cells or dying cells are
assumed to have minimal to no cytoplasmic

Fig. 7.8 Islet cells stained with FDA/PI showing live
cells fluorescing green and damaged/dying cells fluoresc-
ing red
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esterase activity and therefore do not fluoresce
green.

Counterstaining with PI (or a similar
membrane-excluded dye such as ethidium bro-
mide or ethidium homodimer-1 [162]) allows
identification of damaged/dying cells exhibiting
compromised membrane integrity as these will
take up the stain, fluorescing red at 545 nm [159,
160] (Fig. 7.8). Obviously a threshold level of
viable cells is required and according to our prod-
uct release criteria, at least 70 % of cells must be
viable before a preparation is deemed suitable for
release for transplantation [9, 16].

However, use of FDA/PI can be subjective due
to inconsistencies in dye concentration, incuba-
tion times, cell sample sizes or even imaging
parameters. Membrane integrity is also assumed
to indicate cell viability, although this may not
necessarily be the case — islets judged as viable
based on nucleic staining do not necessarily func-
tion and this has been shown in a number of stud-
ies including transplantation into mouse models,
likely due to the fact that DNA-binding dye
exclusion does not identify apoptotic cells [163].

Markers of apoptosis and necrosis have there-
fore been used in combination to allow a more
accurate determination of islet viability. Ichii
et al. have developed a method of simultaneously
determining beta cell composition, viability and
apoptotic cell percentage in a preparation using
the zinc-binding dye Newport Green (NPG),
apoptosis probe tetramethylrhodamine ethyl ester
(TMRE) and membrane-impermeant
7-aminoactinomycin D (7-AAD) [69].

Zinc plays an essential role in insulin synthe-
sis, storage and secretion in pancreatic beta cells
[112, 113], and as NPG selectively binds zinc in
an esterase-dependent fashion, viable beta cells
can be identified using this marker [164].
Meanwhile, TMRE binds active mitochondria
and decreased TMRE fluorescence serves as an
indicator of cell apoptosis [165]. Finally, cells
with membrane damage are stained with 7-AAD
allowing identification of dead cells. By combin-
ing these dyes with high-throughput laser scan-
ning cytometry and cytofluorimetry, a positive
correlation was identified between viable beta
cell mass and transplantation success in a mouse
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model [69]. This study also introduces the beta
cell viability index based on the percentage of
viable non-apoptotic beta cells as an indicator of
graft  survival and  potential  function
post-transplant.

Our centre at Westmead Hospital, Australia
conducts flow cytometric analysis on islet cells
post-culture to determine this beta cell viability
index, with indices of 0.5 or higher considered as
satisfactory [9, 16]. However, this is not consid-
ered part of product release criteria as yet for
transplantation and we have further studies ongo-
ing to assess this for transplant release. In addi-
tion, although this method successfully allows
characterisation of cells in an islet preparation, it
also requires more time, a larger islet sample,
technical expertise to both run and interpret the
assay and the fluorescent cytometers equipped
with lasers and filters suitable for sample analysis
[166].

7.5.3 Sterility

As the main aim of clinical islet isolation is trans-
plantation into a recipient, sterility of the final
product is an essential criterion for product
release. This is particularly important as recipi-
ents are immunosuppressed and thus are at an
increased risk of infection should there be con-
taminants present in the final islet preparation
[167]. Endotoxin contaminants are also known to
contribute to islet cell damage and early graft
loss, potentially due to direct binding of endotox-
ins to the CD14 receptor on pancreatic beta cells
[168-170].

Microbial contamination potentially occurs at
various stages throughout the islet isolation and
culture process. Isolation and culture reagents are
possible sources of endotoxins in islet prepara-
tions [168, 169], but the most likely source of
contaminations is the donor duodenum during
pancreas retrieval, as observed from testing of the
solution in which the retrieved pancreas is pre-
served [171-173]. Scharp et al. observed that
between microbial contamination was identified
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in up to 68% of transport solutions processed
each year [174]. The most common contaminant
was identified as Staphylococcus spp [175, 176].
However, despite a high rate of contamination
during retrieval, the majority of contaminants are
removed during the isolation procedure, particu-
larly during initial decontamination and purifica-
tion processes [171, 173].

It is still essential to assess product sterility to
determine the suitability of islet preparations for
transplantation, and several measures are in place
to reduce risk and assess the preparation after iso-
lation and culture. Antibiotics (commonly cipro-
floxacin) are added to culture media and aliquots
are taken for Gram staining, endotoxin content
assessment and microbiological culture both
after isolation and pre-transplant after culturing
[9, 172, 175]. In terms of product release, a nega-
tive Gram stain is required, in addition to endo-
toxin content under five endotoxin units (EU)/kg
recipient weight [9, 172, 176]. A study encom-
passing over 358 islet isolations determined that
all resulted in negative Gram stains and endo-
toxin levels under 5 EU/kg recipient weight
[176]. Multiple studies have demonstrated that
using these criteria, no clinical infection was
observed in recipients and long-term graft sur-
vival remained unaffected [172, 176].

To culture for microbial sterility, sample ali-
quots are taken from media in which the donor
pancreata are transported, media post-
decontamination of the pancreas, after purifica-
tion and post-culture. Two aliquots from each
time point are inoculated aseptically into
BACTEC™ culture vials (Becton Dickinson)
containing broths specific for aerobic (tryptic soy
broth) and anaerobic (soybean-casein digest
broth) culture [9, 172, 175] (Figs. 7.9a, b).

In addition, samples are also cultured for
fungi, mycoplasma and mycobacteria. However,
assessment by culture is not used as release crite-
ria due to the length of time required before
results are obtained [172, 175]. In the event of a
positive culture, appropriate antimicrobial pro-
phylaxis is administered with little adverse effect
on the recipient observed [172].
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Fig.7.9 (a) Shows the setup of
equipment required for collection of
the microbiology samples and (b)
shows a sample of transport/organ
perfusion fluid being collected from
the receipt tray with the sample being
sterilely inoculated into Bactec™
culture vials to be sent for culture and
identification of any potential
pathogens/contaminants

7.5.4 Useful Additional Tests;
ATP/ ADP

Another method of determining viability is by
measuring the amount of adenosine triphosphate
(ATP) present. An early study by Brandhorst
et al. observed that ATP levels in freshly isolated
human islets were highly variable, and suggested
a potential link between ATP content and graft
efficacy as ATP is essential for cell homeostasis
and function [78]. This has been demonstrated in
a porcine-to-mouse islet transplantation model
where ATP content was found to correlate posi-
tively with graft success [177].

However, while measuring ATP alone is able
to provide an indication of cell viability, extend-
ing this to measurement of the ADP:ATP ratio by
determining ATP before and after conversion of
adenosine diphosphate (ADP) to ATP allows fur-
ther differentiation between apoptotic (requires
ATP) and necrotic (does not require ATP) cell
death [178].

To measure ADP:ATP ratio in islet, a biolumi-
nescent enzymatic assay was developed using
synthetic firefly luciferases pyruvate kinase (PK)
or pyruvate orthophosphate dikinase (PPDK),
allowing assessment of islet ATP content and cor-
relation of results to islet viability [179, 180].
Goto et al. were able to correlate islet ADP:ATP
ratios to achievement of normoglycaemia in dia-
betic immune deficient mice transplanted with

these cells [166]. As this assay can be performed
with relative simplicity and speed, ADP:ATP ratio
has been proposed as a viable method for quanti-
tative measurement of islet energy status and
functional capacity in determination of islet prep-
aration suitability for transplantation. Despite
this, it is not currently used as product release cri-
teria for clinical transplantation of islets.

7.5.5 Oxygen Consumption Rate

Cell viability can also be assessed by measuring
the mitochondrial oxygen consumption rate
(OCR) as this is expected to correlate to the pro-
portion of viable cells. An indication of fractional
viability can then be obtained by normalizing this
to cell DNA content (nmol/min.mg DNA).
Hellerstrom first developed a method for mea-
surement of islet oxygen consumption in 1966
[181], and multiple methods have since been
tested for assessing islet OCR. Sweet et al.
employed a perifusion system to allow dynamic
measurement of OCR in islets, while Papas et al.
used a closed system involving continuous stir-
ring for islet assessment [182, 183]. A different
study measured islet OCR with an oxygen bio-
sensor and fluorometric oxygen dyes in a culture
plate system [184]. Using these methods, various
groups were able to demonstrate correlation
between oxygen consumption rate and the ability
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of islets to reverse diabetes in mouse models
[182-187]. Pepper et al. further incorporated islet
size assessment and showed that dividing the
OCR value by the islet index allows accurate pre-
diction of the ability of porcine islets to achieve
normoglycaemia in diabetic nude mice [188].

In fact, it has been suggested that functional
tissue mass (based on OCR assessment) is a bet-
ter indicator of graft function as islets with high
OCR measurements could be suitable for trans-
plant at lower doses and vice versa. In this man-
ner, Papas et al. were able to use variations in
OCR/DNA measurements to adjust marginal
mass of islets for transplantation, achieving suc-
cessful outcomes in mouse models [189].

Islet OCR has also been measured in conjunc-
tion with glucose stimulation to determine both
cell viability and functional capacity [190]. It has
been demonstrated to be both indicative of trans-
plant outcome as well as highly reproducible,
making it a potential benchmark for islet quality
assessment for transplantation [183, 186].

A high-throughput method for analysing islet
oxygen consumption has also been developed
using the extracellular flux analyser XF24 by
Seahorse Bioscience (Billerica, MA) [191]. A
specialised plate was designed to create a micro-
environment within which islet bioenergetic sta-
tus could be measured, including not only basal
oxygen consumption, glucose-stimulated oxygen
consumption, but also coupled and uncoupled
respiration. While this assay requires specialised
equipment and may take 5-7 h to conduct, it
allows high-throughput and comprehensive anal-
ysis of the bioenergetic efficiency of the cells
tested. However, at this point, while many centres
do incorporate OCR assays for islet assessment,
it is not currently used as formal criteria for prod-
uct release in clinical transplantation.

7.5.6 Functional Analysis

Direct measurement of islet functional capacity
in vitro has been proposed as another indicator of
islet graft function after transplantation. This can
be done by measuring islet insulin secretion after
glucose stimulation, or by obtaining the stimula-
tion index by comparing insulin levels before and
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after stimulation [4, 192]. Both static systems as
well as dynamic perifusion assays have been
developed for this purpose [52, 193]. Various
studies have determined a range of around three-
to fivefold increase in insulin secretion in
response to glucose stimulation in vitro [194—
196]. Unfortunately, comprehensive analyses of
human islet preparations have determined that
the glucose stimulation index does not reliably
predict in vivo graft function and transplantation
outcomes in mouse models [197, 198].

7.5.7 Mouse Bioassay

The gold standard for islet viability and function
has generally been the ability of an islet prepara-
tion to reverse diabetes on transplantation into
immunodeficient mice [52, 199, 200]. However,
the only issue herein is that the mouse bioassay
takes time to work (up to a week post-transplant)
and as such cannot be used as part of the release
criteria for clinical transplantation. As mentioned
above, the various methods developed to assess
islet quality (e.g. OCR, ADP:ATP ratio) are often
judged by correlating assay results with achieve-
ment of normoglycaemia in vivo. To identify the
ability of islets to reverse diabetes, a small num-
ber of islets are transplanted under the kidney
capsule of athymic mice previously rendered dia-
betic using streptozotocin [52], following which
blood sugar levels are monitored to determine
achievement of normoglycaemia (Fig. 7.10a).
Studies involving transplant of varying numbers
of human, porcine or non-human primate islets
into diabetic nude mice have determined that the
higher the numbers of islets transplanted, the
greater the chances of successful diabetes rever-
sal [155].

However, islet viability and function could be
adversely affected by additional time in culture if
mouse transplants cannot be performed immedi-
ately [201]. In addition, studies have shown that
when mice were transplanted with different islet
preparations demonstrating similar values of via-
bility, glucose response and endotoxin content,
only 54 % were able to achieve normoglycaemia,
indicating that additional factors influence trans-
plant outcomes independently of islet quality
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Fig.7.10 Part of the quality assurance steps is the moni-
toring of the cells by the use of the mouse bioassay. (a)
Shows human islets freshly transplanted under the kidney
capsule of a mouse rendered diabetic by the use of strep-
tozotocin. The black arrow is pointing to the transplanted

[155]. These range from lower survival rates in
mice with lower starting body weights, potential
surgical complications, negative effects of strep-
tozotocin induction of diabetes, as well as the
length of time between induction and transplant
[155, 202]. Rodents are also known to be less
sensitive to porcine and human insulin, and trans-
planted islets are more susceptible to glucotoxic-
ity in rodents immediately post-transplant, and as
such may be less than ideal for assessing graft
outcomes [203, 204]. In current clinical trans-
plantation, success of diabetic reversal in mice
following transplant of an islet aliquot is consid-
ered retrospectively following transplantation
into the recipient [205]. Clear cut results with
reversal of diabetes can take several days to occur
and the grafts long-term function, macroscopic
appearance and histopathology can only come
many months following engraftment (Fig. 7.10b).

The only assessment criterion consistently
found to correlate with in vivo islet graft function
is transplanted mass [42, 140]. Currently, clinical
islet transplant centres base the islet product
release on islet yield (mass), islet viability, purity,
endotoxin content and Gram stain results [9, 42,
52, 140, 172, 176]. The recommended release
criteria follow these as a good guideline.
However, with the advent of new technology and
understanding on islet physiology, new methods

islets under the kidney capsule. Blood sugar levels are
monitored for a minimum of 1-month post-transplant. (b)
Following long-term assessment the kidney with the islet
graft is removed for macroscopic examination and histo-
pathological assessment

are constantly being developed and refined to
provide a prompt, reliable assessment of cell via-
bility and function in islet preparations for clini-
cal transplantation.

7.6 Bagging thelslets

for Transplantation

The last stage of the overall rather complex pro-
cess is the transplant procedure, which in itself is
a variable process which relies on the success of
the islet isolation process in the clean room to
provide islets that are of an adequate number,
viability, and free from any potential pathogens
or contaminants.

The involved and extremely intricate series of
steps to get to this point have ensured that the
islets that have been prepared are of the highest
quality and of sufficient numbers to provide a
significantly beneficial outcome once trans-
planted into the recipient patient. The transplan-
tation procedure is undertaken once all quality
assurance steps have allowed the release of the
islet product based upon the regulations of the
Hospital’s own institutional ethics committee, the
local health authorities’ regulations and ulti-
mately the national or government regulatory
body.
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A significant outcome is to get to this point
after undergoing the significant rigors of the iso-
lation and quality assurance processes. But once
achieved there are a number of potential options
available to ensure good outcomes for the islet
cells transplanted. The step immediately prior to
transplantation is the bagging process to ensure
for sterile and safe transport to the operating the-
atre or angiography theatre. The islets cells
require to be deemed suitable for release from the
isolation facility for clinical transplantation. To
reach release criteria islet preparations are sug-
gested to meet the following criteria as per Sect.
7.5 Quality Assessment Prior To Release For
Transplantation; (1) Islet number of at least
4,000IEQ/kg of recipient body weight, (2)
packed islet tissue volume of less than 10 mL, (3)
islet purity at least 30 %, 4) islet viability at least
70 % and (5) endotoxin level of less than 5 EU/kg
recipient/h of infusion. In addition, the prepara-
tion has to be negative for microorganisms by
Gram stain. Post-transplant assessment of the
preparation should also include cultures for bac-
teria and fungus. If the preparation reaches these
criteria and is accepted by the treating physician/
surgeon, it is then bagged up for transplant. Islets
are suspended in 100—150 ml of transplant grade
CMRL 1066 media supplemented with 5-10%

HSA. The media and islets are loaded into trans-
plant infusion bags immediately prior to being
released and transported to the theatres. A second
bag of infusion media/wash of 100-150 ml of
transplant grade CMRL 1066 media supple-
mented with 5-10 % HSA is also loaded to allow
the first bag with the islets to be washed to ensure
that no islets are left in the bag or tubing when
infused into the transplant recipient. Figure 7.11a
shows human islets being loaded into a transplant
bag minutes before it is taken to the operating
theatres for transplant and Fig. 7.11b shows
human islets in the transplant bag about to be
placed into the transport container, which will be
taken to the operating theatres for transplant as
soon as possible.

7.7  Concluding Remarks

In this chapter we have outlined the many changes
to and advances in the techniques for improving
islet transplantation outcomes by improvements
to islet isolation, culture and transplantation of
clinical islets. However, islet transplantation still
has limited application to the broader population
of patients with T1D due to its reliance on the
availability of cadaveric donor availability and

Fig.7.11 The last step in the process following culture,
quality assurance and final release of the islet preparation
for transplant is the bagging for transplant. (a) Shows
human islets being loaded into a transplant bag minutes
before it is taken to the operating theatres for transplant.

(b) Human islets seen as small white specs in the media in
the transplant bag which is about to be placed into the
transport container, which will be taken to the operating
theatres or radiology suite for immediate transplant
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selection, isolation results and transplant engraft-
ment and as such we must strive to further
improve these outcomes by further improving the
processes involved in the isolation processes.
Clearly great gains can be achieved by improve-
ments to organ donation rates but ultimately the
way in which can best improve our isolation out-
comes is by improving the overall separation pro-
cesses especially during digestion of the
pancreatic tissue to protect the islets from the
inherent hypoxic processes that they undergo
whilst being extremely stressed in the process.
Even changes to the way we culture and collect
the islets from all steps in the processing can have
an effect on the islets. With ongoing research in
experimental and clinical studies, islet transplan-
tation continues to be an accepted and very effec-
tive clinical treatment option to be able to offer
patients suffering from type 1 diabetes with ‘the
prospect of shifting from a treatment for some to
a cure for all’ [206].
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