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ABSTRACT

The only clinically acceptable radical treatment for patients with insulin-dependent diabetes mellitus
is a whole pancreas transplantation, or alternatively an infusion of isolated islet cells into the hepatic
portal venous system. Allogeneic transplantation of isolated islet cells is a procedure used only
in a highly specific group of recipients, whereas intensive insulin treatment still remains the best
therapy to achieve glycemia control in most patients with type 1 diabetes. Two groups of allograft
recipients should be taken into consideration when scheduled for islet cell transplantation. The first
group comprises allogeneic kidney recipients with a stabilized graft function for >6 months who
receive chronic immunosuppression and require transplantation for end-stage renal disease caused
by diabetic nephropathy. The second group consists of patients with unsatisfactory glycemic control
despite insulin therapy, life-threatening hypoglycemic episodes and a rapid progression of long-term
complications. Despite increasingly beneficial outcomes, islet cell transplantation has several limita-
tions. Maintaining normoglycemia without exogenous insulin administration and appropriate selection
of immunosuppressive agents to prolong graft survival are the major challenges. The aim of related
studies has been to optimize all phases of islet cell transplantation in order to achieve total insulin

independence and prolong graft survival.

INTRODUCTION Type 1 diabetes (T1D) repre-
sents a considerable burden to economy and soci-
ety associated both with the treatment of the dis-
ease and its complications. Currently, the method

of choice for maintaining normoglycemia in pa-
tients with T1D is an intensive insulin therapy

which, if consistently employed, can help pre-
vent long-term diabetic complications and reduce

costs of treatment.”* The introduction of insulin

pumps into clinical practice has raised the pos-
sibility of mimicking the basic, endogenous in-
sulin secretion pattern, which directly relates

to a better glycemic control.! Despite appropriate

treatment, satisfactory and safe control of blood

glucose levels still cannot be achieved in a small

percentage of patients. We present the current

knowledge on allogeneic, isolated pancreatic is-
let transplantation as the therapeutic option for

patients with T1D.5"7

Indications for allotransplantation of isolated is-
let cells Because of the deficiency in organ

procurement from multiorgan deceased donors,
the waiting list of recipients increases every year.
A donor whose pancreas is intended for islet cell
isolation has to meet precise criteria, which di-
rectly influence transplantation outcomes. The re-
sults are also affected by recipient-related risk fac-
tors, graft survival and complications of immu-
nosuppression. Therefore, it is necessary to es-
tablish strict criteria for referring T1D patients
for allogeneic islet cell transplantation (ITx) and
to carry out comprehensive evaluation of each in-
dividual recipient. There are no clear guidelines
regarding indications for ITx. Similar criteria are
used in most reference centers where allogeneic
islet cell transplantation is performed.

Patients after kidney transplantation The pre-
ferred method of treatment in T1D patients who
require renal transplantation for end-stage renal
disease is simultaneous kidney-pancreas trans-
plantation (KPTx). Current results indicate that
solid organ transplantation in such patients has
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a greater potential for achieving insulin inde-
pendence and a substantially longer graft func-
tion when compared to ITx. Islet cell transplanta-
tion should be considered in patients after KPTx
who reject or lose the transplanted pancreas be-
cause of complications (vessel thrombosis, infec-
tion) or in patients who undergo kidney-alone
transplantation for diabetic nephropathy. There
is also the question of patients who do not give
consent to simultaneous KPTx despite indica-
tions, but agree to undergo kidney transplanta-
tion and ITx. In those patients the simultaneous
kidney-islet cell transplantation should be con-
sidered only when reasonable contraindications
to simultaneous KPTx occur.

Patients with “brittle diabetes” The method

of choice to improve glycemia control in patients

with T1D is insulin therapy. The appropriate use

of intensive insulin treatment reduces the risk
of long-term diabetic complications but increas-
es the risk of dangerous hypoglycemic episodes.
In some patients, despite proper insulin therapy,
safe blood glucose level cannot be achieved. Trans-
plantation of isolated pancreatic islets can be con-
sidered in patients with T1D lasting for >5 years,
who suffered from at least 2 episodes of hypo-
glycemia requiring medical intervention during
the last year, and/or with 2 or more hospital ad-
missions for metabolic ketoacidosis. Additional ar-
guments to support ITx are impaired or no aware-
ness of hypoglycemia and a rapid progression

of long-term diabetic complications including dia-
betic nephropathy with albuminuria >300 mg/day,
proliferative retinopathy and symptomatic neu-
ropathy. Because of the risk of perioperative com-
plications and a need to use immunosuppres-
sion, each potential recipient should be individ-
ually evaluated by a team of physicians including

a nephrologist, internist, diabetologist, and gen-
eral practitioner.

Medical criteria for pancreas donor selection

The donor whose pancreas is intended for is-
let isolation should meet not only general eli-
gibility criteria for multiorgan procurement but
also additional requirements including a histo-
ry of normal glucose tolerance, age between 20
and 65 years (optimal age, 55 years), and body
mass index between 20 and 35 kg/m? (optimal-
ly 25-30 kg/m?).%10 Given the priority attribut-
ed to organ transplantation, a multiorgan donor
is initially considered as the pancreas donor for
solid organ transplantation. Having excluded
that possibility, the option of pancreas harvest-
ing for islet cell isolation is considered. Differenc-
es between the ideal pancreas donor for solid or-
gan transplantation and the ideal donor for islet
isolation make it possible to conduct parallel kid-
ney-pancreas and/or kidney-islet cell transplan-
tation programs.

Pancreas preservation The organ obtained from
the cadaveric donor is preserved in a solution

at hypothermia of 4°C. Because of the sensitivity
of pancreas and islet cells to the effects of warm
ischemia, its duration should be reduced to min-
imum for the procedure to be effective.! Placing
the preserved pancreas in stable hypothermia
slows down metabolism, and consequently lim-
its hypoxia-related damage to the islet cells.'? Pre-
serving the pancreas in simple hypothermia using
preservation solutions (e.g. University of Wiscon-
sin solution) attenuate but does not halt the pro-
cess of islet damage. The quantity and quality
of isolated islet cells are fundamental to the suc-
cess of islet cell transplantation procedure.’®'* Lo-
gistic difficulties do not allow to completely elim-
inate pancreas preservation period between har-
vesting and isolation process. Therefore, it is vital
to optimize conditions for islet cell preservation.
Currently, the most commonly used technique
is a two-layer method with perfluorocarbon as
an artificial oxygen carrier.'® Based on our own
experience, we agree with scientists' skeptical
opinions on the two-layer method, which sug-
gests that they should be verified (unpublished
data). The continuous perfusion method repre-
sents a new trend in preservation of the pancre-
as intended for the whole organ transplantation
or islet cell isolation. The method and its benefi-
cial effect on kidney intended for transplantation
have been clinically well documented.

Isolation and purification of islet cells The pan-
creas harvested from a deceased multiorgan do-
nor after removing the surrounding tissues is
flushed with an antibiotic solution. The organ is
then perfused with proteolytic enzymes through
the catheter placed in the pancreatic duct. Sliced
pieces of pancreas are subject to the enzymatic/
mechanic digestion process. Next, the pancreas
is rinsed with the hypothermic solution. The ob-
tained mixture of islet cells and exocrine tissue
is centrifuged and then separated using continu-
ous density gradient in a cell separator. The puri-
fied islet cells are resuspended in the transplant
medium to maintain controlled culture in order
to evaluate the function and viability of the islets.
The long process of pancreatic islet isolation is
an essential component of the whole procedure
before ITx. Appropriate number of the islet cells
must be obtained in order to transplant >5000 is-
let equivalent (IEQ)/kg of body weight in the first
infusion, which corresponds to the islet volume
of 150 um in diameter. When more than one
transplantation is required, the cumulative islet
mass in 3 infusions has to exceed 10000 IEQ/kg
of body weight. Before transplantation, islet sus-
pension is subject to microbiological assessment,
endotoxin level measurement, and evaluation
of the viability and ability to restore the insulin

secretion function.'

Islet cell transplantation site  The optimal trans-
plantation site for the pancreatic islets should
be characterized by high oxygen partial pres-
sure (the oxygen partial pressure in normally
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functioning pancreas is 40 mmHg) and the abil-
ity to secrete insulin into the circulation from a lo-
cation with conditions similar to insulin secretion
in a healthy person.'8'7 Depending on the trans-
plantation site, a different IEQ number of isolat-
ed pancreatic islets is sufficient to maintain in-
sulin independence.'8-20 The contact of the graft
with the blood stream should be reduced to a min-
imum to prevent islet cell loss associated with
the reaction of graft’s tissue factors and the el-
ements of complement and hemostatic system
(instant blood-mediated inflammatory reaction
- IBMIR).?'"Z3 A good access to the transplanta-
tion site allows to perform safe and low inva-
sive islet cell implantation. There is no consen-
sus on the optimal transplantation site for pan-
creatic islets. Therefore, there are ongoing animal
model experiments and clinical trials which ex-
amine the possibility of islet cell transplantation
under the kidney capsule, into the liver, spleen,
omental sac, muscles, pancreas, bone marrow
and immunologically privileged sites including
the thymus, testis and brain. The difficulties for
the studies which investigate islet cell transplan-
tation sites include a lack of multicenter, con-
trolled clinical trials and no direct correlation
between the animal experiments and the clini-
cal results.?*

Islet cell transplantation to the recipient’s portal

venous system The International Islet Trans-
plant Registry demonstrated that in >90% of cas-
es the islet cells are transplanted into the liver
through the portal venous access. Despite sub-
stantial clinical experience, low islet mass re-
quired to maintain insulin independence, and

a relatively low invasive access (minilaparotomy
with exposing the branch of superior mesenter-
ic vein or transhepatic cannulation of the portal

vein’s branch under the roentgenoscopy and/or
ultrasonography view), wedging the islet cells

into the small branches of portal vein is a sub-
optimal method for ITx. The technique is consid-
ered to be responsible for adverse late outcomes

of islet cell transplantation. The main disadvan-
tage of the approach is a rapid loss of pancreat-
ic islet function.?? The factors that contribute

to graft injury are mainly IBMIR and accelerated

B-cells degranulation.?’ The procedure of islet cell
transplantation into the liver through the portal
venous access may be limited by method-related
complications including bleeding, thrombosis, in-
jury to the biliary ducts and the risk of develop-
ing arteriovenous fistula. Despite these limita-
tions, the procedure is used in reference centers

all over the world.

Methods of isolated pancreatic islet transplantation
used in a clinical experiment or animal experimen-
tal studies Islet cell transplantation under the kid-
ney capsule The method has not found clinical
application because the human kidney capsule
has different properties than the rodent capsule
and does not provide the graft with appropriate

oxygen conditions. Moreover, the infusion of islet
cell suspension into the suitable space is a com-
plicated procedure.? The method is well-known
in animal experiments, particularly on a rodent
model, and used to perform studies on isolated
islets after infusing the suspension under the kid-
ney capsule. These studies investigate the islet en-
capsulation types, the toxicity of immunosuppres-
sive drugs, localization and differentiating rejec-
tion from degranulation. The method of ITx un-
der the kidney capsule ensures a long-lasting graft
function with low islet mass required to obtain
insulin independence.?8

Islet cell transplantation into the spleen  The pan-
creatic islets can be transplanted into the spleen

in 2 ways: through infusion of graft into the splen-
ic parenchyma or by splenic vein ligation and

a retrograde wedging of the islets into the small

branches of the vein. Although there are theo-
retical advantages of intrasplenic ITx, studies

have shown that a relatively high number of is-
lets is required to obtain insulin independence.?’

In clinical practice the method is associated with

a higher risk of bleeding or thrombotic compli-
cations than the infusion of islet cell suspension

into the portal venous system.

Islet cell transplantation into the pancre-
as The available data on animal models show

that the pancreas is an attractive site for the graft
transplantation and provides a long-lasting insu-
lin independence with a relatively low islet mass

required.?® The disadvantage of the method is

the invasiveness of transplantation procedure and

a risk of rapid destruction of grafted cells asso-
ciated with immunological responses underlying

the occurrence of T1D. The results of the meth-
od hold promise, however further experimental

and clinical studies are needed.

Islet cell transplantation under the gastrointesti-
nal tract mucosa The transplantation of pan-
creatic islets under the gastric and/or intesti-
nal mucosa has become an interesting and ex-
tensively explored direction of the development.
The promising results of animal experiments and
the possibility of ITx using low invasive endo-
scopic procedures indicate that the gastrointes-
tinal tract mucosa might be an optimal site for
ITx.29-3! To implement the technique into clin-
ical practice, ongoing animal studies should be
completed.

Islet cell transplantation into the immunologically
privileged sites The potential advantage of is-
let cell transplantation into the immunologically
privileged sites (the testis, thymus, and brain) is
a protective effect of those organs which inhib-
its or prevents graft rejection. Consequently, it
would be possible to maintain the normal graft
function with the use of low doses or without
the use of immunosuppressive drugs. The thy-
mus represents the most extensively studied
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organ for the transplantation of isolated pan-
creatic islets. Implantation of the islet alloan-
tigens into the thymus based on the negative T
lymphocyte selection enables to induce tolerance
which allows to achieve normoglycemia without
the need to use immunosuppressive regimens.??
Nevertheless, achieving insulin independence re-
quires transplantation of a relatively large num-
ber of islets.33:34

The mechanisms which modify the body im-
mune response to the allograft differ between cas-
es. Sertoli cells are recognized as morphological
components which have the major role in for-
mation of immunologically privileged sites in-
side the testis. There are ongoing animal studies
that investigate islet cell transplantation direct-
ly into the testis. Moreover, islet cell transplan-
tation together with Sertoli cells as an immune
response modulator are being explored.3536 De-
spite the extremely promising results of animal
experiments, the brain is not considered as a site
for transplantation of isolated islet cells because
of the moral, ethical and technical issues, and par-
ticularly because of the high risk of complications
associated with infection.’’

Immunosuppression  The introduction of mod-
ern and effective immunosuppressive drugs into

clinical practice has revived an interest in the pro-
cedure of islet cell transplantation into T1D re-
cipients. A specific group comprises T1D pa-
tients following previous organ transplantation

(the heart, liver, kidney, pancreas) and receive

chronic immunosuppressive therapy. The mile-
stone in the field of islet cell transplantation was

the protocol proposed by the Edmonton experts

panel in 2000 to use glucocorticoid-free immuno-
suppressive regimens including sirolimus, tacroli-
mus and daclizumab and to abandon animal prod-
ucts in the process of preparing the islet suspen-
sion.'® The protocol is still most frequently used

in the United States of America - in approximate-
ly % of all allogeneic transplantations of isolat-
ed pancreatic islets. At the same time, there are

ongoing trials on new immunosuppressive drugs

which would be more effective in preventing is-
let cell rejection and produce fewer side effects

than the currently used drugs. The most advanced

studies are associated with the use of monoclo-
nal lymphocyte function-associated antigen-1
antibodies (efalizumab). A single clinical trial is

conducted at the University of Emory in Atlan-
ta to prove cytoprotective properties of antibod-
ies directed to B-cells in patients with previous-
ly diagnosed T1D.38 At present, there are similar
multicenter studies performed in Europe and

the United States of America. Their aim is to de-
velop standards for the procedures of donor re-
cruitment, pancreas procurement, hypothermic
preservation, islet cell isolation, transplantation

site, recipient qualification, immunosuppressive

regimens, graft monitoring and outcome evalua-
tion after 5 years of follow-up.

Outcomes of islet cell transplantation The in-
troduction of glucocorticoid-free immunosup-
pressive regimens and multiple transplantations
to one recipient have contributed to a significant
improvement in graft survival.'® Most common-
ly, the following outcomes are evaluated: the time
of sustained normoglycemia without the need
for exogenous insulin injection (which is a peri-
od of the total islet cell function) and the peri-
od of sustained C-peptide secretion (>0.5 ng/ml)
by the grafted islet cells. Depending on the in-
dications for ITx, different time of post-en-
graftment, sustained insulin independence and
the time of detectable C-peptide secretion are ob-
served. The best results are achieved in patients
in whom islet cells are transplanted after or si-
multaneously with kidney transplantation. Ac-
cording to the data of Collaborative Islet Trans-
plantation Registry (CITR) in >80% of patients
with islet after kidney transplantation the sus-
tained C-peptide secretion >0.5 ng/ml is main-
tained for 1000 days compared to 60% of patients
who undergo islet transplantation alone. Un-
fortunately, insulin independence remains for
a longer period of time only in a small percent-
age of patients. After 12 months from the trans-
plantation, in patients who achieve insulin in-
dependence, the insulin independence remains
in only 75% of patients. After 5 years the per-
centage falls to 13%. Despite the need for a rel-
atively rapid introduction of exogenous insulin
in most patients, insulin requirements after [Tx
are usually lower, which correlates with acute dia-
betic complications.’ The need to develop the pro-
gram for the transplantation of isolated islet cells
is justified by the fact that islet cell recipients
have an improved glycose metabolism with no
risk of hypoglycemic episodes.

Influence of islet cell transplantation on diabetic
complications  So far, there have been no large,
multicenter, completely controlled clinical stud-
ies performed to address the issue as to wheth-
er isolated islet cell transplantation inhibits pro-
gression of long-term diabetic complications. It
results mainly from the discrepancies between in-
dividual centers in terms of recipient eligibility
criteria, islet cell isolation procedure, and immu-
nosuppressive regimens.? Only the uniform pro-
cedures and multicenter, prospective clinical stud-
ies will answer the above question. An important
development has been the founding of the CITR,
which includes the majority of North American
centers specializing in ITx. Available data show
inconsistent results regarding the influence of ITx
on kidney function. In patients with transplanted
kidneys reduction in microalbuminuria and pro-
longed graft survival were achieved.?® On the oth-
er hand, there is a rationale suggesting that im-
munosuppressive nephrotoxic effect after islet
transplantation outweighs the nephroprotective
effect of normoglycemia.*0 Animal studies have
shown that ITx can suppress progression of mac-
roangiopathy, which is corroborated by clinical
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effects in humans.*! Moreover, a significant in-
crease in the retinal blood flow velocity and an in-
hibited progression of diabetic retinopathy have

been described.*?*3 In addition, data showing

benefits from ITx in terms of the peripheral ner-
vous system have also been presented.*344

Other directions of the development Many years
of clinical observation have shown that the most
effective method of treatment for patients with
T1D is KPTx. The period of sustained insulin inde-
pendence following the whole pancreas transplan-
tation is much longer when compared to the trans-
plantation of nonvascularized insulin-secreting
cells.Z# It should be highlighted that solid organ
transplantation program and the follow-up are
longer when compared to the ITx program. It is
also well known that organ transplantation is not
considered as the only choice of treatment in pa-
tients with T1D because of the complications as-
sociated with the procedure. The therapy is ac-
cepted in patients with renal insufficiency who
are scheduled for KPTx or pancreas after kidney
transplantation. There are ongoing, multicenter
studies on the transplantation of nonvascular-
ized insulin-secreting cells, which involve not only
the transplantation of allogeneic isolated pancre-
atic islets from the deceased donor but also of xe-
nogeneic islet cells, encapsulated islets, and in-
sulin-secreting cells derived from stem cells dif-
ferentiation.* The barriers for allogeneic trans-
plantation of isolated islet cells and vascularized
organs are the high costs of the procedure and
the limited availability of the organs. The solu-
tion to the problem may be the xenogeneic trans-
plantation of islet cells derived from the porcine
pancreas. Preclinical studies on the porcine ITx
into non-human primate model have shown that
graft survival with the use of conventional immu-
nosuppressive regiment is very short and lasts
from 10 to 56 days.*6:*’ Further development
may occur due to experimental immunosuppres-
sive therapies using anti-CD154 and anti-inter-
leukin-2 receptor antibodies, balatacept and cy-
totoxic T-lymphocyte associated protein-4 which
prolong graft survival >260 days.*® Expectations
are associated with the possibility of transplant-
ing isolated encapsulated porcine islet cells. Cre-
ating a barrier that would separate transplant-
ed islet cells from the elements responsible for
immunological and nonimmunological mech-
anisms of graft damage, while keeping perme-
ability to the substances ensuring appropriate
graft function, could help achieve insulin inde-
pendence without pharmacological modification
of the immune response, which in turn would re-
duce the risk of immunosuppression-related com-
plications. In 1996 Sun et al. presented results
of transplanting microencapsulated porcine islets
into monkeys with a maximum 803 days of graft
survival without use of immunosuppression.*?
Unfortunately, these results have not been repro-
duced so far.* At present, reliable sources estimate
graft survival time of isolated, encapsulated islet

cells without immunosuppression at 6 months.5?
Clinical studies on transplantation of fetal por-
cine islet cells into human failed and modified is-
let cells coated in biodegradable fetal membranes,
derived from genetically modified pigs and sheep,
are currently in the first and second phases of clin-
ical experiments (press report).

Allogeneic ITx is an alternative method
to the whole pancreas transplantation in patients
with T1D because of its low invasiveness and safe-
ty to the recipient. The mean graft survival time
and advances in methods of allogeneic isolated
islet cell transplantation provide opportunity for
the future to develop “the gold standard treat-
ment of insulin-dependent diabetes”. The major
challenge for the ITx centers is to develop a uni-
form program for evaluation of treatment out-
comes in a large series of patients and to conduct
prospective, controlled clinical trials.
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STRESZCZENIE

Jedyng klinicznie zaakceptowang radykalng metodg leczenia pacjentéw z cukrzycg insulinozalezng
jest przeszczepienie trzustki narzadowej lub, alternatywnie, infuzja izolowanych wysp trzustkowych
do zyt uktadu wrotnego watroby. Przeszczepienie allogeniczne izolowanych wysp trzustkowych (islet
cell transplantation — ITx) jest procedurg zarezerwowang dla waskiej grupy biorcéw, podczas gdy
intensywna insulinoterapia nadal pozostaje najlepsza metodg kontrolowania glikemii u wigkszo$ci
chorych cierpiacych na cukrzyce typu |. Dwie grupy biorcéw alloprzeszczpu nalezy rozwazaé podczas
kwalifikacji pacjentéw do transplantacji izolowanych wysp trzustkowych. Pierwsza grupa to biorcy
nerki allogenicznej ze stabilng czynno$cig przeszczepu >6 miesiecy i przewleklg immunosupresja,
ktérzy wymagali transplantacji z powodu schytkowej niewydolno$ci nerek w przebiegu nefropatii
cukrzycowej. Druga grupa to pacjenci, u ktérych kontrola glikemii za pomocg insulinoterapii nie jest
satysfakcjonujaca z powodu zagrazajgcych zyciu stanéw hipoglikemii i/lub szybko narastajgcych
powiktan odlegtych. Pomimo coraz lepszych wynikéw, przeszczepianie izolowanych wysp trzustko-
wych stanowi metode, ktéra ma liczne ograniczenia. Podstawowy problem to utrzymanie normo-
glikemii bez podazy egzogennej insuliny oraz dobdr lekéw immunosupresyjnych w celu wydtuzenia
przezycia graftu. Dotychczasowe badania miaty na celu optymalizacje wszystkich etapdw procedury
przeszczepienia izolowanych wysp trzustkowych w celu zwigkszenia szansy na uzyskanie catkowitej
insulinoniezalezno$ci oraz maksymalnego wydtuzenia przezycia graftu.
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