
FOR DEBATE

Optimising islet engraftment is critical for successful
clinical islet transplantation
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Abstract Clinical islet transplantation is currently being
explored as a treatment for persons with type 1 diabetes and
hypoglycaemia unawareness. Although ‘proof-of-principle’
has been established in recent clinical studies, the procedure
suffers from low efficacy. At the time of transplantation, the
isolated islets are allowed to embolise the liver after
injection in the portal vein, a procedure that is unique in
the area of transplantation. A novel view on the engraft-
ment of intraportally transplanted islets is presented that
could explain the low efficacy of the procedure.
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Clinical islet transplantation is currently being explored as a
treatment for patients with type 1 diabetes who experience
recurrent severe hypoglycaemic episodes. The procedure is
highly successful, with >80% of the recipients being
protected from hypoglycaemic episodes for as much as
5 years after transplantation; most of the recipients then
have to resume insulin therapy, but at lower doses than
originally [1]. The insulin secretion capacity in these
recipients has been estimated to be only ~20–40% of that
in a healthy person [2, 3], even when islets are obtained
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from two to four donors [1, 4], or in some studies as many
as eight to 12 donors [5, 6].

The survival of islets from organ procurement to islet
isolation and transplantation is depicted in Fig. 1. As in the
case of all transplanted organs, there seems to be a gradual
loss of islet function over time [1]. Even a minor reduction
in beta cell mass in a patient not receiving insulin but with
only 20–40% of normal islet mass would lead to the patient
requiring exogenous insulin therapy at a low dose. This
reduction in endocrine function may depend on the side
effects of immunosuppression [7, 8], but is likely to be
reinforced by phenomena such as glucose [9] and lipid
toxicity [10, 11].

Engraftment of cells and islets embolised in the portal
vein

At the time of transplantation, the isolated islets are allowed
to embolise the liver after infusion into the portal vein, a
procedure that is unique in the area of organ transplanta-

tion. Tumours in the gastrointestinal tract are common, and
a feared complication is metastasis to the liver, i.e. a
situation similar to islet transplantation. This process is
multi-step [12], involving: (1) growth of the primary
tumour to the extent that a local venous blood vessel is
penetrated; (2) seeding of tumour cells into the blood-
stream; (3) intraportal entrapment of the tumour cells due to
size restraints; (4) adherence of the tumour cells to the
vessel wall; (5) penetration through the vessel wall; and
finally (6) growth and initiation of the process of revascular-
isation within the parenchyma of the liver [13]. Only if all
these steps are successfully completed can metastasis be
established. The efficacy of the engraftment of tumour cells
seems to be extremely low. In a rat model of colon cancer
metastasis entailing the injection of 5×106 tumour aggre-
gates into the portal vein, only few metastases were
established; when 0.5×106 tumour aggregates were
injected, no metastases were formed; and when 107 cell
aggregates were injected, three out of five rats died as a
result of portal thrombosis [14].

Islets injected into the portal vein should follow the same
steps to successfully complete the engraftment process.
However, once they have become entrapped in the portal
vein because of size restrictions, the isolated islets have
only a limited capacity to actively adhere to and penetrate
the venular wall.

Entrapment of islets as a result of size restriction in the
portal veins may cause a drop in pressure in the portal vein
distal to the islet, a change that could markedly alter the
regional blood flow. The portal vein and the hepatic artery
follow the same branching system throughout their route
within the liver (Fig. 2a–c). Both vessels branch repeatedly
and empty into the sinusoids (capillaries) of the liver
parenchyma. The low pressure formed in the portal vein
distal to an entrapped islet could cause a back-flow of blood
from small arterial branches. The blood encompassing the
islet will subsequently be delivered via portal vein branches
into the surrounding sinusoids.

Revascularisation of intraportally transplanted islets

To our knowledge, there are no reports of one vessel
growing into the lumen of another vessel. The basement
membrane of the endothelial cell lining seems to constitute
an insurmountable biological barrier to other vessels. Also,
the flow of blood around the entrapped islets prevents the
establishment of physiological concentration gradients of
relevant growth factors (e.g. fibroblast growth factor [FGF]
and vascular endothelial growth factor A [VEGFA]), which
are released from the transplanted islets, across the blood
vessel wall to stimulate the penetration of new blood
vessels into an existing vessel. A single standardised islet
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Fig. 1 Depiction of the beta cell mass after clinical islet transplan-
tation. The normal beta cell mass in humans is considered to be 100%;
if it is reduced to <50%, most patients develop signs of impairment in
glucose metabolism (e.g. postprandial hyperglycaemia). If further
reduced to <25%, exogenous insulin therapy is required. The beta cell
mass in a person with long-standing type 1 diabetes is usually 1–5%
of that in a healthy individual. Against this background, the tentative
islet mass in a donor is illustrated. (1) The islet mass in a donor is
assumed to be close to 100%, although the quality of the islets may be
influenced by the cause of death and the process of brain death. (2)
About 60–80% of the islets can be successfully retrieved in an
experienced islet isolation facility. (3) About 10% of the islets are lost
during culture while awaiting transplantation. (4) Most islets fail to
engraft after intraportal islet transplantation. The estimated islet
replacement level is about 10% after each transplantation procedure.
(5) If the procedure is repeated (dotted line) once or twice (arrows)
(6) the total beta cell mass reaches a level at which insulin can be
withdrawn [2, 3], although most recipients show impaired glucose
metabolism (postprandial hyperglycaemia)
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equivalent (IEQ), with an average diameter of 150 μm,
generally becomes entrapped in a relatively large branch of
the portal vein. These branches have a complete vessel wall
with its various layers, making it even more unlikely that a
proper revascularisation process will be induced. In line
with this notion is a recent study from a group in Zurich
showing superior functional outcome of small islets
compared with large islets in clinical transplantation [15].

The relative success of intraportal islet transplantation in
rodents is not consistent with the scenario described above,
probably because of the large size of rodent islets compared
with the diameter of the portal veins in these animals.
Rodent islets are often reported to be even larger than
human islets, and if injected in the portal vein they generate
large necrotic areas (Fig. 3) due to acute ischemia induced
by the sudden obstruction of a large portal branch. This
process initiates a cascade of growth factors that stimulate
hepatocyte proliferation and re-modulation of the liver
parenchyma. Several noteworthy studies in rodents have

Fig. 3 Experimental intraportal islet allotransplantation in mice. An
islet (dark brown; immunostained for insulin) entrapped by size
restriction in a branch of the portal vein day 1 after transplantation. A
large hepatic necrotic area has developed in the surrounding hepatic
parenchyma
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Fig. 2 A model of islet revascularisation after intraportal transplan-
tation. a Normal liver anatomy. b Normal blood perfusion of the liver.
c Islets entrapped as a result of size restriction in the portal vein will
induce low pressure in the vessel distal to the islet. This low pressure
distal to the entrapped islet could cause a back-flow of arterial blood
into the portal vein. The blood encompassing the islet will
subsequently be delivered via portal vein branches into the surround-

ing sinusoids. d An islet-thrombus entrapped in a portal branch
adheres to the vessel wall and is over time partly resorbed. e Re-
endothelialisation occurs on the surface of the clot to allow re-
canalisation of the vessel lumen. f The vessel wall is re-modelled.
During this process the islet becomes incorporated in the vessel wall
and may eventually receive blood supply from the vas vasorum
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demonstrated that transplanted islets respond with prolifer-
ation and improved engraftment when exposed to growth
factors released during liver regeneration [16, 17]. By this
process, the islets become incorporated in the newly formed
liver parenchyma and induce revascularisation from the
hepatic artery [18, 19] within the first week after transplan-
tation (cf. tumour cells actively penetrating the portal
venous wall).

Observations in human and non-human primates

In humans [20, 21] or non-human primates [22–30], islets
entrapped in the portal veins after intraportal transplantation
seem unable to escape the vascular compartment. In fact,
we have been unable to find any publication reporting the
presence, in non-human primates or humans, of intra-
portally transplanted islets located in the liver parenchyma.
Instead, all the published studies show the islets within the
portal vein lumen or incorporated in portal vein walls,
several months or even years after transplantation. Also, in
humans or non-human primates most islets are recognised
by the innate immune response and become covered with
fibrin and platelets (i.e. the instant blood-mediated inflam-
matory reaction [IBMIR] occurs [31]) (Fig. 2d–f). If an islet
escapes the other detrimental features of the IBMIR, these
platelets may actually facilitate adherence to the vessel
wall. The resulting islet-thrombus, like all clots, is at least
partially resolved over time, leaving fibrin strands extend-
ing between the vessel wall and the islet. Finally, endothelial
cell coverage demarcates the islet-thrombus mass from the
vessel lumen, allowing the re-canalisation of the lumen of
the portal vein, with the blood being able to bypass the site of
islet adherence. Through this process, the islet finally
becomes incorporated into the vessel wall. It is possible that
such islets will become revascularised and receive blood
from the vas vasorum. However, this process is slow and
cannot be initiated until the original vessel wall has been
re-modelled.

Revisiting the rationale for selecting the intraportal
route of administration for clinical islet transplantation

The late P. Lacy and his co-authors, working with a rat
model of diabetes, concluded that the liver was the optimal
site for islet transplantation [32]. However, the other sites
evaluated in his comparative study were (1) the intraperi-
toneal injection of free islets or (2) their subcutaneous
transplantation, neither of which support islet survival.
Other studies in rodents have clearly shown that transplan-
tation under the kidney capsule produces superior long-
term results compared with intraportal transplantation [33],

and results in dogs have shown superior long-term out-
comes after intrasplenic compared with intraportal islet
transplantation [34, 35]. The argument that insulin would
be delivered more physiologically after intraportal trans-
plantation has received little support in the literature. It has
clearly been demonstrated in experimental studies that
intraportally transplanted islets respond to glucose stimula-
tion only when perfused via the hepatic artery; no response
is observed after challenge via the portal vein [19]. Similar
findings come from the area of tumour biology (cf. delivery
of anti-cancer drugs or for interventions designed to
occlude the blood supply to the tumour).

Disturbing results have come from a large and well-
conducted study of diabetic BB rats receiving intraportal
islet transplants (without the need for streptozotocin to
induce diabetes or for any immunosuppressive drugs) [36]:
in rats with long-term partial function, there was a
remarkably high incidence of adenomas, and even hepato-
cellular carcinoma. The initial stages in the process leading
to these pathological conditions were hepatocyte steatosis
and glycogen deposits in the vicinity of the transplanted
islets, findings that are analogous to those reported in
patients from several transplant centres [37, 38]. In
addition, islets in the liver are exposed to toxic products
from the gastrointestinal tract, including high concentra-
tions of the immunosuppressive drugs being administered
[7, 8].

Alternative sites for clinical islet transplantation

An obvious solution to the problems discussed above
would be to establish an alternative site for clinical islet
transplantation. One of the most attractive sites that has
been proposed thus far is the omental pouch [39], into
which islets can be transplanted via a laparoscopic
procedure. Several groups are already working to address
this challenge in non-human primates ([40]; J. Contreras,
University of Alabama at Birmingham, personal communi-
cation; B. Hering, University of Minnesota, personal
communication). An advantage to this route is that insulin
would be delivered to the liver via the portal vein. The
details of the procedure are currently being explored in
several ongoing studies in non-human primates.

A readily available alternative would be to use the same
site for islet transplantation that has been employed
successfully for decades in the autotransplantation of
parathyroid glands [41]. The parathyroid glands are small
multiple organs composed of highly metabolic active
endocrine cells that produce parathormone, the only
hormone that increases the concentration of extracellular
Ca2+ in the body. These glands are highly vascularised and
continuously sense the Ca2+ concentration in the blood; the
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release of parathormone is a direct response to changes in
Ca2+ concentration. Since the half-life of parathormone in
the circulation is about 5 min, there is a need for a stringent
and continuous Ca2+-sensing mechanism tied to a stimulus-
coupled release of parathormone. The close relationship
between the parathyroid glands and the islets is further
illustrated by the fact that both organs are affected in the
genetic disorder multiple endocrine neoplasia type 1
(MEN 1).

In parathyroid autotransplantation the glands are cut into
small pieces and usually implanted between the muscle
fibres in the forearm. Once in place, the endocrine cells
begin a process of engraftment and revascularisation. The
long-term outcome of the procedure is excellent, with
almost no side effects [42]. The similarities between the
parathyroid glands and pancreatic islets, as well as a few
experimental [43, 44] and clinical observations [45–47]
suggest that the intramuscular site holds promise for clinical
islet transplantation also. If anything, the small size of the
islets would facilitate their engraftment. The intramuscular
site would also allow transplantation of composite islet–
endothelial cell grafts [46, 48] or the application of various
matrices carrying growth factors that would facilitate the
formation of a new endocrine organ at the new site of
implantation. Indeed, in autotransplants, we have success-
fully transplanted isolated islets of Langerhans intramuscu-
larly into the forearm of a patient undergoing total
pancreatectomy because of recurrent life-threatening pan-
creatitis [49].

In conclusion, recent advances in biotechnology and cell
therapy allow creation of an extrapancreatic insulin-pro-
ducing organ, allowing transplantation to a site outside the
liver, e.g. into the omental pouch or intramuscularly. The
goal is to establish an extrapancreatic insulin-producing
organ that initially is composed of islets, supporting cells
and resorbable biomaterials to trigger high-density revas-
cularisation of the islets and a complete integration into
surrounding tissues. Several transplant centres are actively
working to establish an alternative site for clinical islet
transplantation as a first step to make this development
possible. Procedures developed will be of immense impor-
tance not only for clinical islet transplantation but also for
future stem cell therapy.
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