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Islet transplantation represents a most impressive recent advance in the search for a type 1 dia-
betes mellitus cure. While several hundred patients have achieved at least temporary insulin 
independence after receiving the islet “mini-organs” (containing insulin-producing β cells), very 
few patients remain insulin independent beyond 4 years after transplantation. In this review, we 
describe historic as well as technical details about the procedure and provide insight into clinical 
and basic research efforts to overcome existing hurdles for this promising therapy.

Worldwide, more than 750 individuals with type 1 diabetes mel-
litus (T1DM) have received allogeneic islet transplants since 1974, 
in an effort to cure their chronic condition. Though this is still a 
small number (especially when compared with the estimated 1 
million afflicted with T1DM and an additional 17 million with 
type 2 diabetes in the US, not to mention the estimated 140 mil-
lion with diabetes worldwide), much has been learned, especially 
since the promising results of the Edmonton group were pub-
lished in 2000 (1, 2). This report described 7 consecutive patients 
with T1DM who became insulin independent after receiving islet 
allografts, which reflects a success rate never previously achieved. 
The initial enthusiasm over the observation that islet transplan-
tation can restore insulin-independent euglycemia to patients 
with long-standing T1DM has been dampened by complications 
associated with the procedure itself and the immunosuppression 
necessary to prevent rejection of the transplanted islets, as well as 
by the gradual loss of islet function and other problems arising 
from the placement of allogeneic islets in the liver (3, 4).

At the same time, our understanding about the natural history 
of T1DM has changed. Epidemiological data indicate that the 
prognosis for survival among patients with T1DM is good and 
improving (5–7). Additional evidence strongly suggests that a 
significant minority with even long-standing T1DM continue to 
display islet function (8). For instance, we found that at least 40% 
of individuals with chronic T1DM (mean duration of 23 years) 
screened for our islet transplantation protocol had measurable cir-
culating C-peptide levels, an equimolar by-product of endogenous 
insulin production (B.J. Digon et al., unpublished results). Similar 
percentages of patients with persistent C-peptide secretion have 
been documented in the literature (9–11), contrasted by a smaller 
number of individuals (11%) reported in the Diabetes Control and 
Complications Trial (12). Further, old (13) as well as more recent 
sporadic case reports (14) and other small studies (15) have sug-
gested that diabetes can sometimes resolve and/or that pancreatic 
insulin production can at least be promoted in patients with long-

standing T1DM. These studies have raised heretofore underex-
plored avenues for clinical investigation, which we will return to.

Brief history
In 1924, after approximately 40 years of unsuccessful attempts by 
various investigators to control diabetes using partial pancreas 
transplantation, the English surgeon Charles Pybus (1882–1975) 
made a statement that resonates even today: “Not much can be said 
about the principles of grafting, but it seems that until we are able 
to understand them (and I feel we do not understand them at pres-
ent, especially the chemical factors), then we must continue to fail in 
such operations, although they may appear the most rational treat-
ment for the diseases for which they are attempted” (16, 17). Almost 
50 years later, Ballinger and Lacy reported their results isolating and 
transplanting islets into rats (18). In the late 1970s, various groups 
including Najarian, Sutherland, et al. (19), and Largiader et al. (20) 
described their experience with intraportal and intrasplenic human 
islet allotransplants in patients with non-autoimmune diabetes, one 
of which was successful for at least a 10-month follow-up period. In 
1990 Scharp et al. reported similar success in a patient with T1DM 
(21); their results were made possible in part by improved islet iso-
lation techniques developed by Ricordi and colleagues (22). It was, 
however, only after the Edmonton group’s report (2) that islet trans-
plantation appeared as a true alternative to conservative medical 
management or whole-organ pancreas transplantation.

The Edmonton report stimulated several medical centers world-
wide to rejuvenate or establish islet transplant facilities. However, 
islet transplantation efforts have confronted logistical limitations 
including the costs associated with cadaveric pancreas procure-
ment, the supplies and equipment required to perform islet isola-
tion, and an experienced team with the relevant expertise in cell 
processing and invasive radiology, as well as general medicine and 
nursing. However real these mundane fiscal constraints may be, 
several other and rather significant biological hurdles currently 
being addressed on several fronts also limit the field. The remain-
der of this review will focus upon those hurdles and ongoing 
research efforts to overcome them.

Supply of cells capable of physiologically regulated 
insulin secretion
As of today, the only cells known to be capable of sensing a human 
being’s ambient blood glucose and converting that information 
into appropriately regulated insulin secretion are the β cells found 
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in intact islets of Langerhans. As a source of physiologically regulat-
ed insulin, β cells can be transplanted as the small minority of cells 
present within a whole pancreas (as is currently performed by whole-
organ pancreas transplantation) or as the enriched fraction of cell 
clusters we call “isolated islets.” Two points are worth emphasizing 
with regard to isolated islets. First, all such preparations contain sig-
nificant if variable amounts of contaminating vascular, ductal, and/or 
acinar tissue despite the purification procedure. The effect of such 
impurities on patient outcome is not known; however, no adverse 
reactions to non-islet transplanted tissue have been described to date. 
Second, isolated islets are best described as mini-organs in that they 
are highly organized cell clusters with intricate paracrine crosstalk 
among insulin-producing β cells, glucagon-producing α cells, and 
other hormone-producing cells (23). Islets also have a rich capillary 
network (24) and contain resident cells with presumed immunologi-
cal function. Regardless how islets are “packaged” for transplant, i.e., 
within a pancreas for a vascularized whole-organ graft or as an iso-
lated islet preparation, for all practical purposes, the source must be a 
brain-dead donor, and the number of such potential donors is quite 
limited. After unsuitable organ donors are eliminated (e.g., those 
suffering from malignant or infectious diseases or others with sud-
den cardiovascular collapse and unacceptable warm ischemia time, 
which is associated with a rapid decline of organ function), only about 
12,000 individuals in the United States remain as potential organ 
donors each year. However, despite considerable time, effort, and 
money directed at improving the donation rate, family consent for 
donation is given only about half the time. Thus, only approximately 
6,000 human pancreata are available in the United States each year for 
transplantation. Further exacerbating the problem, human islet isola-
tion efforts successfully yield preparations with sufficient islet num-
bers of suitable quality only about half the time; thus current practice 
could yield approximately 3,000 transplantation-quality preparations 
per year. Last, nearly all published islet transplantation experience 
suggests that for most recipients, islets from 2–4 donors are required 
in order to promote the engraftment of sufficient insulin-producing 
cells to achieve insulin independence. Most islet recipients have been 
selected in part due to their small physical size and normal insulin 
sensitivity: they require fewer donor islets, which increases the likeli-
hood that the limited islet mass transplanted will confer insulin inde-
pendence (25, 26). If patients with greater body mass indices and/or 
with insulin resistance were also considered for an islet transplant, 
the 3,000 transplantable islet preparations presently achievable would 
likely be sufficient to restore euglycemia to fewer than 1,000 patients 
per year, or less than 0.1% of patients with T1DM, or approximately 
0.005% of those with either form of diabetes.

Alternative sources of cells with physiologically 
regulated insulin secretion
Other than cadaveric pancreata, many potential cellular sources 
for physiologically regulated insulin secretion have been widely 
discussed in the scientific literature, but the chasm between the 
promise each holds and practical reality remains quite broad. Three 
potential sources in particular have been widely discussed: “grow-
ing” islets in vitro; using islets from species other than humans; and 
promoting β cell differentiation from precursor stem cells.

Expanding islet cellular mass in vitro. While a variety of culture 
conditions have been published for propagating islet cells from 
adult donors, those techniques invariably result in an inexorable 
decline in insulin production by the cultured cells (see refs. 27–29). 
Stated another way, while many groups have reported a favorable 

stoichiometry with regard to islet cell numbers, no group has devel-
oped a strategy for reliably expanding islet populations with depend-
able and robust insulin-producing capacity. Further, as islets are 
essentially mini-organs, in order for propagation to occur in vitro, 
an islet (or the appropriate precursor cells within the islet) must pre-
sumably — in no particular order — divide, leave the original islet, 
then reaggregate with other appropriate cells to create a new islet, 
while leaving the original mini-organ structure sufficiently intact to 
remain functional. Last, it is not yet possible to identify the cell(s) 
within the islet preparation that are responsible for new islet growth. 
Several reports have suggested that islet progenitor cells exist within 
the pancreatic ducts (30–32), and yet a recent publication cogently 
argues that the only cell capable of differentiating into a β cell in the 
adult mouse is an existing β cell (33).

Islets from species other than humans. Others have studied a xenogeneic 
source for the desired physiologically regulated insulin-secreting 
cell. Pig islets, in particular, have been widely studied for a variety of 
reasons, including: (a) the fact that humans had been treated with 
pig insulin for more than 60 years; (b) favorable husbandry — in 
that the species has large litters with offspring that attain adult size 
rapidly and with relatively robust islet numbers; (c) the fact that pig 
islets respond to glucose in the same physiological glucose range 
as human islets; and (d) the existence of a suitable societal-cultural 
relationship between the species. That is, since pigs are currently 
widely bred, then slaughtered for our food supply, the use of their 
islets to restore health may be an option that satisfies ethical con-
cerns in a more widely accepted way than would, for example, islets 
isolated from dogs. Two main concerns continue to limit the use of 
pig tissues as the xenogeneic source for transplant, however. First, 
humans express high titers of antibodies against a galactose α(1, 
3) galactose residue that is present on most pig cells, resulting in 
a hyper-acute rejection response whenever pig tissues are trans-
planted into humans. Second, pig cells, like all mammalian cells, 
contain endogenous retrovirus. There is also the possibility that the 
pig endogenous retrovirus might infect the human host, especially 
under the circumstance of administration of a large inoculum (as 
might occur when transplanting tissue) into a host with a weakened 
immune system (as would be expected when administering immu-
nosuppressive drugs to prevent graft rejection). In order to address 
these concerns, some investigators have created genetically modified 
pigs that do not express the galactose α(1, 3) galactose residue (34) 
and plan to breed these animals in special pathogen-free conditions 
in an effort to minimize the risk for zoonotic disease (35–39).

Promotion of β cell differentiation from stem cells. A third, widely stud-
ied potential source for insulin-producing cells is a strategy aimed 
at promoting the differentiation of a precursor cell into a “β-like 
cell,” with the embryonic stem cell (ES cell) being perhaps the most 
promising precursor candidate. Clearly, as all mammals generate 
all cell types from the originally fertilized egg, ES cells are known to 
have pluripotent capacity. Further, groups have published culture 
techniques promoting differentiation of ES cells into what appear 
to be insulin-producing cell clusters (40, 41). More recent studies 
have suggested that at least some of these anti-insulin antibody–
staining cell clusters may be artifactual (a result of insulin uptake 
from the growth media) and that in any case such cultured cell 
clusters fall short of β cells; e.g., they lack insulin granules and the 
appropriate capacity for regulated insulin secretion (42). Still other 
research has suggested that additional adult progenitor cell popula-
tions can, under some circumstances, differentiate into functional 
β cells in rodents (43, 44). Thus, studies by internationally recog-
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nized investigators have yielded data that is difficult to synthesize; 
i.e., some data suggest that β cells in mice can arise only from exist-
ing β cells, while others suggest a capacity for stem cell–to–β cell 
transdifferentiation (see refs. 33, 43, 44). The outcome of this scien-
tific debate will become evident through additional study.

Several additional points are relevant to the islet supply ques-
tion; for instance:

(a) If stem cells capable of differentiating into functional β cells 
exist in vivo (in the pancreas, the bone marrow, the spleen, or else-
where), then what limits the natural occurrence of that process? 
Why, for instance, do patients with T1DM so rarely, if ever, recover 
from the loss of β cell function that caused their disease?

(b) Why do functional islets form only in islets of Langerhans and 
the latter only in the pancreas? If our goal is to recapitulate in vitro 
the process that promoted islet development in vivo, then what hor-
monal, cell-, and/or matrix-mediated structural signals are gener-
ated within the pancreas that promote islet development?

(c) As in all situations where demand outstrips supply, one way 
to more efficiently utilize the precious resource would be to limit 
islet loss during isolation or following transplantation. Nilsson, 
Korsgren, Bennet, et al., for instance, have reported several studies 
indicating that purified islets, when mixed with whole blood, result 
in activation of platelets and of both the coagulation and comple-
ment cascades in a process they named the instant blood-mediated 
inflammatory reaction (IBMIR) (45–48). Their studies suggest 
that IBMIR leads not only to islet destruction (albeit incomplete), 
but also to activation of an anti-islet adaptive immune response 
by promoting an innate immune response. Further, IBMIR may 
contribute to the bleeding and/or thrombotic complications asso-
ciated with the islet transplant procedure (see below); and

(d) Any insulin-producing cell generated from progenitors in 
vitro will have to overcome rather stringent regulatory hurdles with 
regard to human safety. That is, regulatory agencies exist to help 
navigate the difficult waters that lie between a potential new ther-
apy’s initial early successes and the dissemination of that therapy 
for more widespread application. For instance, when short stature 
was treated with growth hormone isolated from human pituitary 
glands, the therapy was shown to be effective but also later to carry 
with it some risk for Creutzfeldt-Jakob disease. Similarly, we must 
recognize that cells engineered for physiologically regulated insulin 
secretion might yield not only the desired consequence once trans-
planted (insulin independence), but also undesired consequences. 
For example, rodent studies have suggested that islets transplanted 
into the liver display an increased propensity to develop into insulin-
producing tumors (48), and serious concerns about the role of stem 
cells in malignancy have been raised (49).

Immunosuppression
The publication of the Edmonton islet transplantation study (2) 
addressed an important scientific question: is there a reasonable 
likelihood that, through transplantation of a sufficient number 
of islets (see above) and with an immunosuppressive regimen that 
avoids the use of diabetogenic glucocorticoids, patients will be 
restored to insulin-independent euglycemia, at least temporarily? 
For a therapy as expensive and invasive as islet transplantation to 
be considered for more widespread clinical application, however, 
an endpoint more rigorous than insulin independence at 1 year 
after transplant needs to be met. Most important, what do current 
studies suggest regarding the impact of islet transplantation on 
patient survival and quality of life?

As shown in Table 1, several systemic side effects are commonly 
associated with the typically administered immunosuppressive 
agents (rapamycin and FK506) (4, 50), including pneumonitis (51), 
suppression of bone marrow function, mouth ulcers, deteriorating 
renal function, peripheral edema, tremor, hyperlipidemia, hyperten-
sion, weight loss, diarrhea, and fatigue. While several of these side 
effects can be countered medically (e.g., hyperlipidemia, hyperten-
sion, or infection), the small but significantly increased malignancy 
risk and the deteriorating renal function require special comment.

T1DM-associated mortality has been associated with several clini-
cal variables; most notably, the traditional cardiovascular risk fac-
tors (smoking, blood pressure, lipid levels), autonomic neuropathy, 
and the degree of renal dysfunction. For the traditional cardiovascu-
lar risk factors, while glycemia control decreases microvascular com-
plication rates, no large prospective study has shown a statistically 
significant effect on macrovascular complications or survival (52, 
53). On the other hand, studies have demonstrated that both blood 
pressure control (54, 55) and lipid control (56) decrease diabetes-
associated mortality with both high statistical and clinical relevance. 
However, while autonomic dysfunction has been widely discussed 
as predictive for diabetes prognosis, more recent and prospective 
studies have concluded that the apparent association is explained 
by other factors (57, 58). Last, and most important, kidney dysfunc-
tion has consistently been found to independently predict mortal-
ity among patients with diabetes (59–61). Thus, the increasingly 
appreciated risk of chronic renal failure after an other-than-kidney 
transplant (estimated incidence as high as 21%) (62–64), presumably 
accounted for at least in part by the calcineurin phosphatase inhibi-
tors — currently the mainstay of most immunosuppressive regimens 
— has raised concerns regarding the overall impact on survival of a 
transplant-based approach to the treatment of a diabetic patient. 
That is, the net effect of improved glycemia control produced by 
the transplant, when balanced against the immunosuppressive 

Table 1
Systemic side effects commonly associated with the immunosuppressive agents typically administered following islet transplant

 Immunosuppressant  Drug classification Common and important side effects 
 (brand name)  (Phase of drug administration)
 Rapamycin, also known as Sirolimus  Macrocyclic lactone Hyperlipidemia, antiproliferation (e.g., anemia, diarrhea) 
 (Rapamune)  (Maintenance)
 FK506, also known as Tacrolimus  Calcineurin inhibitor Hypertension, nephrotoxicity, CNS effects (e.g., tremor), diabetogenicity 
 (Prograf)  (Maintenance)
 Daclizumab  mAb-binding IL-2 receptor α subunit May increase risk of infections; hypersensitivity
 (Zenapax)  (Induction)
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agent–associated hypertension, hyperlipidemia, and decreased renal 
function, may actually increase mortality. Indeed, our recent evalua-
tion of the US pancreas transplant population has suggested statis-
tically greater mortality for at least the first 4 years after transplant 
for those individuals with preserved kidney function compared with 
patients with chronic diabetes that is similarly difficult to control 
but who have not received a transplant (65). Clearly, a critical need 
exists for strategies to prevent the rejection of cell-based insulin 
delivery vehicles (isolated islets, whole pancreas, or other strategies) 
such that kidney function is not impaired. Perhaps antibody-based 
approaches that are designed to promote anti-graft immune toler-
ance and therefore minimize the need for chronic administration 
of immunosuppressive agents (e.g., as in recent studies reported by 
Herold et al.; refs. 66, 67) will fill this void.

Immunosuppressed organ transplant recipients are also known to 
be at greater risk for both cancer (relative risk: 3–4) and infection (for 
instance, see ref. 68) as representative of many studies indicating that 
well over half of immunosuppressed kidney allograft recipients suf-
fer infectious complications — fortunately almost always easily treat-
ed. Among cancers, some relatively rare types predominate in organ 
transplant recipients as compared with the general population, 
including lymphomas and lymphoproliferative disorders, Kaposi 
sarcoma, renal carcinomas, cervical carcinomas in situ, hepatobiliary 
carcinomas, anogenital carcinomas, and various other sarcomas. In 
contrast, most of the common malignancies, except skin and lip can-
cers (69), occur with only marginally increased incidence in immu-
nosuppressed patients compared with nonimmunosuppressed indi-
viduals. The risk of developing cancer or infection as a result of the 
newer antibody-based regimens remains unknown (70).

It is somewhat ironic that current immunosuppressive agents are 
themselves associated with insulin resistance and/or decreased β cell 
function and as such promote diabetes onset. The incidence of new-
onset diabetes in organ transplant recipients ranges between 2%–53% 
(71). The particular immunosuppressive agent employed appears to 
influence rates of islet engraftment and survival and/or insulin pro-
duction and action. The diabetogenic effects of glucocorticoids have 
been the most widely appreciated, in fact since the early descriptions 
of Cushing syndrome (72, 73). Calcineurin phosphatase inhibitors 
also clearly interfere with normal β cell function (74–76). While 
FK506 appears to confer greater diabetogenic risk than cyclosporin, 
that observation must be weighed against its preferred use by many 
transplant teams to prevent allograft loss. Last, studies in Sprague-
Dawley rats have demonstrated that rapamycin, with its known 
antiproliferative properties, is also associated with insulin resistance 
(77) and when combined with FK506 (which serves to decrease β cell 
function) induces diabetes. In our experience and according to simi-
lar data reported from the Edmonton group (50), patients achiev-
ing insulin independence following an islet transplant nevertheless 
displayed deficient first-phase insulin secretory responses (10%–30% 
of normal) in intravenous glucose tolerance tests. Insulin secretion 
in such patients is also delayed and deficient after an oral glucose 
load — reminiscent of responses seen in type 2 diabetes. Clearly, one 
cannot easily dissect the contribution of each possibly responsible 
factor such as immunosuppression, abnormal islet innervation and 
vascularization (24), hepatic localization (78–80), engraftment of 
a subnormal islet number, and others. We have, however, observed 
that islet recipients in whom islet function was measurable (from 
circulating C-peptide) yet insufficient to render them insulin inde-
pendent had declining glucose control with elevated immunosup-
pressive drug levels (Rother et al., unpublished results). These data 

suggest that higher concentrations of immunosuppressive agents 
can further impair islet function when that function is already chal-
lenged. However, with the introduction of novel immunosuppres-
sive regimens, we may be able to avoid such diabetogenic effects.

Safety concerns with the islet transplant procedure
While almost certainly safer than whole-organ pancreas transplan-
tation, the islet transplant procedure as it currently stands is not 
risk free. We must remember that while the procedure is not yet 
deemed a suitable replacement for the current standard treatment 
for the majority of patients with T1DM, there exists much hope 
for and possibility of improved efficacy and safety. Some complica-
tions must be addressed further. A recent review from the Edmon-
ton group, for instance, reported on complications associated with 
68 consecutive islet infusion procedures (81), some of which are 
potentially serious. These include partial portal vein thrombosis 
with subsequent anticoagulation (the latter resulting in an expand-
ing hepatic hematoma in 1 patient that required surgery) and/or 
significant intra-abdominal hemorrhage. Their complication rate 
can be reported using procedure number as the denominator, in 
which case the prevalence was 9% per procedure; or, in recognition 
of the fact that most patients require more than 1 islet infusion (in 
the Edmonton report, the mean number of procedures was 2 for 
the 34 patients reported), the rate of potentially serious complica-
tions can be reported as 18% per patient.

As with any transplantation procedure, although the risk is 
small, infectious agents can be transmitted via an allograft. An 
illustration of this point is that despite the extensive screening 
applied to all blood donors, occasional recipients develop a blood-
borne illness from transfusion. Organ and/or tissue donors are 
extensively screened using known serologic tests, but very recent 
infections can certainly escape detection.

Long-term safety concerns. Additional safety concerns require con-
sideration, since long-term follow-up of islet recipients remains 
quite limited. For instance, we and others have observed hepatic 
structural changes following islet transplantation in both non-
human primates (79) and in patients (78, 80). Both glycogen 
accumulation and localized steatosis have been demonstrated 
immunohistochemically and/or by chemical shift MRI. No long-
term adverse effects of the transplant procedure on liver function 
have been reported, but the association between fatty liver disease, 
obesity, and type 2 diabetes leading to progressive fibrosis and 
eventual cirrhosis is sobering (82). In fact, it has been speculated 
that secondary hepatic effects can be used as indirect determinants 
of islet function, as a recent report described resolution of hepatic 
imaging abnormalities when the islet allografts failed (78).

Gradually increasing portal venous pressures following islet 
infusions have also been reported, with each subsequent infusion 
leading to a greater pressure increase than the last (83). Again, the 
clinical impact of these pressure increases is unknown.

Finally, while current immunosuppressive approaches are 
superior to past therapies, both immediate and chronic rejec-
tion of transplanted organs and tissues persist as major prob-
lems. Since iatrogenic immunosuppression does not completely 
eliminate the body’s immune responses, the remaining mitigat-
ed immune activity not only threatens the transplanted organ or 
tissue but can sensitize the recipient to donor tissues and thus 
complicate the search for a suitable donor match for any subse-
quently required transplant. Such sensitization following islet 
allograft rejection has recently been reported (84). We therefore 
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strongly recommend carefully screening of islet-transplant can-
didates and exclusion of individuals with early kidney damage 
from this as-yet-experimental procedure.

Selecting the ideal candidate:  
victims of our own success
In a certain sense, improvements in diabetes care have made more 
difficult the design of clinical trials to overcome the biological hur-
dles still limiting islet transplantation. The prognosis for patients 
with even long-standing and brittle T1DM is better than for any 
other condition treated by transplantation (65), and that prog-
nosis appears to be steadily improving (5–7). Patients with brittle 
diabetes and end-stage kidney disease may be the best candidates, 
since the benefits of kidney transplantation in this population have 
been clearly demonstrated (65); they will thus require immunosup-
pressive agents to preserve their kidney allograft — adding an islet 
allograft to the therapeutic mix would seem appropriate. Other 
patients with brittle diabetes — even those with preserved kidney 
function — who are plagued by severe hypoglycemia despite opti-
mized care, may also be good candidates (85), but such patients are 
quite rare, since optimized conservative care frequently eliminates 
the worst of these symptoms (86). Further, the perception of the 
term “optimized care” can vary widely, and we urge referral of indi-
viduals with diabetes that is difficult to control to specialists well 
versed in multidisciplinary and the most up-to-date insulin-based 
regimens before concluding that any patient’s diabetes is uncon-
trollable. We do not support considering individuals with progres-
sive microvascular complications (especially nephropathy) as good 
candidates due to the known nephrotoxicity of current immuno-
suppressive regimens. For the same reason, we counsel against islet 
transplantation in children until more is known about the long-
term safety of this approach.

Defining clinical success
As our intent with this review is to identify those barriers still limit-
ing the more widespread application of islet transplantation for the 
treatment of diabetes, we wish to emphasize our support for this 
therapeutic approach. That said, one of the largest hurdles limit-
ing development of this therapy is the difficult interplay of the fac-
tors described above. In any experimental technique, one attempts 
to control all variables except the one under investigation. For the 
patient given an islet transplant, however, many factors can affect 
the outcome, with the relative contribution from those disparate 

variables impossible to tease out. For instance, present technology 
does not allow investigators to assess with any degree of accuracy 
the factors that might affect islet function, including: islet quality 
prior to transplant, the autoimmune response that initially caused 
the T1DM, the alloimmune response, immunosuppressive effects 
on islet function, islet dysfunction that might result from meta-
bolic demands placed upon a limited islet mass, etc. Furthermore, 
when islets are infused into the portal vein, their widespread and 
diffuse distribution renders impractical any attempt to follow an 
anti-islet immune response using current biopsy techniques. Thus, 
if an investigator wishes to test, for example, a novel immuno-
modulatory approach to prevent islet allograft rejection, and islet 
function is lost after transplant, it is not yet possible to understand 
the mechanisms underlying that failure. The many unknowns, con-
sidered within the context of the great costs associated with islet 
transplantation and the relatively excellent prognosis now associat-
ed with even long-term diabetes, conspire to create a difficult path 
for future clinical investigation that falls within well-established 
medical, ethical, and economical guidelines.

The future
How and why then do we as a community continue in our pursuit 
of islet transplantation as a cure for T1DM? Quoting John F. Ken-
nedy’s speech given at Rice University in 1962 when he announced 
the government’s plan to land a man on the moon, we choose to 
pursue islet transplantation research “not because [it is] easy, but 
because [it is] hard, because that goal will serve to organize and 
measure the best of our energies and skills, because that challenge 
is one that we are willing to accept, one we are unwilling to post-
pone, and one which we intend to win . . . ” These inspiring words 
must be considered in the context of what we learn every day from 
those with T1DM: despite improvements in care, the disease still 
takes a terrible toll on quality of life.

To be more specific, we suggest the following as potential ave-
nues of research that should be further pursued in the continued 
development of this most promising therapy. First, we believe an 
appropriately safe and effective means of preventing immune sys-
tem–mediated islet destruction after transplant needs to be found. 
Toward this end, we suggest the following:

(a) While criteria for patient enrollment employed in several pro-
tocols evaluating the safety and efficacy of islet transplantation are 
shown in Table 2, we advocate efforts to define a cohort with high-
risk diabetes, as such patients (currently difficult to identify) would 

Table 2
The most important criteria upon which islet transplant recipients have been chosen for existing clinical protocols

Indication Contraindication
T1DM > 5 years Cardiac disease
Age > 18 and < 65 years Active infection
BMI < 28 kg/m2 Liver abnormalities (e.g., ultrasound evidence of portal hypertension)
Suboptimal glycemia control specifically  Any history of malignancy except squamous or basal skin cancer
 due to lack of awareness of severe hypoglycemia
Insulin requirement < 0.7 units/kg/d and HgbA1CA < 10% Creatinine clearance < 60 ml/min/m2, or macroalbuminuria
No endogenous insulin production Untreated proliferative retinopathy
 (C-peptide values below detection limits, even after provocative testing Untreated hyperlipidemia
 with agents that stimulate β cell insulin secretion) Previous transplant or serologic evidence of 
  anti–donor tissue specific Ab’s

AHgbA1C is the measure of glycosylated hemoglobin that is used to provide an estimate of the average blood glucose control for the previous 3 months.
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better fulfill the requirements of appropriate risk/benefit analyses 
in the evaluation of newer islet transplantation approaches.

(b) Another approach might be to test novel immunomodu-
latory strategies in, for example, individuals receiving a kidney 
transplant due to renal failure. Such a population not only has a 
worse prognosis for survival than do patients with diabetes (and 
so a greater tolerance for the new immune intervention’s potential 
toxicity), but following the outcome of such patients is much eas-
ier and more objective. That is, patients without an autoimmune 
etiology underlying their renal failure can be selected, a kidney 
from a single donor is sufficient to treat the patient (whereas islet 
recipients typically require islets from 2 or more donors), kidney 
biopsies to follow graft function are now routine, techniques for 
overcoming an acute kidney rejection episode exist, and donor 
kidney function can reasonably be assessed. If a novel immune 
therapy proves sufficiently safe and effective in the kidney trans-
plant recipient population, then such a strategy could be rapidly 
tested in a selection of islet allograft recipients. As a first step, 
patients with kidney failure from T1DM and thus requiring a kid-
ney transplant could also receive allogeneic islets.

(c) Still another approach might be to test a novel immunomod-
ulatory regimen in patients with T1DM of some duration yet who 
still have some measurable level of β cell function. As discussed 
herein, a surprising number of patients with T1DM display some 
evidence of either an anti–β cell immune response (at least anti-
islet antibody titers) and/or β cell function (detectable levels of 
circulating C-peptide) even years after diagnosis. These observa-
tions suggest the as-yet-untested hypothesis that through control 
of the autoimmune response, and perhaps other factors, some β 
cell functional recovery could ensue (87). An advantage of such an 
approach is that it would be more scientifically rigorous with less 
uncontrollable variables (like allogeneic islet quality and alloim-
mune responses that are difficult to monitor) and also achieves a 
more supportable risk/benefit balance than current immunosup-
pression-based protocols that enroll patients with new-onset dis-
ease. That is, the testing of an immune intervention of unknown 
long-term safety in an adult with long-standing T1DM to see 
whether the β cell function might improve seems to fulfill the high 

standards of clinical investigation in a more balanced fashion than 
would testing that agent in a patient with new-onset disease (typi-
cally a child). We are actively engaged in testing this hypothesis.

(d) We recommend research to develop practical tools for the 
immunological monitoring of the islet recipient so that both allo- 
and autoimmune responses can be followed.

Second, before we can hope to “cure” patients with diabetes 
by transplanting cells capable of physiologically regulated insu-
lin secretion, we need a reliable and preferably renewable source 
of such cells. In general, this means we will need: control of the 
material and methods required to generate such cells; and reliable 
assays for determining the cells’ quality (viability, insulin produc-
ing capacity or “potency,” genetic stability, etc.).

At present, allogeneic islets isolated from cadaveric donors fall 
short of this appropriately high standard, but by clearly recogniz-
ing and stating the problems, investigators in the field can focus 
on overcoming them. The use of islets from cadaveric pancreata 
will always be hampered by lack of control over the starting mate-
rial and also remains constrained by their limited supply, the 
imperfect means of isolating those islets, and the great expense 
associated with that exercise. The ability to propagate, in vitro or 
in a surrogate animal species, cells capable of physiologically regu-
lated insulin secretion would be a major step forward.

Last, we advise careful follow-up of those patients already given 
allogeneic islets by transplant such that many variables are monitored, 
including the function of those allogeneic islets but also effects the 
islets may have on liver structure or function, effects of the immuno-
suppressive agents of diabetes complications, survival, and quality of 
life. The first annual report of the Collaborative Islet Transplant Reg-
istry (see http://spitfire.emmes.com/study/isl/reports/reports.htm) is 
an important step forward. We also encourage longer-duration stud-
ies using large-animal models to address some of these questions.
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