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Immunosuppression in islet transplantation
Tom Van Belle and Matthias von Herrath
La Jolla Institute for Allergy and Immunology, La Jolla, California, USA.

Islet transplantation can temporarily cure type 1 diabetes mellitus (T1DM)
but requires simultaneous immunosuppression to avoid allograft rejection.
In this issue of the JCI, Monti et al. report that immune conditioning via use
of the Edmonton protocol — a treatment approach in which T1DM patients
infused with pancreatic islets from multiple cadaveric donors simultaneously receive immunosuppressive drugs — results in lymphopenia that is associated with elevated serum levels of the homeostatic cytokines IL-7 and IL-15,
which causes in vivo expansion of the autoreactive CD8+ T cell population
(see the related article beginning on page 1806). Reemergence of autoreactivity is likely the main culprit underlying long-term islet graft failure, and new
strategies will need to be tested to circumvent this homeostatic expansion
and recurrent autoreactivity.
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acid decarboxylase; MMF, mycophenolate mofetil;
T1DM, type 1 diabetes mellitus.
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Autoimmunity, lymphopenia, and
homeostasis
Autoimmunity develops when immune cells
attack and destroy our own cells. For instance,
type 1 diabetes mellitus (T1DM) is a disease
caused by immune-mediated destruction of
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the insulin-secreting pancreatic b cells, leading to hyperglycemia. The immediate consequences of untreated T1DM (e.g., diabetic
ketoacidosis) can be fatal, and, despite insulin therapy, long-term vascular complications can significantly affect life expectancy.
Autoreactive T cells specific for b cell autoantigens are present in most individuals, but
are usually kept under control by peripheral
tolerance mechanisms or have a regulatory
phenotype (1). It is now well established that
T1DM is the result of interactions between
susceptibility genes (especially those within
the HLA region) and probably several environmental factors (2). The highest-risk genotypes, HLA-DR3 or HLA-DR4 class II alleles,
can be responsible for the development of
anti-islet autoimmunity via production of
autoantibodies to insulin; to glutamic acid
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Figure 1
The immunologic consequences of islet transplantation under the Edmonton protocol. Pancreatic
islets of diabetic patients can be infiltrated, destroyed, or dysfunctional, which renders them unable
to produce insulin. Therefore, as a potential cure, islets from nondiabetic donors are transplanted
using immunosuppressive regimens. The Edmonton protocol had shown the most promise so far,
although recently it became clear that most islet grafts are lost after 5 years (5). In this issue of the
JCI, Monti et al. (6) now show that the Edmonton protocol of immunosuppression with daclizumab,
rapamycin, and FK506 results in lymphopenia and thus homeostatic expansion of autoreactive
CD8+ T cells. Lymphopenia elicits production of IL-7 and IL-15 that drives homeostatic peripheral
expansion of memory T cells, which comprise autoreactive, alloreactive, and probably other T cell
populations. In addition, the lack of IL-2 and blockade of the IL-2 signaling pathway might affect not
only effector T cells, but also Tregs. The reemerging autoreactive T cells are capable of destroying
the patient’s remaining b cells (brown) and the donor islets (blue), which are transplanted via the
hepatic portal vein. It is unknown whether enhanced homeostatic proliferation of Tregs with different immunosuppressive regimens or augmentation of islet-specific Tregs after vaccination or cell
transfer could be sufficient to inhibit any of the b cell–destructive T cell responses.

decarboxylase (GAD), an enzyme produced
primarily by pancreatic islet cells; and to
the transmembrane protein tyrosine kinase
IA-2, which regulates vesicle number and
insulin secretion. However, it is likely that an
environmental event like a viral infection or
lymphopenia needs to occur to precipitate
disease (3).
Immunosuppression and
reemergence of autoimmunity
First devised in the late 1990s at the University of Alberta, the Edmonton protocol outlines a method of transplanting pancreatic
islets from multiple cadaveric donors into
individuals with T1DM and subsequent
administration of immunosuppressants and
a mAb, in an effort to restore insulin independence or at least sufficient islet function
to protect against hypoglycemia (Figure 1)
(4). Specifically, immunosuppression begins
immediately before transplantation, with
5 biweekly doses of a humanized anti–IL-2
receptor α (anti–IL-2Rα) mAb known as
daclizumab (Zenapax; Roche), and is main1626

tained for several months by continuous
administration of low-dose rapamycin (sirolimus), which inhibits the response to IL-2,
and FK506 (tacrolimus), a calcineurin inhibitor blocking IL-2 production. A recent international islet transplantation trial showed
that the Edmonton protocol can restore
long-term endogenous insulin production
and protect from severe hypoglycemia, but
that insulin independence is not sustainable,
and graft function is lost in most patients
after 5 years (5). Why is this the case?
The main conclusions from the study
reported by Monti et al. in this issue of the
JCI (6) are that islet transplantation using
the Edmonton protocol in individuals
with T1DM results in lymphopenia, associated with elevated levels of homeostatic
cytokines and expansion of the population
of autoreactive CD8+ T cells (Figure 1), and
that therefore, immunosuppression with
alternative agents, among them the induction of islet antigen–specific Tregs, might
prove better in this context. The authors
showed that lymphopenia following immu-
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nosuppression is associated with elevated
serum concentrations of the cytokines IL-7
and IL-15 and an increased population of
proliferating lymphocytes positive for the
cell proliferation–associated antigen Ki-67.
These Ki-67+ cells are unable to produce the
multifunctional effector cytokine IFN-γ,
which is known to foster inflammation
and islet destruction in T1DM. However,
switching the immunosuppressive regimen  
in 2 patients from rapamycin and FK506
— because of rapamycin intolerability — to
mycophenolate mofetil (MMF, CellCept;
Roche), which selectively inhibits T and B
cell proliferation by suppressing de novo
purine synthesis, blocked lymphocyte proliferation despite sustained high levels of
IL-7 in serum. Data on the in vivo effector
T cell function or the clinical outcome in
these 2 patients were not reported. In vitro
cultures of the lymphocytes from patients
on the Edmonton protocol proliferated
vigorously without overt stimulation. Interestingly, this spontaneous proliferation was
blocked by MMF, but not by rapamycin,
FK506, or cyclosporin A. Effector functions
that were absent in vivo became obvious
after 48 hours of culture, as measured by
IFN-γ production, indicative of an expanding effector memory T cell population. In
these expanded in vitro cultures, inhibition
of IFN-γ production was better achieved
with rapamycin, but not with MMF. Thus,
MMF can block proliferation and expansion of PBMCs as well, whereas rapamycin
is better at curbing IFN-γ production.
In the current study (6), pentamer staining showed increased numbers of not only
influenza-specific T cells, but, more importantly, GAD65-autoreactive T cells, 30% of
which proliferated in vivo and expressed the
CD45RO (memory) marker. This homeostatic expansion of autoreactive T cells may well
explain the limited success of the Edmonton
protocol over time. Indeed, the population
of preexisting GAD65-autoreactive memory
T cells could be expanded by peptide stimulation in vitro from the memory CD8+ T cell
pool, which was further enhanced by IL-7.
In this context, a very interesting report by
Roep and colleagues is noteworthy: these
authors showed that patients with preexisting cellular autoimmunity to GAD lost islet
graft function more rapidly than did patients
without preexisting cellular autoimmunity
to GAD, despite immunosuppression with
the Edmonton protocol (7).
One previous study in NOD mice directly
linked T1DM autoimmunity with lymphopenia and increased IL-21 production (8).
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Recently, experimentally induced lymphopenia was shown to increase diabetes onset
dramatically in a CD4+ T cell transfer model
(9). Direct support for an association of
human T1DM with lymphopenia or IL-21
serum levels has been lacking, but the
genetic murine Idd3 and human 4q26-q27
intervals encoding IL-21 and IL-2 convey
susceptibility to T1DM in both mice and
humans (10). Many viral infections, such as
measles and SARS (11, 12), can cause transient lymphopenia, and IL-21 is upregulated
in vivo upon infection (13). In this context,
it is important to note that infections with
enteroviruses (notably coxsackievirus B4; ref.
14) or rotaviruses (15) have been associated
with the emergence of islet autoantibodies or even development of clinical T1DM.
Lymphopenia triggers homeostatic mechanisms in our immune system (16), which
involve MHC contact for naive T cells, but
for only a minor fraction of memory T cells.
Multiple cytokines play an important role in
T cell homeostasis (17), and under normal
physiological conditions, homeostatic proliferation of CD8+ and CD4+ memory cells
is driven by IL-15 and IL-7 (18). In lymphopenic hosts, however, memory CD4+ T cells
ignore IL-15 and expand in response to the
elevated IL-7 levels, whereas memory CD8+
T cells have a strong bias for IL-15 over IL-7
(16). These observations are relevant to the
present report by Monti et al. (6), because
elevated levels of both IL-7 and IL-15 were
found during immune conditioning using
the Edmonton protocol.
Tregs and homeostasis
Human CD4+ T cells include a subset of
CD4 +CD25 hi Tregs that can efficiently
suppress effector T cell responses. While
the absolute numbers of Tregs are clearly
diminished in lymphopenic mice, Tregs
themselves can be homeostatically expanded (3). In fact, humans rendered lymphopenic by cyclophosphamide display a relative
increase in the frequency of Tregs compared
with healthy individuals (19). This suggests
that Treg expansion itself is an important
safeguard to limit autoimmune reactivity
during lymphopenia (3). Therefore, data on
the loss or homeostatic expansion of Tregs
following systemic immunosuppression
with the Edmonton protocol would be very
interesting. Because Tregs depend on IL-2
for proliferation (20, 21), a blockade of IL-2
signaling and production during immunosuppression by the Edmonton protocol
may lower proliferation of not only effector
cells, but also Tregs.

Future directions: choosing the best
immunosuppressive regimen
The strength of the present report is the demonstration that homeostatic mechanisms
can lead to the amplification of autoreactive
memory T cells during interventions that are
targeted toward the opposite outcome, i.e.,
curing autoimmunity. This could be specific
to the Edmonton protocol and is not necessarily inherent to all immunosuppressive protocols. An ideal immunosuppressive therapy
would therefore minimize lymphodepletion
and preserve Treg function, maybe by avoiding targeting cytokines that are required for
Treg expansion and function or by directly
inducing Tregs specific for islet antigens.
For example, an ongoing phase II clinical
trial addresses the therapeutic potential of
MMF and daclizumab combination therapy
in recent-onset T1DM patients without islet
transplantation (22). Promising results have
been achieved by administering humanized
nonmitogenic and nondepleting anti-CD3
mAbs to individuals with T1DM, resulting
in preservation of C-peptide levels for up to
2 years (23), and recent animal studies show
that anti-CD3 can synergize with islet antigen–specific approaches to induce tolerance
via Treg induction (24). A phase III clinical
trial will investigate the efficacy of other
immunosuppressive drugs (antithymocyte
globulin, daclizumab, etanercept, sirolimus,
or tacrolimus) in combination with islet
transplantation (25). It will be interesting to
see whether homeostatic issues emerge.
Overall, the reported expansion of autoreactive T cells provides a possible explanation for the limited long-term success
of the Edmonton protocol in T1DM islet
transplantation. Importantly, a recent study
showed that the immunosuppressive agents
used in the Edmonton protocol can also
block b cell regeneration (26), putting yet
another burden on refining such interventions further. Future clinical trials should
monitor the appearance of homeostatic
cytokines and proliferating autoreactive
memory T cells, Tregs and their function,
and b cell mass, if possible. In addition, the
numbers of autoreactive effector T cells producing IFN-γ prior to transplantation should
be used as a prognostic tool (7). We are just
beginning to amend immunosuppressive
therapy in T1DM to cope with preexistent
immunity against the graft, while most drugs
currently used in islet transplantation are
primarily geared to prevent allograft rejection. The recent successes achieved in mice
with antigen-specific induction of Tregs by
administration of nasal proinsulin (24), a
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proinsulin-based DNA vaccine (27), or the
GAD65 protein offered by Diamyd Medical
(28) support the notion that antigen-specific
immunotherapy should form a substantial
part of future refinement of immunosuppressive regimens. Antigen-specific induction of Tregs could warrant long-term maintenance of tolerance without continuous
immunosuppression.
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What lurks beneath: IL-11, via Stat3, promotes
inflammation-associated gastric tumorigenesis
Juanita L. Merchant
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Chronic inflammation in the stomach induces cellular transformation and
gastric cancer primarily in the distal stomach or antrum. In this issue of the
JCI, a study in mice by Ernst et al. provides new insight into the role of IL-11
and its glycoprotein 130 (gp130) receptor in inflammation-associated gastric
epithelial cell oncogenic transformation, which they show is mediated by and
dependent on increased activation of Stat3 and, to a lesser extent, Stat1 (see
the related article beginning on page 1727). Prior studies from this group have
shown that Stat3 hyperactivity stimulates the TGF-β inhibitor Smad7. Collectively, the studies suggest that an important pathway of oncogenic transformation in the stomach is through suppression of growth inhibitory signals,
such as members of the TGF-β family, that originate from the stroma.
Cancer originates in a variety of different tissues that are susceptible to chronic
inflammatory conditions. In the stomach,
the phenotypic steps leading from chronic
inflammation (gastritis) to distal gastric
cancer were established epidemiologically
(1) before the discovery of Helicobacter pylori,
a noninvasive curvilinear rod that resides
in the luminal mucous layer (2). Although
H. pylori appears to be the most common
infectious agent inducing chronic gastritis,
studies support the notion that inflammatory cells infiltrate the mucosa from the stroma beneath and secrete cytokines that are
ostensibly the direct modulators of epithelial
cell differentiation and eventually neoplastic
transformation (3, 4). If H. pylori is not eradiNonstandard abbreviations used: gp130, glycoprotein 130; Smad7, mothers against decapentaplegic
homolog 7.
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cated by the inflammatory response, the
bacterium becomes a chronic trigger for the
immune system to produce cytokines that
continue to bathe the gastric glands. Metaplastic changes begin in the antrum, where
H. pylori preferentially colonizes the stomach,
before spreading anteriorly into the corpus,
inducing atrophy of the oxyntic glands (5).
Eventually, mucus-producing, metaplastic
cells that exhibit features of either the antral
pyloric glands (via antralization) or small
intestine replace the normal oxyntic (acid/
pepsin-producing) cells (6, 7). These specific changes in the gastric lineages launch
the mucosa down an irreversible pathway
toward unregulated growth, dysplasia, and
eventually neoplastic transformation.
Population-based studies by El-Omar et
al. indicate that IL-1β is one of the essential
proinflammatory cytokines modulated during H. pylori infection that directs the mucosa
toward atrophy, metaplasia, and neoplastic
transformation (8). In European, Asian, and
Hispanic populations, the presence of a gas-
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tric cancer–associated polymorphism has
not only been confirmed for IL-1β, but also
reported for TNF-α, IL-10, and IL-6 (9–11).
Collectively, these prior studies have set in
motion the quest to link inflammation and
specific cytokines with cancer development.
The underlying issue is that once inflammation becomes chronic, antibiotic eradication
of the triggering organism would not be an
effective treatment. It remains to be seen
whether antiinflammatory therapies that do
not disrupt mucosal restitution can be used.
A fully penetrant model of distal
gastric cancer
To study the etiology of gastric transformation, a number of mouse models have been
developed that recapitulate several features
observed in human intestinal-type gastric
cancer (Table 1). The gp130Y757F/Y757F mouse
studied by Ernst et al. in this issue of the JCI
(12) is the mouse model that most consistently develops gastric cancer. These animals
are homozygous for a phenylalanine knockin substitution at Tyr757, which is present
in one of five major phosphorylation sites
in the cytoplasmic tail of the glycoprotein
130 (gp130) receptor. This receptor — the
common receptor for members of the IL-6
cytokine family — is important for signal
transduction following cytokine engagement. Upon binding of an IL-6 cytokine family member to its relevant receptor, the complex of these two proteins associates with
gp130 and homodimerizes to form a hexameric complex that upon phosphorylation
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