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Restoration of physiologic metabolic control is the ultimate
therapeutic goal for patients with diabetes but is difficult
to achieve by means of medical therapy. Transplantation
of islets of Langerhans represents a viable therapeutic
option for patients with insulin-dependent diabetes. It is
currently offered to patients with a brittle form of diabetes
and hypoglycemia unawareness. Current limitations of islet
transplantation include scarcity of deceased donor pancreata,
partially effective islet isolation and purification protocols,
need for life-long systemic immunosuppression, inadequate
implantation sites, lack of predictive tests, and noninvasive
graft monitoring protocols.

Great progress has been recorded in different research
areas aimed at overcoming current limitations of islet cell
transplantation. These areas include stem cells technology,
xenotransplantation, development of novel immunosup-
pressive regimens, immune tolerance, immunoisolation pro-
tocols, alternative sites for islet implantation, immune mon-
itoring, and noninvasive imaging techniques. This special
issue was open to the scientific community working on
the development of beta-cell replacement. Of the several
papers received, ten received favorable peer reviews and were
selected for publication in this issue to cover specific topics
of general interest in this field.

The paper by C. Jahansouz et al. provides a compre-
hensive and historical overview of beta-cell replacement
therapies. The paper by P. Chhabra and K. L. Brayman
reviews emerging clinical and preclinical approaches toward
enhancing the clinical outcome of islet cell transplantation

and includes aspects related to cytoprotection and immune
interventions. The paper by H. Wang et al. is focused on
important cytoprotective pathways such as carbon monoxide
and heme oxygenase-1 and their ability to enhance islet
cell viability and engraftment. The paper by X. Wang et al.
offers a perspective on the B7-H4 co-stimulation pathway
and its potential toward enhancing immune regulation and
prolonging islet graft survival.

Recognizing the current limitations of human pan-
creas donation after brain death, alternative cellular-based
approaches are actively being explored to widen the clinical
application of beta-cell replacement therapies. The paper by
M. R. Hammerman provides interesting new experimental
data on porcine islet cell engraftment in xenogeneic recipi-
ents without immunosuppression. In his paper H. Noguchi
shares an overview of his experience with novel protocols
aimed at ameliorating pancreas preservation injury and
improving the yield and quality of islets obtained for trans-
plantation. I. Meivar-Levy et al. explore the use of hepatic
cells expressing albumin and mesenchymal properties that
have been engineered to produce insulin as an alternative
and potentially unlimited source of transplantable insulin-
producing cells. F. Carlotti et al. assess the important issue
of the pros and cons related to the translatability of results
obtained in rodent studies to humans when studying beta-
cell regeneration.

There are increasing efforts aimed at developing novel
implantation sites for islet cells. The paper by D. Espes
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et al. describes the promising properties of intramuscular site
which makes of it a viable option for islet cell implantation.

P. Wang et al. review the important and rapidly evolving
field in vivo islet imaging. The use of molecular imaging
techniques may be of invaluable assistance toward moni-
toring islet grafts as well as a tool to better understand the
physiopathological changes that occur after transplantation.

Thierry Berney
Olle Korsgren

Andrew Posselt
Antonello Pileggi



Hindawi Publishing Corporation
Journal of Transplantation
Volume 2011, Article ID 141898, 10 pages
doi:10.1155/2011/141898

Review Article

Induction of Protective Genes Leads to
Islet Survival and Function

Hongjun Wang,1 Christiane Ferran,2 Chiara Attanasio,3 Fulvio Calise,3

and Leo E. Otterbein2

1 Division of General Surgery, Department of Surgery, Medical University of South Carolina, Charleston, SC 29425, USA
2 Department of Surgery, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA 02215, USA
3 Center of Biotechnologies, Cardarelli Hospital, 80131 Napoli, Italy

Correspondence should be addressed to Hongjun Wang, wanho@musc.edu

Received 10 June 2011; Accepted 1 September 2011

Academic Editor: Antonello Pileggi

Copyright © 2011 Hongjun Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Islet transplantation is the most valid approach to the treatment of type 1 diabetes. However, the function of transplanted islets is
often compromised since a large number of β cells undergo apoptosis induced by stress and the immune rejection response elicited
by the recipient after transplantation. Conventional treatment for islet transplantation is to administer immunosuppressive drugs
to the recipient to suppress the immune rejection response mounted against transplanted islets. Induction of protective genes in
the recipient (e.g., heme oxygenase-1 (HO-1), A20/tumor necrosis factor alpha inducible protein3 (tnfaip3), biliverdin reductase
(BVR), Bcl2, and others) or administration of one or more of the products of HO-1 to the donor, the islets themselves, and/or
the recipient offers an alternative or synergistic approach to improve islet graft survival and function. In this perspective, we
summarize studies describing the protective effects of these genes on islet survival and function in rodent allogeneic and xenogeneic
transplantation models and the prevention of onset of diabetes, with emphasis on HO-1, A20, and BVR. Such approaches are also
appealing to islet autotransplantation in patients with chronic pancreatitis after total pancreatectomy, a procedure that currently
only leads to 1/3 of transplanted patients being diabetes-free.

1. Introduction

Type 1 diabetes (T1D) is caused by the death of insulin-
producing pancreatic β cells within the pancreas. Islet trans-
plantation, a procedure that can restore the body’s blood glu-
cose level in a physiological manner, holds the most promise
in treating patients with T1D [1]. With the success of the
Edmonton protocol, clinical islet transplantation can provide
T1D patients with sustained and improved glycemic control
and a period of insulin independence [2]. There are, however,
many problems with this procedure. First, nonimmune-
related stress during islet isolation and transplantation re-
sults in a significant number of islets undergoing apoptosis
immediately after transplantation. Thus, at least 2-3 donors
are needed per recipient to ensure survival of a sufficient islet
cell mass to achieve insulin independence [3–6]. Second,
those islets that survive need to sustain an allograft rejection
response and recurrence of autoimmunity mediated by
the recipients’ T cells, natural killer cells, monocytes, and

cytokines, otherwise additional islet/β cell death would
ensue [7]. Both obstacles have significantly limited clinical
application of islet transplantation for the treatment of T1D.
Similarly, the effectiveness of autologous islet transplanta-
tion, a procedure currently implemented in the clinic to treat
patients suffering from chronic pancreatitis, is also impacted
by β cell apoptosis posttransplantation, that is, only 1/3 of
the patients are insulin-free after total pancreatectomy and
islet autotransplantation [8–10]. Donor islet quality plays
a critical role in determining the outcome of allo- and au-
totransplantation of islet grafts, with stress-induced β cell
apoptosis greatly contributing to failure of these procedures.
Thus, novel strategies that enable β cell resistance to stress
would prevent β cell apoptosis and reduce or even eliminate
immune rejection and recurrent autoimmunity thereby ben-
efiting clinical application of islet transplantation.

The etiology of T1D is complex and poorly understood.
Many factors including genetic susceptibility, environmental
factors, the immune system, and β cells themselves were
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found to participate in the pathogenic process of this
disorder [11]. A variety of pathogenic pathways including
CD8+ cytolytic T-cell-mediated killing, cytokine exposure,
apoptosis caused by fatty acid synthase and fatty acid
synthase ligand can lead to immune-mediated destruction
of β cells during the onset of T1D [12], suggesting that
individual therapeutic strategies targeting one pathway may
not be sufficient to cure T1D [13, 14].

A protective gene is a gene that is upregulated in response
to stress through specific signaling cascades and transcrip-
tion factor regulation that when induced participate in pro-
moting cell survival [15] (Figure 1). Many protective genes
including HO-1, A20, B-cell lymphoma 2 (Bcl-2), Bcl-x, heat
shock proteins, biliverdin reductase (BVR), and antioxidant
enzymes have been found to be expressed in pancreatic islets,
and their expression leads to protection against apoptosis
and other injuries while their absence leads to a heightened
response to stress or in the case of HO-1, low fecundity, and
a shortened lifespan fraught with continuous inflammatory
sequelae throughout life [16], and in the case of A20 unfet-
tered inflammation and death within 3–6 weeks of birth [17].

2. HO-1

HO-1 is the rate-limiting enzyme that degrades heme to
generate equal molar amounts of carbon monoxide (CO),
biliverdin, and iron [18]. Biliverdin is rapidly converted into
bilirubin by biliverdin reductase, and iron is sequestered
into ferritin. HO-1 is a ubiquitous stress protein and can be
induced in many cell types by various stimuli [19]. There
is increasing evidence indicating that induction of HO-1
provides cellular protection against transplant rejection [20,
21], hypertension [22], hyperoxia [23], acute pleurisy [24],
ischemia reperfusion injury [25], and endotoxic shock [22].
HO-1 is intimately involved in the inflammatory, apoptotic,
and proliferative properties of the cell in response to a given
stress. The anti-inflammatory properties ascribed to HO-1
are an important means of protection and survival. Mice
deficient in HO-1 develop a chronic inflammatory state that
progresses with age. The first HO-1 deficient human died of
an inflammatory syndrome at the age of six [26, 27]. Another
case of human HO-1 deficiency was reported recently in a
young girl with congenital asplenia, who presented with mul-
tiple organ dysfunction as well as hemolysis, inflammation,
nephritis, and resistance to therapy [28]. There is evidence
that each product of HO-1, biliverdin/bilirubin, CO, or fer-
ritin accounts for its protective effects both when used alone
or in combination [29–32].

3. HO-1 Increases Survival and
Function of Islet Allograft

More than half of the islet tissue is lost in both the syn-
geneic and the autoimmune transplantation settings at 2-3
days posttransplantation, which contributed to the primary
nonfunction of transplanted islets [33]. Considering the
shortage of islet donors, prevention of β cell apoptosis will
effectively reduce the number of donors required for each
transplant and increase the success rate for this procedure.

Early islet/β cell apoptosis after transplantation is typi-
cally induced by nonimmune-mediated stressors including
prolonged hypoxia during the revascularization process,
nutrition deprivation, ischemia reperfusion injuries, and
proinflammatory and cytokine expression [5]. HO-1 expres-
sion is observed in islets under stress conditions, such as
during islet isolation prior to transplantation or cytokine
treatment with IL-1β and IFNγ [6]. Induction of HO-1
pharmacologically or via gene transfer protects islets from
stress-induced apoptosis in both the in vitro and the in
vivo settings. In vitro, several studies have showed that HO-
1 induction in β cell lines, primary murine, or human
islets protects against apoptosis induced by TNF-α and
cyclohexamide (CHX), interleukin-1β (IL-1β), and Fas [34–
36]. Transduction of HO-1 with a TAT protein transduction
domain (TAT/PTD), an 11-aa cell penetrating peptide from
the human immunodeficiency virus TAT protein, into islets,
improves islet viability in culture. HO-1 has been also shown
to prevent β-cell apoptosis via p38 MAPK activation and the
NF-κB pathway in this study [37].

In addition to the in vitro experiments described above,
Pileggi et al. showed that induction of HO-1 pharmaco-
logically with cobalt protoporphyrin (CoPP) in recipients
results in improved islet function in a marginal mass islet
transplantation model in rodents, that is, fewer islets are
required to achieve normoglycemia when transplanted into
a syngeneic recipient that have been rendered diabetic by
streptozotocin (STZ) treatment [36]. In addition, a short
course of CoPP administration to recipients leads to long-
term survival of DBA/2 (H-2d) islets in 30% of diabetic
C57BL/6 (H-2b) recipients [38]. Most importantly, tolerance
to transplanted islets is achieved as long-term graft-bearing
animals rejected third-party islets while accepting a second-
set donor-specific graft permanently, without additional
treatment. It seems that induction of HO-1 leads to a donor-
specific hyporesponsiveness in the CoPP-treated animals.
Additionally, there is greatly reduced class II expression and
a transient and powerful immunosuppression observed with
reduced lymphocyte proliferative responses and increased
proportions of T regulatory cells with decreased mononu-
clear cell infiltration into the graft [38, 39].

Another critical finding in the Pileggi study is that
preconditioning of islets with hemin to induce HO-1
activity leads to improved graft survival in untreated recip-
ients. Moreover, islet preconditioning provides additional
advantages in HO-1-induced recipients that results in an
increased proportion of long-term survival of transplanted
islet allografts in recipients. Encouraged by this study, we
tested whether HO-1 induction, or CO administration, to
the islet donor, would sustain survival and function of
transplanted islet allografts. Such an approach would avoid
the toxicity associated with recipient treatment. Our data
showed that without any other treatment, induction of HO-1
(20 mg/kg CoPP, 24 hr before isolation) or administering
CO (250 ppm for 1 hr) only to the donor leads to long-
term survival of DBA/2 (H-2d) islets in diabetic B6AF1
(H-2b,k/d) recipients, which are then antigen specifically
tolerant. In essence, by using CO, we were mimicking the
effects of HO-1 itself with one of its products. Several
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proinflammatory and proapoptotic genes that are strongly
induced in islets after transplantation in the untreated
situation were significantly suppressed after administering
CO to the donor. These included TNF-α, inducible nitric
oxide synthase (iNOS), monocyte chemoattractant protein-
1 (MCP-1), granzyme B, and Fas/Fas ligand, all of which
contribute to the pathogenesis and rejection of transplanted
islets. Moreover, donor treatment is correlated with less infil-
tration of recipient macrophages into the transplanted islets
[40]. We tested further whether CO conferred protection
by suppressing Toll-like receptor 4 (TLR4) upregulation in
pancreatic β cells. TLR4 is normally activated in islets during
the isolation procedure, and its activation allows initiation of
inflammation, which leads to islet allograft rejection. Donor
treatment with CO suppresses TLR4 expression in freshly
isolated islets as well as in transplanted islets at various
times after transplantation. Islet allografts from TLR4-de-
ficient mice survive indefinitely in BALB/c recipients and
show significantly less inflammation after transplantation
compared with grafts from a control donor. Isolated islets
preinfected with a TLR4 dominant negative mutant virus
before transplantation demonstrated prolonged survival in
recipients. Despite the salutary effects of TLR4 suppression,
HO-1 expression is still needed in the recipient for islet
survival: TLR4-deficient islets were rejected promptly after
being transplanted into recipients in which HO-1 activity
was blocked [41]. Our data suggest that TLR4 induction in
β cells is involved in β cell death and graft rejection after
transplantation. CO exposure protects islets from rejection
in part by blocking TLR4 upregulation in β cells.

There are at several mechanisms by which HO-1 func-
tions in the islet allogeneic transplantation model. First,
HO-1 induction leads to a decreased inflammatory response
in transplanted islets as compared to islets harvested from
untreated donors. Inflammation not only contributes to
β apoptosis but also heightens the alloaggressive immune
response; thus, suppression of inflammation can lead to
fewer cell deaths and a lesser immune rejection response.
Second, the diminution of free radicals by HO-1 and its
products should impart salutary effects as islet cells express
lower levels of antioxidant genes than most other tissues of
the body and are extremely sensitive to oxidative damages

[42]. Third, HO-1 induction in the recipient increases
the number/function of T regulatory cells, which generate
a favorable microenvironment to transplanted islets and
eventually contribute to the survival of those islets. Last but
not least, HO-1 induction leads to the generation of bil-
iverdin/bilirubin, requisite activation of BVR, and generation
of CO, which can amplify the protective effects of HO-1
as CO is anti-inflammatory and antiapoptotic and the bile
pigments are strong antioxidants and BVR can function
to quell the inflammatory response [42]. Emerging data
clearly demonstrate that BVR can regulate the inflammatory
response through distinct intracellular signaling activity
leading to increases in the anti-inflammatory cytokine IL-10
[43].

4. Overexpression of HO-1 Improves
Function of an Islet Xenograft

The success of islet allogeneic transplantation is limited
by the number of organ donors. Xenogenic donors (e.g.,
pig) offer potential unlimited sources of islets, and islet
xenotransplantation is an alternative option for patients
with T1D. However, despite a number of widely recognized
advantages, the clinical application of porcine islet xeno-
transplantation has been hindered by a potent recipient
xenospecific immune response and by the lack of a tolerable
immunosuppressive strategy to overcome this barrier since
cellular immune responses to xenogeneic cells are less clear
and poorly understood [44–46]. A key for immunologic
rejection in xenotransplantation is the damage to the graft
due to chemotactic movement and infiltration of leukocytes
into the graft [47]. The protective effects of HO-1 in the
islet xenotransplantation model have been investigated by
several groups, and improved survival and function of
islet xenograft was observed when HO-1 was induced. For
example, in a rat to mouse islet transplantation model,
incubation of rat islets with CoPP before transplantation
leads to a much better glucose-induced insulin secretion,
longer graft survival time (14.63 ± 1.19 day versus 9.88 ±
2.17 days in control group), and less lymphocyte infiltration
into the graft [48]. These results were confirmed by another
group in which HO-1 was induced in male Sprague Dawley
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donor rats before islet isolation and transplanting the islets
into C57BL/6 mice rendered diabetic by streptozotocin.
Again, improved graft survival was observed [49]. In both
studies, less lymphocyte infiltration and elevated IL-10
expression were observed in HO-1-induced islet xenografts,
a phenomenon also observed in other models of HO-1
action (e.g., HO-1 increases expression of IL-10). IL-10 func-
tions as a negative immunomodulatory factor and par-
ticipates actively during inflammation, tumor immune re-
sponses, and the transplantation immune response. It pro-
motes activation and differentiation of B cells, mediates
humoral immunity, and inhibits proinflammatory cytokine
expression and mononuclear cell expression of MHC II
molecules and costimulatory molecules, as well as cytokine
synthesis [50, 51]. Many of the observed protective effects of
HO-1 in the xenotransplantation model might be mediated
by IL-10 as HO-1 generates CO, which downregulated
iNOS and upregulates IL-10 [15] and leads to protection to
β cells.

5. HO-1 Induction Interferes with
the Onset of Diabetes

The pathophysiology of T1D is characterized by dysfunction
and death of insulin-producing β cells in the pancreatic
islets of Langerhans. At an early stage of disease onset,
progressive mononuclear cells invade the islets and cause
insulitis, a process that lasts for several weeks to months
before severe β cell destruction occurs [52]. Mononuclear cell
infiltration leads to the generation of reactive oxygen species
(ROS) and proinflammatory cytokines including IL-1β, INF-
γ, and TNF-α in pancreatic β cells. Elevated intracellular
levels of ROS, including superoxide, hydrogen peroxide, and
nitric oxide, leads to apoptotic and necrosis of β cells [53].
Increased proinflammatory cytokines contribute to insulitis
[54]. The autoimmune nonobese diabetic (NOD) mouse
resulting from autoreactive T-cell-mediated destruction of β
cells is a useful and powerful model by which to study the
development of T1D due to its similarity to human disease.
Similar to human diabetes, the NOD mice develop insulitis
that has been linked to activated macrophages and T cells
the secretion of soluble mediators, such as oxygen radicals,
NO, and cytokines [55]. HO-1 has been shown to slow
progression to overt diabetes and interdict disease progress.
Li and colleagues reported that HO-1 induction in NOD
mice by weekly injection of CoPP reduces hyperglycemia and
preserves the number of β cells via suppressing infiltration
of CD11c+ cells. Increased phosphorylation of AKT, BcL-
XL, and RSK levels and decreases in superoxide and 3-
NT levels were observed in mice where HO-1 was induced
[56]. The effect of HO-1 in preventing progression of overt
diabetes was confirmed by another study in which HO-1 was
induced in female NOD mice at 9 weeks of age with a single
intravenous injection of a recombinant adeno-associated
virus bearing the HO-1 gene (AAV-HO-1, 0.5× 1010 – 2.5×
1010 viruses/mouse). HO-1 induction significantly reduced
destructive insulitis and the incidence of overt diabetes
examined over a 15-week period. HO-1-mediated protection
was associated with a lower type 1 T-helper-cell-mediated

response. Adaptive transfer experiments into NOD-scid mice
demonstrated that splenocytes isolated from AAV-HO-1
treated mice were less diabetogenic. However, no differences
in CD4+CD25+ T regulatory cell infiltrates between saline-
treated and the AAV-HO-1 treated group was observed [57].
In both studies discussed above, the protective effects of HO-
1 could be substituted for with bilirubin and/or CO.

Huang et al. confirmed the protective effect of HO-1 in
preventing the onset of diabetes by generation of transgenic
NOD mice in which the HO-1 transgene was driven by an
insulin promoter (Plns-mHO-1) [58]. Although the overall
expression level of HO-1 in transgenic islets was lower than
that in nontransgenic islets stimulated with CoPP, a dramatic
difference in insulitis and a lower incidence of diabetes
were observed in the transgenic mice. Onset of diabetes was
significantly delayed in the mHO-1-transgenic NOD mice,
that is, spontaneous diabetes developed after 15 weeks of
age in the mHO-1-transgenic NOD mouse compared to
12 weeks in age-matched controls. Diabetic incidence at 30
weeks of age was also significantly reduced (33.3% in the
transgenic mice compared to 66.7% in controls). Moreover,
islets from transgenic mice survived significantly longer than
those harvested from wild-type donors when transplanted
into new onset spontaneous diabetic female NOD recipients,
although permanent protection from recurrence of diabetes
was not achieved in this model [58]. The mHO-1-transgenic
NOD islet grafts still expressed HO-1 at day 8 after transplan-
tation. Preservation of islet architecture and intact insulin-
secreting islets were observed within the pancreas [58].
However, local expression of HO-1 did not alter systemic
or local lymphocyte and dendritic cell development in NOD
mice which was in contrast to studies by another group where
HO-1 was shown to inhibit maturation of dendritic cells and
regulate the function of Th1 and Treg cells [59]. Conclusions
from these studies were that the anti-inflammatory and
antioxidant properties of HO-1 and its products interfered
with the onset of diabetes in NOD mice.

6. HO-1 Induction Increases Insulin Sensitivity

The islets of Langerhans are equipped with a HO-CO
pathway which constitutes a regulatory system of physiologic
importance for the stimulation of insulin and glucagon
release [60]. HO-1 expression and activity are reduced in
patients with T2D compared to healthy individuals [61].
Overexpression of HO-1 activates the insulin-signaling path-
way and has been shown to have unique and long-lasting
antidiabetic effects in the rodent model of insulin resis-
tance [62–64]. Moreover, HO-1 attenuates the oxidative
destruction of adiponectin/insulin and improves insulin sen-
sitivity and glucose metabolism in the STZ-induced T1D
mouse model [65]. Induction of HO-1 by hemin increases
plasma insulin level and enhances insulin sensitivity and
improves glucose tolerance. The antidiabetic effects of hem-
in lasted for 2 months after termination of therapy and
were accompanied by enhanced HO-1 expression and HO-1
activity of the soleus muscle, along with potentiation
of plasma antioxidants including bilirubin, ferritin, and
superoxide dismutase with elevation of the total antioxidant
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capacity. Hemin blocked C-Jun NH2-terminal kinase (JNK),
a substance known to inhibit insulin biosynthesis, and sup-
pressed markers/mediators of oxidative stress including 8-
isoprostane, NF-κB, and activating protein (AP-1 and AP-2)
in the soleus muscle. In addition, hemin therapy significantly
attenuated pancreatic histopathological lesions including
acinar cell necrosis, interstitial edema, vacuolization, fibrosis,
and mononuclear cell infiltration [66]. Thus, it seems that
hemin-induced HO-1 can enhance the function of β cells
via increase insulin sensitivity in the insulin resistance mouse
model.

HO-1 and its products are also protective against
diabetes-related complications. Human HO-1 cDNA trans-
ferred into diabetic rats restored mitochondrial ADP/ATP
and deoxynucleotide carriers [67]. Elevated HO-1 was asso-
ciated with a significant increase in the phosphorylation of
AKT and levels of Bcl-XL proteins. The cytoprotective mech-
anisms of HO-1 against oxidative stress involve an increase
in the number of macrophages and antiapoptotic proteins
as well as cytochrome c oxidase activity in this model [67].
Moreover, exogenous administration of the CO releasing
molecule-3 (CORM)-3 and bilirubin prevents endothelial
cell sloughing in diabetic rats, likely via a decrease in oxida-
tive stress which represents a novel approach to prophylactic
vascular protection in diabetics [64, 67, 68]. In addition to
functioning as a positive modulator of glucose-stimulated
insulin release, CO increases the propagation of Ca2+ signals
with coordinating effects on the β cell rhythmicity [69].

7. A20 and Islet Survival and Function

A20, also known as the TNF-α-induced protein 3
(TNFAIP3), is a zinc-ring finger protein that was first iden-
tified as a cytokine-induced gene in human umbilical vein
endothelial cells [70]. As a negative regulator of nuclear
factor kappa B (NF-κB) activation, A20 is recognized as a
central and ubiquitous regulator of inflammation and as a
potent antiapoptotic gene in certain cell types, including β
cells [71–73]. A20 offers a potential therapeutic target for the
treatment of diseases where apoptosis and/or the inflamma-
tory response constitute components of the pathophysiology;
thus, it is an ideal cytoprotective gene therapy candidate for
T1D [74]. Overexpression of A20 by means of adenovirus-
mediated gene transfer protects islets from IL-1β/INF-γ
and Fas-induced apoptosis [75–77]. Transplantation of a
suboptimal number of islets overexpressing A20 resulted in
a cure in a high percentage of recipients compared to control
islets. A20-expressing islets preserved functional β cell mass
and are protected from cell death. The cytoprotective effect
of A20 against apoptosis correlates with and is dependent
on the abrogation of cytokine-induced NO production due
to transcriptional blockade of iNOS induction; these data
demonstrate a dual antiapoptotic and antiinflammatory
function for A20 in β cells.

8. Biliverdin Reductase and Islet Protection

The breakdown of heme continues with biliverdin as it
is rapidly converted to bilirubin by BVR. BVR has, in

recent years, evolved into a complex enzyme with additional
functions including signal transduction and transcription
factor activity. We include it here as many of the effects of
HO-1 might be attributed in part to the additional functions
for BVR resulting from the presence of biliverdin. A direct
link between BVR and HO-1 in oxidative stress was described
by Miralem et al. showing an attenuated HO-1 response to
superoxide anion and arsenite in cells where BVR expression
had been silenced [78]. BVR is a unique enzyme because it
has been categorized to possess numerous biological func-
tions. The reductase activity leads to the protective effects
shown by biliverdin/bilirubin in a variety of experimental
models of organ transplantation, endotoxic shock, and vas-
cular injury [24]. BVR also exhibits kinase activity and corre-
sponding signal transduction and more recently nuclear tar-
geting and ability to regulate gene expression and the inflam-
matory response. Indeed, recent studies by us show that
BVR is present on the cell surface and in this location binds
biliverdin and in the conversion to bilirubin, activates a signal
cascade leading to activation of Akt that in turn increases
IL-10 expression [43]. The rapid conversion of biliverdin
into bilirubin by BVR likely explains the beneficial effects
observed with exogenous biliverdin administration. Indeed
the signalling and transcriptional activity of BVR in addition
to generating increased bilirubin may act synergistically and
explain the mechanism of biliverdin-induced protection.
Modulation of BVR itself directly regulates the inflammatory
response and, in vivo, can prevent acute liver injury [43].

In addition to its anti-inflammatory effects, BVR mod-
ulates glucose uptake and insulin resistance by decreasing
glucose transport and metabolism in competition with the
insulin receptor substrate-1 (IRS-1) for phosphorylation
by insulin receptor kinase (IRK). This leads to a reduced
binding with PI3 K and accelerated degradation of IRS [79].
Therefore, therapeutic molecules designed to suppress the
kinase activity of BVR may play an important role in the
reversal of diabetes.

As previously discussed, islet allografts suffer a gradual
loss of function in response to oxidative stress, inflammation,
and apoptosis as well as activation of the humoral immune
response. Although intraportal infusion represents the most
frequent procedure in the clinic for human islet transplant,
a high percentage of islets are destroyed at a very early
posttransplant stage because of the instant blood-mediated
inflammatory response [80, 81]. Bilirubin administration
reduced apoptosis and improved insulin secretion in an in
vitro model in INS-1 cells when challenged with nonspecific
inflammation induced by cytokines. Moreover, bilirubin
administration led to improved glucose control and protec-
tion of islets grafts in a syngeneic rat model of intraportal
islet transplantation by inhibiting the production of IL-
1β, TNF-α, ICAM-1, and MCP-1, as well as infiltration of
Kupffer cells [82].

Bilirubin administration to the donor, and even more so
to cultured islets, without further treatment of the recipient
would represent a great advantage in clinical practice. Freshly
isolated islets from bilirubin-treated donors led to a strong
expression of the protective genes HO-1 and bcl-2 and a
clear suppression of the proapoptotic and proinflammatory
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genes caspase-3, caspase-8, and MCP-1 [83, 84]. This pro-
tective effect of bilirubin leads to reduced β-cell destruction
after transplantation, reduced macrophages infiltration, and
decreased expression of MCP-1, BID, caspase-3, -8, and -9,
TNF-α, iNOS, Fas, TRAIL-R, and CXCL10 in the graft after
allogeneic transplantation [84]. The therapeutic potential of
bilirubin is further corroborated by data reported in Gunn
rats (genetically predisposed to high bilirubin levels) ren-
dered diabetic by streptozotocin administration in which the
typical hyperbilirubinemia represents a “natural” protection
to oxidative stress [85].

Bilirubin administration to recipients clearly improves
graft survival by inducing immune tolerance via de novo
generation of T regulatory cells. Bilirubin was no longer
protective when CD4+CD25+ Treg cells were depleted from
recipients prior to transplantation suggesting that Tregs were
critical in the ability of bilirubin to protect [86]. Moreover,
as previously shown in kidney and heart transplantation
models, dual therapy by combining CO and biliverdin en-
hanced long-term graft survival [87]. Interestingly, a recent
study in a rodent model of type 2 diabetes describes the
protective effects of biliverdin administered orally [88].
Biliverdin inhibited β-cell injury caused by oxidative stress
and resulted in glucose tolerance and improved function.
Biliverdin has been shown to increase the insulin content,
reduce Bax, and enhance Pdx1 expression in diabetic mice
compared to control [88]. Similar effects in T1D models
which would be a significant turning point for potential
clinical use have not yet been tested.

9. Other Protective Genes/Factors that Can
Increase Islet Survival and Function

There are many other protective genes that have been shown
to protect pancreatic β cells. Mancarella et al. reported
that exposing human islets to the nonpeptidyl low molec-
ular weight radical scavenger IAC [bis(1-hydroxy-2,2,6,6-
tetramethyl-4-piperidiny) decanedioate dihydrochloride] on
isolated human islet cells protected them from isolation and
culture-induced oxidative stress [89]. Enhancing expression
of suppressor of cytokine signaling 1 (SOCS1) in isolated rat
islets prior to transplantation protected them from apoptotic
loss and prolonged survival [90]. Transduction of NOD
islets with the antioxidative gene thioredoxin (TRX, reactive
oxygen species scavenger and antiapoptotic) using a lentiviral
vector before transplantation prolonged islet graft survival in
NOD mice [91]. Anthocyanins from Chinese Bayberry pro-
tects β cells against hydrogen-peroxide-induced necrosis and
apoptosis via upregulation of HO-1 [92]. Adenoviral trans-
fection of human islets with human X-linked inhibitor of
apoptosis provided protection from inflammatory cytokines
and improved their viability and function [2, 93–104].

10. Conclusion

Due to the complex nature of the pathogenesis of diabetes,
interfering with antigenic recognition and/or cell death,
imparting tolerance, immunoregulation, and cell protection
offer a promising form of immunotherapy [3, 105]. Based on

the potent cytoprotective and immunoregulatory effects of
HO-1, A20, BVR, and other protective genes, targeting
strategies aimed to induce their expression or by adminis-
tering one or more of their products hold great promise in
protecting islet cells from apoptosis and may prove critical as
potential therapies for diabetes and other human diseases.
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Islet transplantation is an attractive treatment for selected patients with brittle type 1 diabetes. In the clinical setting, intraportal
transplantation predominates. However, due to extensive early islet cell death, the quantity of islets needed to restore glucose
homeostasis requires in general a minimum of two donors. Moreover, the deterioration of islet function over time results in
few insulin-independent patients after five-year followup. Specific obstacles to the success of islet transplantation include site-
specific concerns for the liver such as the instant blood mediated inflammatory reaction, islet lipotoxicity, low oxygen tension, and
poor revascularization, impediments that have led to the developing interest for alternative implantation sites over recent years.
Within preclinical settings, several alternative sites have now been investigated and proven favorable in various aspects. Muscle is
considered a very promising site and has physiologically properties and technical advantages that could make it optimal for islet
transplantation.

1. Introduction

Type 1 diabetes mellitus is a chronic disease with typical on-
set during childhood or adolescence. Patients suffering from
the disease require multiple daily insulin injections coordi-
nated alongside vigilant monitoring of blood glucose levels.
For some patients, glucose homeostasis is not optimized de-
spite these efforts, leading to repeated hyperglycemic and
hypoglycemic events. Such repeated episodes of severe hypo-
glycemia, requiring medical assistance, predicate a patient
being considered for islet transplantation. Currently, intra-
portal transplantation is performed in the majority of clinical
cases. The liver was selected as the optimal implantation site
for islet transplantation in the beginning of the 1970s, the
basis of experimental studies by Kemp et al. [1]. However,
clinical results of islet transplantation were meager with less
than 10% of transplant recipients displaying insulin inde-
pendency. The introduction of the Edmonton-protocol ten
years ago drastically improved the outcome to a rate of 80%
insulin independency after one year [2]. Nevertheless, this

procedure requires the islets of multiple donors and pro-
vides inadequate long-term results. Only 10% of transplant
recipients have maintained insulin-independency after five
years despite continuing efforts [3]. Fundamentally, however,
intraportal transplantation must be considered successful.
The main stimulus for islet transplantation, repeat episodes
of severe hypoglycemia, is prevented in most patients irre-
spective of insulin independence after transplantation and
results in a marked increase in the quality of life.

During recent years, interest in alternative implantation
sites with the potential to improve long-term results has pro-
duced advances in noninvasive methodologies towards the
quantification of islet graft mass and function. Positron
emission tomography (PET) is one such technique, provid-
ing a functional imaging modality that quantifies an in vivo
distribution of bioactive compounds labeled with positron-
emitting nuclides. Commonly, clinically used PET tracers are
labeled with short-lived radionuclides that result in a radi-
ation dose that is both localized and nontoxic, allowing for
multiple scans of a single patient.
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2. Obstacles with Intraportal
Islet Transplantation

The rapid islet cell death observed in intraportal trans-
plantation is in part caused by an instant blood-mediated
inflammatory response (IBMIR) [4, 5]. The IBMIR consists
of both thrombotic and complement activation cascades
which lead to the formation of blood clots around the islets,
leucocyte infiltration, and disruption of islet morphology
[6]. In clinical settings, the IBMIR can be detected imme-
diately after islet infusion as an increase in both thrombin-
antithrombin complexes and increased c-peptide levels due
to beta-cell disruption and death [5]. With a combined pos-
itron emission tomography and computed tomography
(PET/CT) technique, the early cell death after intraportal
islet transplantation has been estimated at approximately
25% [7].

In conjunction to the IBMIR, characteristic hypoxic
events have also been contributed to early islet cell death.
Indeed, during the process of initial islet isolation, the native
vascular connections are disrupted, enforcing the islets to
depend on oxygen diffusion immediately after transplanta-
tion. This process is further complicated when considering
that the liver parenchyma has a much lower oxygen tension
than can be found in the pancreas [8]. We recently observed
in an experimental animal model that approximately 70% of
islets are hypoxic one day after intraportal transplantation
[9]. This finding was accomplished employing pimonidazole,
a biochemical marker that accumulates in islet cells with
oxygen tension levels below 7.5–10 mmHg. Notably, the hyp-
oxia may even be underestimated in these experiments, as
pimonidazole adducts are not incorporated within dead or
dying cells. In addition, our team has also observed that
caspase-3 staining of islets reveals an apoptosis level, corre-
lating to the hypoxia, as high as 10% in islets one day after
intraportal transplantation [10].

It has been proposed that the high concentrations of
immunosuppressive drugs in the portal vein, following in-
testinal uptake of the drugs, may have a toxic effect on trans-
planted islet cells in the liver [11, 12]. Moreover, several long-
term liver-site-specific challenges have been identified such
as lipotoxicity to the transplanted cells [13, 14] and insuffi-
cient vascular engraftment [15, 16]. Intrahepatically trans-
planted islets are slowly revascularized, severely impairing
blood perfusion and oxygenation up to three months after
transplantation [17]. Considering the aforementioned chal-
lenges, substantial hurdles remain to be overcome to improve
the long-term prognosis of existing intraportal islet trans-
plantation procedures.

3. Considerations for a New Implantation Site

Over the last decade, there has been an increased interest in
alternative implantation sites due to the identified obstacles
and the deterioration of islet graft function after time follow-
ing intraportal transplantation. Several factors must be con-
sidered when choosing an optimal implantation site. The
prospective organ requires physiological characteristics that
are favorable for islets in regards to oxygen tension, vascular

supply, and angiogenesis. Implanted beta cells must also have
the capacity to adapt to the implantation organ and maintain
their differentiation. Furthermore, a viable route for insulin
secretion and glycemic detection is required. Some sites, such
as the testis, thymus, brain, and eye are immune-privileged
making them tempting candidates. Considering the technical
and surgical aspects, an ideal site should have easy access,
allowing for a minimally invasive procedure. Preferably, it
should be possible to obtain biopsies without causing undue
risk to either the patient or the graft. There is current opti-
mism towards developing methods able to quantify the islet
cell mass with imaging techniques. Several PET probes in-
tended for noninvasive visualization of endogenous beta cells
in the pancreas have been investigated during recent years,
generally targeting the monoamine pathways as these are
absent in exocrine tissue which compose the vast majority
(>95%) of the pancreatic volume. PET tracers have been util-
ized for studies of the central nervous system (CNS) since the
1980s, in particular for the serotonergic and dopaminergic
systems, although various tracers have now been applied to
image endogenous beta cells. These include carbon-11, fluo-
rine-18, or gallium-68 labeled versions of small molecule
ligands or peptides, targeting vesicular monoamine transport
[18] and oxidation as well as serotonin and dopamine syn-
thesis [19, 20]. Other recently available PET tracers act as
ligands for beta cell-specific markers such as sulfonylurea re-
ceptor-1 [21] and glucagon-like peptide-1 receptor [22]. It
has also been suggested that early beta cell destruction due
to autoimmunity or rejection can be studied by [18F]FDG, a
marker for glucose metabolism, imaging both inflammatory
lesions and insulitis [23]. Technical advances which image
endogenous beta cell mass can naturally be applied in islet
transplantation studies.

The pancreas is a tempting implantation site. It is the
natural milieu for islets. In experimental studies we have
shown that the vascular density in islets transplanted to the
pancreas is only slightly lower than in endogenous islets [24].
We have also shown that in contrast to intrahepatically trans-
planted islets, islets transplanted to the pancreas display less
severe changes in gene expression and have only moderate
changes in their metabolic function posttransplantation
[25]. However, injection into the pancreas may elicit leakage
of exocrine enzymes, resulting in pancreatitis. Therefore, the
pancreas has rarely been considered as a clinically feasible
implantation site. Improved implantation techniques, for
example, beneath the pancreatic capsule, as well as safety and
efficacy studies in large animal models are clearly needed
before considering clinical trials.

Superior islet survival has recently been demonstrated
following experimental transplantation into the oment when
compared to intraportal islet transplantation [26]. Since the
1980s, the omental pouch has been considered as a potential
site for islet transplantation [27]. A primate model study re-
vealed an observable delay in transplant engraftment when
compared to intraportal transplantation, yet over time, re-
cipients obtained equitable plasma C-peptide levels [28].
Although the vascular engraftment of islets in oment is de-
layed, the omentum or omental pouch has the capacity to be
a useful clinical site.
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The anterior chamber of the eye provides excellent con-
ditions for engraftment of transplanted islets [29]. Injected
islets engraft on the iris become fully revascularized and
have the capacity to reverse diabetes in mice [29]. A recent
follow-up study in diabetic baboons also showed successful
long-term survival and function of islets after allogeneic
transplantation [30]. Furthermore, transplanted islets con-
tributed to glycemic control without any perceived impair-
ment of vision. The implantation procedure was minimally
invasive, and considering the immune-privileged properties
of this site, it can be concluded as an attractive site for clinical
use. However, pertinent safety and efficacy studies remain,
bearing in mind the potential impact on transplant recipients
visual function if transplanting islets of a sufficient magni-
tude to reverse hyperglycemia.

4. Intramuscular Islet Transplantation:
A Promising Implantation Site

Striated muscle has been used for decades as a site for autolo-
gous transplantation of normal parathyroid tissue in patients
with hyperparathyroidism, with excellent results [31]. Such
grafts have proven highly functional for more than 10 years,
with full restoration of calcium homeostasis [31]. The proce-
dure is well documented with few complications and is con-
sidered a standard technique.

Muscle has a naturally occurring angiogenesis with a
higher oxygen tension than can be found in the liver paren-
chyma. We have recently shown that there is a rapid revas-
cularization of intramuscularly transplanted mouse and hu-
man islets, containing a blood vessel incidence on par with
native islets within two weeks posttransplantation [32]. Graft
blood perfusion was restored and the oxygen tension of in-
tramuscular islets only slightly diminished compared to na-
tive islets after revascularization [33]. This paradigm is fur-
ther supported in the clinical setting and witnessed through
magnetic resonance imaging of pancreatectomized patients
receiving autotransplantation of isolated islets to the bra-
chioradialis muscle, where a high revascularization of intra-
muscular islet grafts has also been observed [32]. Experi-
mentally, islets transplanted to muscle also have a superior
glucose tolerance compared to recipients of similar numbers
of islets transplanted intraportally [32]. A case report from
the Nordic Network for Clinical Islet Transplantation, where
a young patient with hereditary pancreatitis underwent total
pancreatectomy treated by an autologous islet transplant to
the brachioradialis muscle, also showed sustained insulin
production from the graft for more than two years [34].

However, it is arguably the implantation technique itself
that is pivotal to a high success rate at the intramuscular site.
Injection of large clusters of islets causes substantial early
islet cell death due to hypoxia. In such grafts, massive fibrosis
can be observed both experimentally and clinically [32, 33]
(Figure 1). This could explain the previous erratic success in
experimental and clinical intramuscular islet transplantation
[35–37]. It had become apparent to our group that in order
to improve early islet survival, a shift in the transplantation
procedure was required that disperses the islets throughout
the tissue, for example, transplanting the islets along a “pearls

Intramuscular islet transplantation

Revascularization, oxygen tension, minimal
invasive, imaging and biopsies

Hypoxia and fibrosis

Figure 1: Summary of beneficial aspects and known obstacles for
intramuscular islet transplantation.

on a string” fashion. Early cell death might be further re-
duced by remodeling the transplant site with bioengineered
matrices and/or cotransplantation of oxygen carriers such as
perfluorocarbons. There is also the possibility of improving
the vascular network in the muscle prior to transplantation,
since higher vascular density could easily be induced by an-
giogenic stimulators or hypoxia, both of which have a strong
stimulatory effect on angiogenesis in muscle [38].

Due to minimal islet-blood contact within intramuscular
transplantation, the challenge presented by the IBMIR is
reduced. The capacity to transplant islets into a designated
area in the muscle also facilitates site remodeling of immuno-
logical events prior to transplantation. Specifically, this could
include modulation of early inflammation with mesenchy-
mal stem cells, providing the potential to accelerate revascu-
larization, as shown in both intraportal islet transplantation
[39, 40] and islets transplanted beneath the kidney capsule
[41]. Mesenchymal stem cells could either be cotransplanted
or injected in advance to modulate the site.

It has earlier been reported that even moderate exercise
causes hypoglycemia in rats with islets transplanted to the
liver, kidney, and peritoneal cavity [42]. Hypoglycemic events
can also be observed following intrapancreatic transplan-
tation of islets [43]. Upregulation of lactate dehydrogenase
in transplanted islets, with concomitantly increased lactate
production eliciting insulin release during periods of low
blood glucose levels, may be an explanation for this [25, 44].
It has not yet been reported how lactate dehydrogenase levels
and other gene expression are affected in betacells of intra-
muscular islet grafts. Exercise might also cause a site-specific
challenge to intramuscular islet grafts due to intramuscular
pressure changes, since the glucose-consumption of muscle
cells increases during exercise in accord with the regional
blood flow.

5. Monitoring of Islets at the
Intramuscular Site

It is difficult to obtain biopsies of islets transplanted into
the liver. Islets are spread throughout the liver parenchyma,
and liver biopsies per se are not free of risk. However, in the
muscle, a biopsy would be simple to obtain. Preemptively
dividing the transplanted islet mass, designating a specific
islet mass to a separate site intended for potential biopsies,
would allow subsequent studies to identify early markers for
rejection.

The feasibility of imaging transplanted islets through
PET techniques depends to a large extent on the site of im-



4 Journal of Transplantation

IVIS

C
ou

n
ts

4500

2500

(a)

µPET/CT

kB
q/

cc

0

450

(b)

Figure 2: PET imaging of intramuscularly transplanted islets using the VMAT2 ligand [18F]FE-DTBZ-d4 as PET tracer. An inbred C57BL/6
mouse was transplanted with 300 mouse islets to the left abdominal muscle. The islets were labeled with Q-tracker prior to implantation.
One month later, the mouse was administered the PET tracer [18F]FE-DTBZ-d4 intravenously. The tracer uptake could be detected by a
μPET/CT scanner after 60 minutes (right image, orange delineation). The corresponding location of the islets as determined by Q-tracker
fluorescence emission is shown to the left.

plantation. This can be understood by examining the com-
position of a PET tracer signal emitted within a given region
in vivo. In the main, a signal containing a composite of spe-
cific binding is produced (i), or the PET probe bound to
the receptor of interest is proportional to receptor density.
Displaying nonspecific binding (ii), the PET probe may also
bind to other structures, revealing vascular contribution (iii).
Vascular contribution is vital, as the tissue uptake of tracer is
limited by local perfusion, potentiating an underestimation
of uptake in grafts with low revascularization. All of these
factors influence our ability to study islet grafts in different
tissues.

With these issues in mind, we can see that longitudinal
noninvasive visualization of hepatic grafts presents a consid-
erable challenge, with substantial graft dilution (i). In addi-
tion, it is difficult to design PET tracers with a low hepatic
background signal. Most tracers are metabolized in the liver
(ii). The perfusion (iii), however, is sufficient to transport
the tracer to engrafted islets in hepatic sinusoids shortly after
transplantation.

This paradigm is reversed when considering intramus-
cular islet grafts. Grafts are generally pure and concentrated
(i), with the above-mentioned PET tracers effecting a low to
negligible uptake in muscle tissue (ii). Revascularization is
therefore the limiting factor for visualization of the graft. It
has recently been shown that intramuscular islet grafts attain
a vascularization comparable to that in pancreatic islets after

approximately 2 weeks [32]. Considering these illustrations,
quantification of intramuscular islet grafts containing an ad-
equate volume is potentially achievable after engraftment
and revascularization has been completed.

Progress with visualizing has been made both in preclin-
ical and clinical studies of intrahepatic and intramuscularly
transplanted islets using PET. The hepatic distribution and
survival of islets during the peritransplant phase, following
intraportal islet transplantation, has been studied with ex
vivo labeling of islets by [18F]FDG prior to infusion in mu-
rine [45] and porcine [46] models as well as in the clinic [7].
However, longitudinal studies are not yet possible using the
ex vivo labeling methodology.

Uptake in an intramuscular islet graft of a vesicular mo-
noamine transporter 2-(VMAT2-) ligand, [11C]DTBZ, cor-
related well to the observable decrease in blood sugar of a
preclinical STZ mouse model in a study by Witkowski et al.
[47]. However, interpretation of the results and translation
to the clinical situation is problematic when considering that
the islets were implanted using a bioscaffold.

Pattou et al. [48] showed proof-of-principle in the clinic
by visualizing islets transplanted to the brachioradialis mus-
cle in a type 1 diabetic patient by intravenous administration
of a [111In]-labeled exendin-4, a GLP-1R ligand, using
SPECT, an imaging modality related to PET.

The VMAT2 ligand [18F]FE-DTBZ-d4 (see Figure 2) and
the catecholamine precursor [18F]L-DOPA (unpublished data)
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are currently being investigated as biomarkers for trans-
planted beta cells in two ongoing preclinical studies of intra-
muscularly transplanted islets in mice.

6. Conclusions

Striated muscle is a promising implantation site and in many
regards superior to the liver. However, it is not yet fully char-
acterized regarding islet long-term survival and functional-
ity. The obstacles with early islet cell death observed to date
following intramuscular islet transplantation can likely be
overcome through remodeling the implantation site. Further
studies capable of actualizing effective strategies are clearly
needed, within both small and large animal models.
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Clinical islet transplantation is a β-cell replacement strategy that represents a possible definitive intervention for patients
with type 1 diabetes, offering substantial benefits in terms of lowering daily insulin requirements and reducing incidences
of debilitating hypoglycemic episodes and unawareness. Despite impressive advances in this field, a limiting supply of islets,
inadequate means for preventing islet rejection, and the deleterious diabetogenic and nephrotoxic side effects associated with
chronic immunosuppressive therapy preclude its wide-spread applicability. Islet transplantation however allows a window of
opportunity for attempting various therapeutic manipulations of islets prior to transplantation aimed at achieving superior
transplant outcomes. In this paper, we will focus on the current status of various immunosuppressive and cellular therapies that
promote graft function and survival in preclinical and clinical islet transplantation with special emphasis on the tolerance-inducing
capacity of regulatory T cells as well as the β-cells regenerative capacity of stem cells.

1. Introduction

Type 1 diabetes (T1D) is a T-cell-mediated autoimmune dis-
ease that involves the progressive destruction of pancreatic β
cells resulting in complete loss of insulin secretion [1]. While
a combination of genetic predisposition and autoimmune
processes contributes to its development, inflammatory
mediators and innate immunity play a key role in the
induction and amplification of the immune assault as well
as in the maintenance of insulitis [2, 3]. Based on studies
using animal models of autoimmune diabetes such as the
biobreeding (BB) rat and the nonobese diabetic (NOD)
mouse, the involvement of β-cell autoantigens, macrophages,
dendritic cells (DCs), and T and B lymphocytes in the
development of T1D has been established [4–6]. Antigen-
presenting cells (APCs) such as macrophages and DCs are
the first to infiltrate islets followed by CD4+ and CD8+ T
lymphocytes, natural killer (NK) cells, and B lymphocytes.
Macrophages play an essential role in the development and

activation of cytotoxic CD8+ T cells, the final effectors of β-
cell destruction [5]. Studies indicate that IL-12 secreted by
macrophages may activate Th1-type CD4+ T cells and sub-
sequently IL-2 as well as other proinflammatory cytokines
released by the activated CD4+ T cells (for e.g., interferon-
gamma IFN-γ, tumor necrosis factor TNF-α and TNF-β)
contribute to maximizing the activation of cytotoxic CD8+
T cells. Activated CD4+ and CD8+ T cells act in unison
to activate β-cell death via apoptosis. Additionally, IFN-γ
released by CD4+ T cells may in turn activate macrophages
to release proinflammatory cytokines and reactive oxygen
species (ROS, e.g., superoxide, hydrogen peroxide, nitric
oxide (NO), etc.). Ultimately, T-cell-mediated β-cell destruc-
tion is effected overall by the interplay between receptor-
mediated interactions (e.g., Fas-Fas ligand, CD40 ligand,
TNF-TNF receptor), secretion of proinflammatory cytokines
and ROS as well as the release of granzymes and perforin
from cytotoxic effector T cells. Furthermore, DNA damage
in β-cells leads to the activation of poly (ADP-ribose)
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polymerase which rapidly depletes NAD that has been shown
to be protective against radical-induced necrosis [7]. Inter-
estingly, among the regulators of apoptosis, nuclear factor-
kappa B (NF-κB) has emerged as a master switch of cytokine-
induced β-cell dysfunction and death [2]. Recognition of
ligands by pattern-recognition receptors (PRRs, e.g., Toll-
like receptor TLR3/4, RigI, MDA5) on β-cells leads to the
activation of key transcription factors such as NF-κB and
signal transducer and activator of transcription 1 (STAT-1),
inducing the release of chemokines and cytokines that recruit
and activate immune cells, increase expression of MHC class
I antigens, and activate proapoptotic signals resulting in β-
cell destruction. Proinflammatory cytokines further induce
STAT-1, NF-κB, and interferon regulatory factor 3 (IRF-3) in
β-cells, contributing to the maintenance and amplification
of the immune processes that result in the progressive and
selective destruction of pancreatic β-cells [2].

Several studies indicate the potential role of cytokines in
modulating the immune response towards cytotoxic effector
cell or suppressor cell dominance. T1D is thought to be a
Th1-dominance disease with type 1 cytokines such as IFN-
γ, TNF-α, IL-2, IL-12, and IL-18 actively involved in β-cell
destruction. On the other hand, cytokines such as IL-4, IL-
5, IL-10 as well as TGF-β secreted by Th2/Th3 cells are
thought to inhibit β-cell destruction. Of tremendous interest
is the recent discovery that Th17 cells are potent inducers of
tissue inflammation and autoimmunity and may have a role
in T1D as indicated in a study using NOD mice [8, 9]. A
humanized T1D model has now been established in NOD-
scid IL2Rγ (null) mice to study the selective destruction
of mouse islet β-cells by a human T-cell-mediated immune
response, providing a valuable tool for translational research
into T1D [10].

Data from large epidemiologic studies indicate that T1D
accounts for 5% to 10% of the total cases of diabetes
worldwide, with its incidence increasing by 2% to 5%. In
the United States, the prevalence of T1D by 18 years of age
is approximately 1 in 300 [11, 12]. Strategies to prevent or
reverse T1D are broadly based on the concepts of β-cell
regeneration, β-cell replacement, or protection of islets from
immune destruction. While regenerative strategies broadly
involve β-cell regeneration from progenitors/stem cells (e.g.,
putative β-cell progenitors/pancreatic stem cells; embryonic,
mesenchymal, hematopoietic, and umbilical cord blood-
derived stem cells (UCB-SCs), induced pluripotent stem
cells (iPSCs), etc.) or neogenesis from ductal and non-
β-cell progenitors, β-cell replacement strategies include
transplantation of whole pancreas or islets of Langerhans or
genetically engineered insulin-secreting cells.

2. Islet Transplantation

The current standard of treatment for T1D requires lifelong
exogenous insulin administration by either insulin pump
or multiple daily injections which although successful by
no means represents a cure, often resulting in hypo-
glycemic episodes and in microvascular complications in
a high percentage of patients [13]. In the year 2000, islet

transplantation was performed using the “Edmonton proto-
col” that consisted of induction therapy with a monoclonal
antibody (mAb) against the interleukin-2 (IL-2) receptor
(Daclizumab), and maintenance therapy with a calcineurin
inhibitor (CNI, Tacrolimus) and a mammalian target of
rapamycin (mTOR) inhibitor (Sirolimus). Over a followup
period of approximately 11.9 months, all patients were
insulin-free [14]. Subsequently, the reproducibility of this
protocol was demonstrated by several studies. For instance,
in 2006 an international multicenter trial demonstrated
successful restoration of endogenous insulin producion and
glycemic stability in 44% of transplant recipients at one
year following the final islet transplantation. Persistent
graft function defined by detectable C-peptide levels and
improved glycemic control was observed in 70% of the
recipients at the two-year followup although the insulin
independence rate was disappointingly low (14%) [15]. The
2008 update from the Collaborative Islet Transplant Registry
(CITR) summarizing the results from 279 recipients of one
or more islet alone allotransplants between 1999 and 2007
also reported achievement of insulin independence in 23%
of islet-alone recipients at 3-year after first infusion (insulin
independence ≥2 weeks) while 29% were insulin dependent
with detectable C-peptide, 26% had lost function, and
22% had missing data [16]. Furthermore, 70% comprising
all those with one or multiple infusions achieved insulin
independence at least once, of whom 71% were still insulin
dependent 1 year later and 52% at 2 years translating
to 50% achieving and retaining insulin independence for
1 year and 35% for 2 years for all islet-alone recipients.
These results are consistent throughout the 8 years of
followup included in the registry. A dramatic decrease in
the prevalence of hypoglycemic episodes and substantial
improvement in HbA1c levels was also observed. An increase
from 2% preinfusion to 47%–69% at year 1 post-last
infusion was observed in islet-alone recipients category with
HbA1C less than 6.5% and absence of severe hypoglycemic
episodes. Factors favoring the positive primary outcomes
included amongst others a higher number of infusions,
greater number of total islet equivalents infused, lower pre-
transplant HbA1c levels, related processing/infusion centers,
islet viability more than 87%, larger islet size, and the
use of protocols with daclizumab, etanercept or calcineurin
inhibitors in the immunosuppressive regimens [16]. In fact,
while successful islet transplantation outcomes have also
been reported using islets isolated from a single donor [17,
18], Matsumoto et al. were the first to perform successful
living donor islet transplantation to a recipient having brittle
insulin-dependent diabetes with hypoglycemic unawareness
[19]. Results obtained from recipients of autologous islet
transplantation after pancreatectomy at the University of
Minnesotta demonstrated a remarkably limited rate of
decline of insulin independence despite infusion of a lower
β-cell mass [20]. Of 173 islet autotransplant recipients,
insulin independence was achieved in 32% within the first
year. Of those with insulin independence, 74% remained
insulin independent at the 2-year followup, 46% at 5 years
and 28% at 10 years. These results are remarkably higher
than the CITR data and highlight the strong impact of
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autoimmune and alloimmune injury on graft survival in type
1 diabetics receiving an infusion of allogeneic islets [16, 20,
21]. The Edmonton protocol can also be applied to patients
undergoing either islet after kidney (IAK) or simultaneous
islet kidney (SIK) procedures resulting in a high rate of graft
function and insulin independence, although the morbidity
is higher when compared to patients undergoing solitary islet
transplantation for brittle T1D [22]. In fact, an improvement
in cardiovascular function for up to 3 years of follow-up
was observed in type 1 diabetic patients with end-stage renal
disease (ESRD) receiving an IAK transplant compared with
the kidney-only group. Also improvements in kidney graft
function, survival rates, and stabilization of microalbumin-
uria among uremic patients [23] as well as an improvement
in vascular diabetic complications [24] were observed fol-
lowing IAK transplantations. Currently, several Phase I and
Phase II clinical trials to study IAK in T1D are ongoing
(ClinicalTrials.gov Identifier: NCT00708604; NCT00888628;
NCT01123187; NCT00468117). Although restoration of
endocrine function and glucose homeostasis can be achieved
by transplantation of either whole pancreas or islets of
Langerhans, each procedure has distinct advantages over
the other. While whole pancreas transplantation has been
shown to be very effective at maintaining an euglycemic
state over a sustained period of time providing the graft
recipient an opportunity to benefit from the improvement
of blood glucose control, it is associated with a significant
risk of surgical and postoperative complications [25]. Islet
transplantation on the other hand, offers substantial benefits
in terms of being minimally invasive, reducing incidences of
debilitating hypoglycemic episodes/hypoglycemic unaware-
ness, lowering daily insulin requirements, improving levels
of glycated hemoglobin, and affording potential insulin
independence [26–28]. Furthermore, it allows a window
of opportunity for attempting various therapeutic manip-
ulations of islets prior to transplantation aimed at achiev-
ing superior transplant outcomes. However, despite the
impressive advances in this field, a limiting supply of islets,
inadequate means for preventing islet rejection and the dele-
terious diabetogenic and nephrotoxic side effects associated
with chronic immunosuppressive therapy preclude its wide-
spread applicability. Also, long-term insulin independence in
islet transplant recipients is frequently lost by the fifth year
of followup [29]. Nonetheless, the overall positive impact of
islet transplantation on metabolic control in T1D continues
to spur efforts worldwide to develop new strategies directed
at achieving long-lasting insulin independence following islet
transplantation.

2.1. Immune Strategies That Promote Engraftment and
Function of Transplanted Islets. Current challenges to suc-
cessful transplantation include amongst others (a) the
loss of functional islet mass resulting from nonspecific
inflammatory responses as well as from preexisting and/or
transplant-induced, autoimmune-mediated islet destruction
and alloimmune rejection and (b) the failure of the newly
transplanted islets to revascularize successfully resulting in
inefficient engraftment and primary dysfunction of islets.

Herein, we will review some of the various preclinical and
clinical efforts to protect islet grafts from the deleterious
effects of innate and adaptive allo- and autospecific immune
responses as well as to promote vasculogenesis, thereby
increasing longitudinal graft survival and function. These
strategies include amongst others immunomodulatory ther-
apies and immunosuppressive regimens. Immunomodula-
tory therapies (e.g., monoclonal antibody therapies, costim-
ulatory signaling blockade, IL-1 receptor antagonist therapy,
cellular therapies, etc.) act by (a) providing immunoregula-
tory cytokines such as IL-4, IL-10, or TGF-β or (b) by inhibit-
ing proinflammatory cytokines or (c) by altering the balance
between TH1 and TH2 cells or (d) by protecting islets
from immune destruction by encapsulation and so forth.
Immunosuppressive regimens on the other hand act by either
(a) suppressing the innate and adaptive immune response
through various strategies that include binding to specific
cytoplasmic proteins that inhibit IL-2 secretion and subse-
quent T-cell expansion (CNIs Cyclosporine and Tacrolimus)
or (b) by suppressing IL-2R signaling thereby inactivating T
cells (Sirolimus) or (c) by inhibiting cell division of lympho-
cytes (Azathioprine) [30]. Currently, combinatorial therapies
that promote vasculogenesis/angiogenesis of islets and islet
regeneration/β-cell expansion and that target antigen spe-
cific/nonspecific and antibody-specific immunomodulations
that readjust the underlying immunologic imbalance to
stop/reverse the β-cell-specific immune destruction and
maintain immune tolerance together with steroid-sparing or
-free immunosuppressive regimens lacking nephrotoxicity or
diabetogenicity are of immense therapeutic value towards
generating successful islet transplantation outcomes.

2.1.1. Blocking the Instant Blood Mediated Inflammatory Re-
action: Pharmacologic and Encapsulation Strategies. One of
the first inflammatory assaults encountered by the islets
on contact with ABO-compatible blood following trans-
plantation via hepatic portal vein is the instant blood-
mediated inflammatory reaction (IBMIR) [31, 32]. IBMIR
is a thrombotic reaction characterized by activation of both
the coagulation and complement cascades that results in
the disruption of islet morphology and function, posing a
serious obstacle to successful islet engraftment. Activation
of the complement and the generation of anaphylatoxins
C3a and C5a leads to recruitment of polymorphonuclear
(PMN) leukocytes, upregulation of adhesion molecules on
the endothelium and platelets, generation of ROS, and
induction of cytokine release [33, 34]. Islets themselves
secrete both tissue factors (TFs) that trigger IBMIR [35] and
chemokines including monocyte chemoattractant protein 1
(MCP1), chemokine C-X-C motif ligand 8(CXCL8), and
chemokine C-C motif ligand 2 (CCL2) that might participate
in recruitment of PMNs and monocytes/macrophages to the
site of engraftment [36–39]. In fact, a significant association
between TF and CCL2 released in vitro by islets and
biochemical indices of coagulation was observed in patients
after islet transplantation [36] indicating that reduction of
the islet proinflammatory state may be a means to reduce the
early posttransplant complications and possibly improve islet
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engraftment. To this end, strategies attempted for improving
β-cell graft survival include the use of OptiPrep gradient
media during purification of human islets. This media
has been shown to significantly reduce cytokine/chemokine
production including IL-1β, TNF-α, IFN-γ, IL-6, IL-8, MIP-
1β, MCP-1, and RANTES during the 48-hour culture after
isolation thereby improving β-cell survival during pretrans-
plant culture [40]. Similarly, embedding mouse islets in
reconstituted basement membrane extract (BME) for 24 or
48 hours partially protected islets from anoikis by decreasing
caspase-3 levels and increasing α3 integrin, focal adhesion
kinase (FAK) protein level, and FAK activity suggesting
a beneficial role in preservation of viability and function
of isolated islets. Furthermore, expression of transcription
factor pancreatic and duodenal homeobox 1 (PDX-1) was
preserved at 48 hours indicating a positive contribution of
BME to cell activity [41].

Pioneering work has been done by the group of Nilsson
and Korsgren in developing clinically applicable strategies to
inhibit the activation of the coagulation and complement
systems and the infiltration of leukocytes into islets that
characterize the IBMIR. For instance, they demonstrated
the effectiveness of low MW-dextran sulphate in inhibiting
IBMIR in a nonhuman primate model of pancreatic islet
transplantation, providing the basis for a protocol that can
be used to abrogate the IBMIR in pig-human clinical islet
xenotransplantation [32]. As a result of their studies, a
clinical trial to assess the safety and efficacy of LMW-sulfated
dextran on posttransplant islet function in people with T1D
is ongoing (ClinicalTrials.gov Identifier: NCT00790439).
They also developed a biotin/avidin technique to conjugate
preformed heparin complexes to the surface of islets that
protected against intraportal thrombosis and inhibited the
IBMIR without increasing the bleeding risk or inducing
acute or chronic toxicity in the islets [35]. On a similar
principle, they demonstrated that human aortic endothelial
cell- (EC-) coated islets reduced activation of coagulation
and complement, platelet/leukocyte consumption in blood
as well as infiltration of CD11b+ cells [42, 43]. Furthermore,
addition of mesenchymal stem cells (MSCs) to this compos-
ite indicated enhanced EC proliferation, sprout formation,
and ingrowth of ECs into the islets demonstrating the
clinical potential of composite EC-MSC islets in improving
islet angiogenesis, revascularization, and immune regulation
[44]. Optimizing the EC-islet coculture methods to enable
human EC coating of pig islets would offer new strategies to
improve xenogenic islet transplantation outcomes. Recently,
immobilization of human soluble complement receptor
1 (sCR1) on the islet cell surface through poly(ethylene
glycol)-conjugated phospholipid (PEG-lipid) was shown to
effectively inhibit complement activation and protect islets
against attack by xenoreactive antibodies and complement
without loss of islet cell viability or insulin secretion ability,
demonstrating an efficient means to control early islet loss
in clinical islet transplantation [45]. Coating islet surfaces
with PEG-lipid followed by further modification with a
fibrinolytic enzyme urokinase further increased the efficacy
of this procedure [46, 47]. These reports highlight the
potential of tissue-targeted chemistry to reduce donor-cell-

mediated procoagulant and proinflammatory responses. The
anaphylatoxin C5a elicits a broad range of proinflammatory
effects and most likely plays a crucial role in IBMIR. In
a recent mouse intraportal islet transplant study, Satomi’s
group demonstrated that C5a inhibitory peptide (C5aIP)
significantly suppressed the thrombin-antithrombin com-
plex formation, improving both curative rate and glucose
tolerance as well as significantly suppressing the expression
of TF on granulocytes in recipient livers [48]. Suppression of
TF expression attenuated cross-talk between the complement
and coagulation cascades leading to improvement in islet
engraftment indicating that C5aIP therapy in combination
with conventional anticoagulants could represent a beneficial
intervention in clinical islet transplantation. Similar reduc-
tion in the expression of TF and MCP-1 in human islets
was demonstrated by the addition of nicotinamide to the
culture medium in an in vitro loop model [49]. Surface
reengineering of pancreatic islets with recombinant azido-
thrombomodulin also resulted in a significant reduction in
islet-mediated thrombogenicity [50]. Nilsson’s group had
also demonstrated that administration of a specific thrombin
inhibitor Melagatran significantly reduced IBMIR in vitro in
a dose-dependent manner [51] as did sCR1/heparin ther-
apy [52, 53] or TP10/immune-suppressive drug treatment
following intraportal transplantation of porcine islets to
cynomlogus monkeys [54]. Other anticoagulant or com-
plement inhibitors to block IBMIR in preclinical studies
include N-acetyl L-cysteine that efficiently inhibited the
procoagulant activity of human recombinant TF in human
islet cell preparations at clinically relevant concentrations
without cellular toxicity [55].

Fetal and neonatal porcine islets express a cell sur-
face antigen containing the epitope—Galα1—3Galβ1—
4GlcNAc-R (“α-gal”) to which humans have complement
fixing antibodies that cause immediate rejection of trans-
planted islets [56–59]. This response may be prevented
by (a) inhibition of the functional “α-gal” activity using
knockout [60] or knockin procedures involving human
alpha (1,2)-fucosyltransferase [61] or N-acetyl-glucosaminyl
transferase III gene expression [62] or (b) by depletion of
anti-pig antibodies or complement from serum or (c) the use
of GT knockout (α1,3-galactosyltransferase gene knockout
[GTKO]) pigs [63] as the sources of islets. Expression of
thrombomodulin [64], TF pathway inhibitor [65], CD39
the endothelial ecto-nucleoside triphosphate diphosphohy-
drolase, and haem oxygenase also demonstrate potential
value for coagulation control in pig-to-human xenotrans-
plantation. Prevention of coagulation dysfunction [66] or
expression of human complement-regulatory proteins such
as CD46 (membrane cofactor protein) [67, 68], human
decay accelerating factor (DAF, CD55) [64, 69], CD59 [70–
72] or all three [73]; or expression of anticoagulant and
antiplatelet molecules within the graft may also afford
some protection [57]. For instance, adenovirus-mediated
expression of the human complement regulatory proteins
DAF (CD55) or CD59 protected adult porcine islets from
complement-mediated cell lysis by human serum [74] as
did a low-molecular mass factor VIIa (FVIIa) inhibitor that
indirectly blocked both membrane bound and alternatively
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spliced forms of TF in vitro [75]. Recombinant antithrombin
III may also ameliorate both early graft damage and the
development of systemic coagulation disorders in pig-to-
human xenotransplantation [76]. These strategies in parallel
with physical methods such as encapsulation may contribute
significantly in reducing the thrombogenicity of pig islet
xenografts.

Several intravascular and extravascular devices involving
encapsulation technology to overcome destruction of the
graft by immune cells and large antibodies have been
described. While intravascular macrocapsules are anasto-
mosed to the vascular system as AV shunt, extravascular
macrocapsules are mostly diffusion chambers transplanted
at different sites and extravascular microcapsules are trans-
planted in the peritoneal cavity. The major advantage of
the intravascular device is that direct contact with the
blood stream ensures ample oxygen and nutrient supply
enhancing graft survival and function. Use of vascularized
bioartificial devices was among the few cases that obtained
long-term allo- and xenogeneic islet survival in totally
pancreatectomized dogs [77, 78]. However, thrombosis is a
major challenge, requiring intense anticoagulation therapy.
The extravascular devices on the other hand offer minimal
surgical risk, transplantation at extrahepatic sites, lack of
thrombosis, and ease of retrieval from recipient in case
of pericapsular fibrotic overgrowth. Both these devices
however remain vulnerable to small molecules such as
cytokines/chemokines and nitric oxide as well as hypoxic
stress. Coencapsulation of islets with various agents such
as erythrocytes [79] and sertoli cells [80] that release
immunosuppressive factors or with factors that enhance
revascularization such as vascular endothelial growth factor
(VEGF) [81], photosynthetic oxygen generator algae [82]
and so forth or with factors like bioengineered insulin-like
growth factor-II (IGF-II) [83] that promote pancreatic β-
cell survival have been shown to improve insulin secre-
tion and glycemic control posttransplantation. Naturally
obtained alginate hydrogels are most widely used in islet
transplantation with barium alginate demonstrating long-
term immunoprotection in both allo- and xenotransplan-
tation settings. For instance, a significant decrease in the
secretion of MCP1 and improvement in the islet activity
was observed when SD rat islets were microencapsulated
with novel sulfated glucomannan barium alginate (SGA)
and allotransplanted intraperitoneally into diabetic Lewis
rats [84]. Similar immunoprotection was observed when
islets co-encapsulated with angiogenic protein in permse-
lective multilayer alginate-poly-L-ornithine-alginate micro-
capsules were transplanted into an omentum pouch [85].
An extravascular (subcutaneous) transplant macrochamber
called the “βAir” device, consisting of islets immobilized in a
thin alginate-impregnated, hydrophilized Teflon membrane
and simultaneously supplied with oxygen by daily refueling
with oxygen-CO2 mixture provided immunoprotection and
sustained islet viability and function following allogeneic
subcutaneous transplantation into healthy minipigs [86].
Transplantation of porcine islets microencapsulated in highly
purified barium alginate into streptozotocin- (STZ-) induced
diabetic Wistar rats resulted in long-term normoglycemia

without immunosuppression [87]. Thus, by providing a
solution to the hurdles of immunological rejection and the
risk of infection with porcine pathogens in clinical xeno-
islet transplantation [88], the use of encapsulation devices
may help to circumvent the shortage of allogeneic human
donor organs [56]. Alginate macroencapsulation of pig islets
was also shown to correct STZ-induced diabetes in primates
up to 6 months without immunosuppression [89]. In a
pilot clinical trial wherein microencapsulated human islets
were transplanted into the central abdominal region of
non-immunosuppressed patients with T1D, improvement in
glycated hemoglobin and the disappearance of hypoglycemia
was observed, although the patients remained on insulin
therapy [90]. In a very recent clinical study, Elliot et al.
demonstrated transitory insulin independence of several
months duration using the microencapsulation technique
[56]. Interestingly, the treatment appeared to significantly
decrease severe hypoglycemic episodes and reduce/abolish
hypoglycemic unawareness episodes, even in the absence
of insulin independence. Evidence of xenosis in the xeno-
transplants recipients though diligently sought could not be
found.

2.1.2. Immunotherapeutic Strategies Targeting the Non-Anti-
gen Specific Immune Response. Approximately 60% of trans-
planted pancreatic islet tissue undergoes apoptosis within the
first several days in experimental models of syngeneic islet
transplantation [13, 91, 92]. Infiltration of graft by PMNs
and tissue macrophages and elevated levels of proinflam-
matory cytokines following islet transplantation strongly
suggest the involvement of nonspecific innate inflamma-
tory events in mediating cellular injury. Other mediators
involved in the early loss of pancreatic islets include NO,
prostaglandins (PGs), and reactive oxygen intermediates
(ROIs) [92, 93]. Several studies indicate that inhibition
of non specific inflammation improves the function and
survival of islet grafts. For instance, Yasunami’s group
demonstrated that V-alpha14 NKT cell-triggered IFN-γ
production by Gr-1+CD11b+ cells mediated early graft loss
of syngeneic transplanted islets [94]. Adenosine adminis-
tration suppressed NKT cell-mediated IFN-γ production
of neutrophils in the livers of graft-recipient mice, leading
to prevention of early loss of transplanted syngeneic and
allogeneic islets. Similar results were observed in a recent
study wherein recipients receiving ATL therapy (ATL146e
or ATL313) achieved normoglycemia more rapidly than
untreated recipients following syngeneic islet transplantation
indicating improved survival and functional engraftment
of transplanted marginal mass of islets [91]. Histological
examination of grafts suggested reduced cellular necrosis,
fibrosis, and lymphocyte infiltration in agonist-treated ani-
mals. Administration of adenosine A(2A) receptor agonists
also improved in vitro glucose-stimulated insulin secretion
(GSIS) by an effect on leukocytes, suggesting a potentially
significant interventional strategy for reducing inflammatory
islet loss in clinical transplantation. A similar beneficial effect
associated with reduction in inflammatory cell infiltration
and β-cell death by apoptosis was observed following
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administration of diannexin [95]. Sequential combination of
a JNK inhibitor SP600125 and nicotinamide plus simvastatin
also protected porcine islets from peritransplant apoptosis
and inflammation [96]. This combination therapy increased
β-cell viability index and viability of porcine islets cultured
overnight as well as significantly increased the islet survival
rate in vivo. Intraductal administration of JNK inhibitor
significantly suppressed mRNA expression levels of IL-1β,
IFN-γ, TNF-α, IL-6, IL-8, and MCP-1 in vivo and also
decreased the concentration of IL-1β and IL-8 in culture
supernatant in vitro possibly representing an alternative
target for suppression of porcine islet inflammation. Very
recently, administration of bilirubin too was shown to reduce
the serum levels of inflammatory mediators including IL-1β,
TNF-α, soluble intercellular adhesion molecule 1 (ICAM1),
MCP-1 and NO, inhibit the infiltration of Kupffer cells into
islet grafts, restore insulin-producing ability of transplanted
islets and enhance glucose tolerance in diabetic mouse
recipients [97]. IL-1β plays a key role in causing pancreatic
islet dysfunction and apoptosis [92]. Through a cascade
of intracellular events, IL-1β secreted by neutrophils and
macrophages was shown to down-regulate GLUT2, up-
regulate inducible NO synthase (iNOS) and cyclooxygenase-
2, and activate NF-κB which in turn mediated the transcrip-
tion of a multitude of genes, including IL-1, IL-6, TNF-α,
ICAM-1, VCAM-1, ELAM-1, iNOS, PGE2, COX-2, and EP3
[92, 97–99]. The inhibition of IL-1β induced COX-2 and
EP3 gene expression by sodium salicylate [99] as well as of
iNOS and COX-2 tyrosine kinase were all shown to enhance
pancreatic isle β-cell function [100]. Also deficiency of NOX2
decreased ROI/proinflammatory cytokine production and β-
cell apoptosis, thereby protecting against STZ-induced β-cell
destruction and development of diabetes in mice [101].

Inhibition of Toll-Like Receptor (TLR) Signaling. A family of
10 functional, human, innate, immune signaling receptors
called TLRs plays an important role in the host’s innate
defense as well as adaptive immunity. Recognition of
conserved pathogen-associated microbial patterns (PRRs)
stimulates specific TLRs on APCs and T lymphocytes to
induce proinflammatory cytokines, chemokines, and inter-
ferons. The endogenous TLR ligands include amongst others
peptidoglycan, extradomain A of fibronectin, lipopolysac-
charide, heparan sulfate, hyaluronan, high-mobility group
box protein 1 (HMGB1), Hsp60, exogenous products such
as bacterial lipoprotein, CpG DNA, flagellin, and double
stranded viral RNA [102–105]. Murine islets constitutively
express TLR2 and TLR4, and TLR activation upregulates
intra-islet production of cytokines and chemokines. A recent
study indicated that TLR2 and TLR4 signaling could initiate
islet graft failure and that HMGB1 was an early mediator
[106]. Following transplantation into STZ-induced diabetic
syngeneic mice, islets exposed to LPS or peptidoglycan had
primary graft failure caused by recipient CD8+ T cells with
intra- and peri-islet mononuclear cell inflammation. NFκB
activation in stressed islets was prevented in the absence
of both TLR2 and TLR4. Transplantation of TLR2/4(−/−)
islets reduced proinflammatory cytokine production and

improved islet survival. Yet another study indicated that early
intraportal islet graft failure in mice was associated with
increased proinflammatory cytokines, HMGB1 expression,
NFκB activation, caspase-3, and TUNEL-positive cells [107].
Deficiency of TLR4 in donor, but not in recipient, inhibited
NFκB activation, reduced proinflammatory cytokines and
improved viability of islet grafts. Blockade of HMGB1 with
anti-HMGB1 monoclonal antibody (mAb, 2 g7) inhibited
inflammatory reactions as evidenced by reduced TNFα
and IL-1ss production and improved islet viability. Thus,
these results indicate that inhibition of TLR4 activation
represents a novel strategy to attenuate early graft failure
following intraportal islet transplantation. Matsuoka et al.
demonstrated that mice HMGB1 receptors TLR2 or receptor
for advanced glycation end products (RAGE) but not TLR4,
failed to exhibit early islet graft loss [108]. Mechanistically,
HMGB1 stimulated hepatic mononuclear cells (MNCs) in
vivo and in vitro, upregulated CD40 expression and enhanced
IL-12 production by DCs, leading to NKT cell activation
and subsequent NKT cell-dependent augmented IFN-γ pro-
duction by Gr-1+CD11b+ cells. Treatment with either IL12-
or CD40L-specific antibodies prevented early islet graft loss.
Also, treatment with a HMGB1-specific antibody inhibited
IFN-γ production by NKT cells and Gr-1+CD11b+ cells
following intraportal islet transplantation, indicating that the
HMGB1-mediated pathway was a potential interventional
target for improving the efficiency of islet transplantation.

Protection by Suppressor of Cytokine Signaling (SOCS). The
protective effect of suppressor of cytokine signalling (SOCS)-
3 in mouse and rat islets subjected to cytokine stimulation
has been characterized by Rønn et al. [109]. Using mice
with β-cell-specific Socs3 expression as well as a Socs3-
encoding adenovirus construct, a significant resistance to
cytokine-induced apoptosis and impaired insulin release was
demonstrated by the transgenic islets. GSIS, insulin content
or glucose oxidation were not affected by SOCS3. Rat islet
cultures transduced with Socs3-adenovirus too displayed
reduced cytokine-induced NO and apoptosis associated with
inhibition of the IL1-induced NFκB and mitogen-activated
protein kinase (MAPK) pathways. While transplanted Socs3
transgenic islets were not protected in diabetic NOD mice,
they did show a prolonged graft survival when transplanted
into diabetic allogeneic BALB/c mice indicating that SOCS3
may represent a target for pharmacological or genetic engi-
neering in islet transplantation for treatment of T1D. A more
recent study using chimeric adenovirus vector (Ad5F35-
SOCS1) to enhance SOCS1 expression in isolated Sprague-
Dawley rat islets indicated decreased levels of active caspase
3 and intranuclear apoptosis inducing factor (AIF) after
treatment with TNF-α and cyclohexamide in vitro [110].
Caspase 3 is the central executioner caspase activated by
upstream cascades in a caspase-dependent apoptosis pathway
while AIF is a key mitochondrial protein that translocates
to the nucleus in a caspase-independent apoptosis pathway.
Transplantation of Ad5F35-SOCS1-infected islets into STZ-
induced diabetic recipients resulted in significantly pro-
longed functional graft survival. Also, decreased caspase 3
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activation and AIF translocation to nucleus was observed in
Ad5F35-SOCS1-infected islet grafts in the early posttrans-
plant period indicating that SOCS1 mediated protection of
islet grafts from apoptosis through caspase-3-dependent and
AIF-caspase-independent pathways [110]. These results were
supported by another study in which transgene expression
of SOCS-1 rendered islets significantly more resistant to
cytokine-induced cell death after treatment with TNF-α
alone and in combination with IFN-γ [111]. Furthermore
this resistance could be correlated with significant inhibition
of the transcription factor interferon regulatory factor-1
(IRF-1), reflecting enhanced cell survival signals as well as
impairment of IFNγ-induced class I MHC upregulation [93,
111]. Importantly, SOCS1-Tg islets significantly reversed
STZ-induced diabetes indicating that intragraft expression of
SOCS1 rendered islets insensitive to the deleterious effects
of cytokines; a finding of potential significance in the
development of therapies against acute allograft rejection
[111].

Protection by X-linked Inhibitor of Apoptosis Proteins (XIAPs).
Adenovirally delivered, transient overexpression of X-linked
inhibitor of apoptosis proteins (XIAPs) in a growth-
regulatable β-cell line (βTC-Tet) indicated that in vitro,
XIAP-expressing βTC-Tet cells were markedly resistant to
apoptosis in an ischemia-reperfusion injury model system as
well as following exposure to cytokines [112]. Subcutaneous
transplantation of these Ad-XIAP transduced βTC-Tet cells
into immunodeficient mice resulted in reversal of diabetes in
3 days as versus 21 days for Ad-βGal transduced control cells.
These results were recapitulated in a recent study wherein
XIAP overexpression inhibited β-cell apoptosis in syngeneic
islet transplants, reducing the number of islets as well as
decreasing the number of days required to restore eug-
lycemia, thereby raising the possibility that ex vivo XIAP gene
transfer in islets prior to transplantation had the potential
to increase donor islet mass available for transplantation by
allowing more efficient use of the limited existing supply of
human islets thereby enhancing graft function and long-term
transplant success [113]. In comparison with this adenoviral
delivered gene transfer approach, a “nonviral” approach was
recently described involving the transfection of IDO cDNA–
containing plasmids into rat islets using Lipofectamine.
Indoleamine 2,3-dioxygenase (IDO) is an enzyme that plays
a critical role in suppressing T-cell responses inducing
fetomaternal tolerance [114]. Allotransplantation of IDO
expressing islets into STZ-induced diabetic Lewis rats was
shown to reverse diabetes and maintain glucose metabolic
control. Also, survival of IDO-transfected islet allografts
transplanted without any immunosuppression was superior
to that observed in diabetic rats receiving nontransfected
islets.

Protective Effect of Haem Oxygenase-1 (Ho-1, Hmox1). Over-
expression of the cytoprotective protein haem oxygenase-
1 (HO-1) has been shown to reduce the deleterious effects
of cytokine-induced apoptosis and oxidative stress in trans-
plantable islets [115–118]. For instance, HO-1 upregulation

by protoporphyrins (Cobalt-protoporphyrin CoPP, Ferrous-
protoporphyrin FePP), powerful inducers of the HO-1, in a
murine insulinomae β-TC3 cell line and in freshly isolated
murine islets was shown to exert a protective effect from
apoptosis induced in vitro with proinflammatory cytokines
[115, 116] or Fas engagement [117], while in vivo HO-
1 upregulation resulted in improved islet function in a
syngeneic model of marginal mass islet transplantation in
rodents [118]. These results were supported by a similar
study in which CoPP treatment of donor mice for the
induction of HO-1 beginning one-day prior to islet iso-
lation plus a 9-day posttransplantation course resulted in
enhanced engraftment of syngeneic islets and improved
blood glucose levels and glycemic control [119]. Short-
course peritransplant administration of CoPP also led to
long-term DBA/2 islet allograft survival in a sizable pro-
portion of C57BL/6 mice recipients [120]. Furthermore,
preconditioning of islets with FePP alone led to improved
graft survival in untreated recipients and further increased
the proportion of long-term surviving grafts in CoPP-treated
recipients. Preconditioning also resulted in reduction of
class II expression. Peritransplant administration of proto-
porphyrins to allograft recipients also resulted in transient
powerful immunosuppression with reduced lymphocyte
proliferative responses, increased proportion of regulatory
T cells (CD4+CD25+) and decreased mononuclear cell
infiltrating the graft, paralleled by a systemic upregulation
of HO-1 expression, probably contributing to the induction
of donor-specific hyporesponsiveness in a proportion of the
protoporphyrin-treated animals. The transgenic expression
of haem oxygenase-1 in pancreatic β-cells of NOD mice
prolonged graft survival and afforded protection from
autoimmune damage [121]. Reduced levels of proinflamma-
tory cytokines/chemokines, proapoptotic gene expression,
and amounts of ROS/RNS from islets were observed, with
islets more resistant to TNFα- and IFNγ-induced apoptosis,
providing valuable insight into the development of better
strategies for clinical islet transplantation in patients with
T1D.

Protective Regulatory Role of Interferon Regulatory Factor 1
(IRF1). A key role of IRF1 in immune-mediated β-cell de-
struction has been indicated [93]. IRF-1 is a downstream
target of IFN-β/signal transducer and an activator of
STAT-1. Deletion of IRF1 in islets was associated with a
higher prevalence of primary nonfunction, reduced insulin
secretion and shorter functioning graft survival. Cytokine-
exposed Irf1 (−/−) islets and INS1E cells transfected with
Irf1 siRNA showed increased expression of Mcp1 (Ccl2),
Ip10 (Cxcl10), Mip3α (Ccl20), and Inos (Nos2) mRNA and
elevated production of MCP-1 and nitrite compared with
controls. In vivo, Irf1 (−/−) islets displayed a higher potential
to attract immune cells, reflected by more aggressive immune
infiltration in the grafted islets. IL-1 receptor antagonist
partly restored the cytokine-induced secretory defect in
vitro and completely prevented primary non function in
vivo. These data indicate a key regulatory role for IRF1 in
insulin and chemokine secretion by pancreatic islets under
inflammatory attack.
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Beneficial Effect of Redox Modulation Strategies. β-cells are
especially vulnerable to free radical and inflammatory dam-
age due to reduced antioxidant defenses. A recent study
was done to determine the efficacy and benefit of a redox
modulation strategy using the catalytic antioxidant (CA)
FBC-007 in improving islet preservation. The results indi-
cated that incubation of human islets with FBC-007 before
syngeneic, suboptimal syngeneic, or xenogeneic transplant
protected islets from STZ-induced damage and significantly
increased their function [122]. Diabetic murine recipients
of catalytic antioxidant-treated allogeneic islets exhibited
improved glycemic control posttransplant and demonstrated
a delay in allograft rejection. Systemic administration of
catalytic antioxidant to recipients further delayed allograft
rejection suggesting that addition of a redox modulation
strategy would be a beneficial clinical approach for islet
preservation in syngeneic, allogeneic, and xenogeneic trans-
plantation.

2.1.3. Targeting Adaptive Immunity: The Effectiveness of
Immunosuppressive and Tolerance-Inducing Immunothera-
peutic Strategies. Presentation of alloantigens in combina-
tion with costimulatory molecules by APCs activates signal
transduction pathways, including the calcium-calcineurin
pathway, triggering the T-cell response [21]. Subsequent
release of IL-2 amongst other molecules, activates the mTOR
pathway initiating cell proliferation and hugely expanding
the number of effector T cells. Activated B lymphocytes too
produce alloantibodies against donor HLA antigens.

Costimulatory Signaling Blockade. Several studies indicate
that blockade of costimulatory signal pathways in exper-
imental transplantation models by cytotoxic T lympho-
cyte antigen-4 immunoglobulin (CTLA4Ig) or CD40LIg
enhances islet graft survival [123, 124]. For instance, human
islets infected with AdCTLA4Ig-IRES2-CD40LIg that simul-
taneously expressed CTLA4Ig and CD40LIg proteins signif-
icantly prolonged graft survival of murine islet xenografts,
downregulated expressions of Th1-cells-related cytokines,
and inhibited inflammatory cell infiltration [125]. Caspase
inhibitor therapy (EP1013) in combination with costim-
ulation blockade (CTLA4-Ig) too prevented engraftment
phase islet loss and markedly reduced islet mass required
to reverse diabetes [126]. Furthermore, EP1013/CLTA4-Ig
cotherapy significantly increased graft survival by reducing
the frequency of alloreactive IFN-γ secreting T cells and
increasing the frequency of intragraft FoxP3+ Treg cells.
The results of these studies indicate that by minimizing
immune stimulation and reducing the requirement for
long-term immunosuppressive therapy, these combination
therapies have tremendous potential in improving clinical
transplantation.

Simultaneous blockade of CD40/CD154 and ICAM/
lymphocyte function-associated antigen (LFA)-1 also pro-
longed allograft survival [127]. Larsen’s group targeted
adhesion molecule LFA-1 that is preferentially expressed on
donor-specific memory T (TM) cells and has been impli-

cated in costimulation blockade-resistant transplant rejec-
tion [128]. Short-term induction therapy with the LFA-1-
specific antibody TS-1/22 in combination with either Basilix-
imab (an IL-2Rα-specific mAb) and Sirolimus or Belatacept
(a high-affinity variant of the CD28 costimulation-blocker
CTLA4Ig) prolonged islet allograft survival in nonhuman
primates by masking LFA-1 on TM cells. Inhibition of
the generation of alloproliferative and cytokine-producing
effector T cells expressing high levels of LFA-1 in vitro was
also observed. Neutralization of costimulation blockade-
resistant populations of T cells with LFA-1-specific induction
therapy has tremendous potential in transplantation. The
efficacy of Efalizumab, a blocking monoclonal antibody
directed at LFA1, as part of maintenance therapy regimen
with Sirolimus was being tested (ClinicalTrial.gov identifier
NCT00672204). Efalizumab is no longer available for clinical
use. An anti-coinhibitory receptor B and T lymphocyte
attenuator monoclonal antibody (anti BTLA, PJ196) has
been reported to prolong fully MHC-mismatched cardiac
allograft survival [129]. A study testing the synergistic effect
of anti-BTLA monoclonal antibody PJ196 and CTLA4Ig
costimulatory blockade in islet allotransplantation showed
that downregulation of BTLA on the surface of lymphocytes
along with accumulation of cells with regulatory pheno-
type at the graft site promoted islet allograft acceptance
indicating that this combination may prove to be an
effective adjunctive strategy for inducing long-term allograft
survival. Similarly, co-stimulatory signal blocker LEA29Y
(Belatacept) has shown promising data in transplantation
studies in primates [130]. Clinical trials using LEA29Y in
islet transplantation are currently underway, for example
Clinical Islet Transplantation consortium’s clinical trial CIT-
04 is designed to study islet transplantation in type 1
diabetes with LEA29Y (belatacept) maintenance therapy
(University of Alberta, Emory University) and another
ongoing Phase II interventional study (ClinicalTrials.gov
Identifier: NCT00501709) is using Belatacept for the pre-
vention of autoimmune destruction and rejection of human
pancreatic islets following transplantation for T1D. Apart
from costimulation blockade of the CD28/CD80/CD86 and
CD40/CD154 pathways as a means of inducing peripheral
tolerance, several new costimulatory molecules have been
identified in recent years including OX40 that belongs to
the TNF receptor family and is expressed on activated T
cells [131]. OX40 ligation with OX40L enhances cytokine
production, proliferation, and survival [131]. Mechanis-
tic studies indicate that anti-OX40L, treatment preserves
Treg numbers and OX40 blockade offers better xenoislet
graft survival than CTLA4Ig in the spontaneous autoim-
mune NOD model, offering a novel therapeutic target
for xenoislet graft protection in type 1 diabetic patients
[132]. Recently, a combination therapy consisting of anti-
CD40L, anti-OX40L, and anti-CD122 mAbs prolonged
islet allograft survival in alloantigen-primed mice [133].
This combination of mAbs also inhibited accelerated rejec-
tion mediated by donor reactive memory T cells, known
to accelerate allograft rejection, in xenoantigen-primed
mice cells by inhibiting cellular and humoral immune
responses.
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Monoclonal Antibodies. Anti-CD3 antibody has been shown
to induce tolerance in allograft transplantation [134], reverse
autoimmunity in NOD mice [135] and slow the progression
to permanent diabetes in humans with recent-onset diabetes
[136]. In female NOD mice, oral anti-CD3 mAb was
effective in reversing diabetes, allowing pregnancies and
extending longevity [135]. Treatment of diabetic transgenic
mice (NOD background) expressing the human ε chain of
the CD3 complex with Otelixizumab (an anti-human CD3
antibody) resulted in durable disease remission dependent
on transferable T-cell-mediated tolerance [137]. In single-
donor islet transplantation studies [138], anti-CD3 mAb
[hOKT3c1(Ala–Ala)] contributed to promising results [139].
A Phase II clinical trial studying the efficacy of anti-CD3 mAb
in the treatment of recent onset T1D (ClinicalTrial.gov iden-
tifier NCT00378508) is currently underway. Another trial
studying the efficacy of hOKT3γ1 (Ala-Ala) combined with
Sirolimus and delayed Tacrolimus in promoting islet allograft
survival has just been completed. In an adoptive transfer
model, the use of anti-CD134L mAb was shown to effectively
prevent activation of CD4+ memory T cells and significantly
prolong islet survival, similar to the manner anti-CD122
mAb prevents activation of CD8+ memory T cells [140].
Short-term administrations of a combination of anti-LFA-
1 and anti-CD154 monoclonal antibodies too induced
tolerance to neonatal porcine islet xenografts in mice [141].
The use of anti-CD134L and anti-CD122 mAbs in addition
to co-stimulatory blockade with anti-CD154 and anti-LFA-
1 prolonged secondary allograft survival in an alloantigen-
primed model and significantly reduced the proportion of
memory T cells [142]. It also increased the proportion of
Tregs in the spleen, inhibited lymphocyte infiltration in the
graft, and suppressed alloresponse of recipient splenic T cells
suggesting that the combination therapy of four mAbs could
significantly suppress the function of memory T cells and
prolong allograft survival in alloantigen primed animals.
Similar results were obtained by the same group using a
combination of CTLA4Ig, antiCD40L, anti-LFA-1, and anti-
OX40L while another study used a combination of anti-
CD40L, anti-OX40L, and anti-CD122 mAbs antibodies to
inhibit accelerated rejection mediated by memory T cells in
xenoantigen-primed mice [143].

IL-21-Targeted Therapy. The efficacy of an IL-21-targeted
therapy (IL-21R/Fc, an IL-21-neutralizing chimeric protein)
on prevention of diabetes in NOD mice, in combination with
syngeneic islet transplantation has recently been investigated
[144]. Results showed that IL-21-responsiveness by CD8+ T
cells was sufficient to mediate islet allograft rejection and that
combining neutralization of IL-21 with islet transplantation
restored glucose homeostasis and resulted in recovery from
autoimmune diabetes. Since the absence of IL-21 signaling
prevented islet allograft rejection indicating a robust influ-
ence of IL-21 on a graft-mounted immune response, these
findings imply that therapeutic manipulation of IL-21 may
serve as a suitable treatment for patients with T1D.

DNA Vaccination Strategy. A therapeutic DNA vaccination
strategy for autoimmunity and transplantation has also

recently been described wherein intradermal injection of
plasmid DNA encoding glutamic acid decarboxylase (GAD)
polypeptide, which is synthesized in both pancreatic islet and
skin tissue, ameliorated new-onset T1D in NOD mice and
increased skin allograft survival in a BALB/c-C57BL/6 model
system in a donor-specific manner [145]. Furthermore, only
CpG-methylation of plasmid DNA coding for GAD was
required in order to significantly increase skin allograft
survival after immunization of recipient; codelivery of a
cDNA coding for the proapoptotic BAX protein, which was
shown previously to be essential for successful therapy of
autoimmune diabetes in NOD mice by induction of FoxP3+
regulatory T cells, was not necessary. This study therefore
revealed the promising potential for autoimmunity-targeting
DNA vaccination to be applied to clinical transplantation.

Localized Immunosuppression Using Glucocorticoid Micros-
pheres. The ability of poly(D,L-lactic) acid (PLA) and
poly(D,L-lactic glycolic acid (PLGA) microspheres of the soft
corticosteroid loteprednol etabonate (LE) loaded within a
biohybrid device to provide localized immunosuppression
and reduce systemic side effects over an extended period has
been evaluated in a set of early exploratory experiments with
diabetic rats receiving islet transplantation. While sustained
release of microspheres at low concentration showed no
cytotoxicity on the viability of the MIN-6 insuloma cell line
in vitro, animals treated using a biohybrid device loaded
with microspheres showed improved results compared to
those treated by delivery in solution form with an osmotic
minipump [146]. Sustained local delivery formulation for
glucocorticoids dexamethasone phosphate and LE using PLA
microspheres showed promise in their ability in vivo to
prolong allograft survival in rats after tapering of systemic
immunosuppression, compared to control groups [147].
Also, doses delivered locally were approximately hundredfold
smaller than those typically used in systemic treatments.

Induction of Tolerance by Regulatory T cells (Tregs). Donor
alloantigen-specific CD4+CD25+ Tregs play an important
role in inducing and maintaining tolerance to donor
alloantigens in vivo. By actively modulating or suppressing
the deleterious CD4+ and CD8+ T-cells-mediated immune
response to donor alloantigens, Tregs may prevent rejection
and mediate linked unresponsiveness [148]. In vivo, these
cells are dependent on interleukin IL-10 and CTLA4 for
functional activity. As part of clinical tolerance strategies,
the immunosuppressive ability of peripheral T-cell-depleting
agents such as anti-CD52 mAb Alemtuzumab (Campath-
1H) and antithymocyte globulin (ATG) have been tested in
humans with autoimmunity and in transplantation scenarios
[139, 149]. Lopez et al. were the first to report that ATG
but not Alemtuzumab or the IL-2R antagonists caused
rapid and sustained expansion of CD4+CD25+ T cells in
cocultures with human peripheral blood lymphocytes and
displayed enhanced expression of the regulatory markers
glucocorticoid-induced TNF receptor, CTLA4 and FoxP3 as
well as efficient suppression of a direct alloimmune response
of the original responder lymphocytes [150]. The induction
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of Tregs depended on the production of Th2 cytokines
in the generating cultures. This study demonstrated the
therapeutic potential of ATG in promoting the generation
of Tregs for cellular therapy in autoimmunity and clinical
transplantation. Recently, a clinically relevant immunoreg-
ulatory strategy based on treatment of NOD mice with
murine Thymoglobulin (mATG) and CTLA4-Ig to prevent
allo- and autoimmune activation in a stringent model of
islet transplantation and diabetes reversal was investigated.
The results revealed that transplant recipients experienced a
complete abrogation of autoimmune responses and signifi-
cant downregulation of alloimmunity in response to treat-
ment [151]. Furthermore, this striking effect was confirmed
by 100% diabetes reversal in newly hyperglycemic NOD
mice and 100% indefinite graft survival of syngeneic islet
transplantation (NODscid into NOD mice). An induction
immunosuppressive therapy regimen consisting of rabbit
ATG and the monoclonal antibody to CD20 rituximab
(Rituxan) promoted long-term islet allograft survival in
cynomolgus macaques maintained on rapamycin monother-
apy [152]. Several clinical trials aimed at studying the safety
and effectiveness of islet transplantation combined with
various immunosuppressive regimens that include ATG for
treatment of type 1 diabetic individuals experiencing hypo-
glycemia unawareness and severe hypoglycemic episodes
are either completed or underway. These include amongst
others an islet after kidney transplantation trial with ATG
and etanercept (ClinicalTrials.gov Identifier: NCT00468117)
and islet transplantation trials with ATG, Everolimus and
cyclosporine (ClinicalTrials.gov Identifier: NCT00286624);
with Rituxan (Rituximab), Thymoglobulin (ATG), Zenapax
(Daclizumab) and Rapamune (Sirolimus) (ClinicalTrials.gov
Identifier: NCT00468442); with Lisofylline, ATG, basilix-
imab, Sirolimus and Tacrolimus, (ClinicalTrials.gov Identi-
fier: NCT00464555); and with Raptiva, ATG, and sirolimus
(ClinicalTrials.gov Identifier: NCT00672204) amongst oth-
ers. In a recent study, patients receiving intraportal allogeneic
islet transplants were maintained on immunosuppression
consisting of ATG induction and maintenance with sirolimus
or mycophenolate mofetil (MMF) and costimulation blocker
belatacept or the anti-LFA-1 antibody Efalizumab which
permit long-term islet allograft survival [153]. The results
indicated that both regimens were effective and well tol-
erated, with the calcineurin inhibitor/steroid-sparing islet
protocols resulting in long-term insulin independence and
belatacept proving to be an effective alternative in improving
graft function and longevity while minimizing renal and β-
cell toxicity. Because Tregs strongly suppress the immune
response in syngeneic islet transplantation and improve
graft survival and function, several approaches are now
emerging to induce/increase host Tregs activity in the
transplant setting, including amongst others, systemic TGF-
β1 therapy [154]. A recent study demonstrated that islet-
specific Treg induced from the BDC-6.9 TCR transgenic
mouse by activation of T cells in the presence of TGF-β could
suppress both spontaneous diabetes as well as transfer of
diabetes into NODscid mice by diabetic NOD spleen cells or
activated BDC-2.5 TCR transgenic Th1 effector T cells [155].
In the latter transfer model, the authors demonstrated that

infiltration of Tregs into pancreas caused a reduction in the
number of effector Th1 T cells and macrophages, and also
inhibited effector T-cell cytokine and chemokine production.
Transfection of effector T cells with a dominant-negative
TGF-β receptor demonstrated that in vivo suppression of
diabetes by TGF-β-induced Treg is TGF-β dependent.

Rapamycin. Rapamycin is a key component of the immuno-
suppressive regimen in clinical islet transplantation. The
impact of rapamycin, on human islet engraftment and func-
tion was assessed in 10 patients with T1D before islet
transplantation [156]. The results indicated that pretreat-
ment with rapamycin was associated with a reduction in
chemokines CCL2 and CCL3 pretransplantation and a
dampened chemokine response post-transplantation, po–
tentially improving clinical islet engraftment by an anti-
inflammatory mechanism. In rat-to-mouse islet xeno-
transplantation, administration of anti-CD154 mAb
and rapamycin induced Treg-mediated tolerance [157].
Rapamycin has been shown to allow expansion, prolif-
eration, and regulatory function of both murine and human
naturally occurring CD4+CD25+FOXP3+ Tregs (nTregs),
which are pivotal for the induction and maintenance of
peripheral tolerance [158]. Pothoven et al. demonstrated
that rapamycin-conditioned Balb/c donor bone-marrow-
derived DCs (BMDCs) had significantly enhanced ability
to induce CD4+CD25+FOXP3+ iTregs of recipient origin
(C57BL/6 (B6)) in vitro under Treg driving conditions
compared to unmodified BMDCs [154]. These in vitro
induced CD4+CD25+FOXP3+ iTregs exerted donor-specific
suppression in vitro and prolonged allogeneic islet graft
survival in vivo in RAG(−/−) hosts upon coadoptive transfer
with T-effector cells. The CD4+CD25+FOXP3+ iTregs also
expanded and preferentially maintained FOXP3 expression
in the graft draining lymph nodes and were able to induce
endogenous naı̈ve T cells to convert to CD4+CD25+FOXP3+
T cells. Thus, rapamycin-conditioned donor BMDCs can
be exploited for in vitro differentiation into donor antigen-
specific CD4+CD25+FOXP3+ iTregs capable of effectively
controlling allogeneic islet graft rejection. Strom’s group
demonstrated a triple therapy approach that combined
administration of rapamycin and agonist IL-2- and
antagonist IL-15-related cytolytic fusion proteins [159]. This
treatment promoted very long-term engraftment/tolerance
of allogeneic islets in both spontaneously diabetic NOD mice
and IL-2-deficient recipients by limiting the early expansion
of activated T cells, preserving and even exaggerating their
subsequent apoptotic clearance, and further amplifying
the depletion of these activated T cells by antibody-
dependent mechanisms, while preserving CD4+CD25+
T-cell-dependent immunoregulatory networks. In T1D, Treg
activity has been demonstrated in the pancreatic lymph
node, but the in vivo activity of Tregs during suppression
in pancreas remains poorly characterized. A clinical study
wherein nTreg numbers and function were examined in a
unique set of patients with T1D who underwent rapamycin
monotherapy before islet transplantation indicated that
while rapamycin monotherapy did not alter the frequency
and functional features, namely, proliferation, and cytokine
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production of circulating nTregs, it increased their capacity
to suppress proliferation of CD4+CD25− effector T-cells
[160]. These findings demonstrate that rapamycin directly
affects human nTreg function in vivo, by refitting their
suppressive activity, whereas it does not directly change ef-
fector T-cell function.

Induction of Tolerance Through Suppression of TLRs. TLR2-
induced IL-6 secretion from APCs has been shown to
reverse the suppressive function of Tregs [104, 161] and
in combination with TGFβ-induced Th17 cells resulted in
enhanced inflammation [103, 104, 162, 163] and prevention
of transplantation tolerance [163]. In a very recent study to
understand the mechanism by which different inflammatory
signals affect transplantation tolerance and immunity, it
was determined that TLR2 ligand peptidoglycan inhibited
FOXP3 expression in both natural Tregs (nTregs) and TGFβ-
driven adaptive Tregs (aTregs) independent of paracrine
Th1, Th2, and Th17 cytokines [104]. While TLR2-induced
inhibition of FOXP3 was independent of STAT1, STAT3,
STAT4, and STAT6, it was dependent on Myd88 and IRF.
Binding of induced IRF1 to IRF1 response elements (IRF-
E) in the FOXP3 promoter and intronic enhancers negatively
regulated FOXP3 expression to suppress Treg function.
Furthermore by inducing divergent chromatin changes at the
FOXP3 locus, inflammatory IL-6 and TLR2 signals regulated
Treg suppressor function and reduced graft survival in an
islet transplantation model. Schroppel’s group demonstrated
that deficiency of TLR4 in islet graft recipients prolonged
graft survival. Low dose rapamycin-treatment of TLR4(−/−)
recipients induced permanent and prolonged engraftment of
45% of the islet graft that was dependent on the presence
of CD4+CD25+FOXP3+ Tregs [164]. Naı̈ve CD4+CD25−
T cells cultured with the TLR4 ligand lipopolysaccharide
showed enhanced IL-4, IL-6, IL-17, and IFN-γ secretion
and inhibited TGFβ-induced FOXP3+Treg generation. These
results indicated that inhibition of recipient TLR4 activation
at the time of transplantation decreased proinflammatory
signals and allowed for Treg generation. Approaches such
as generating TLR agonists/antagonists, creating monoclonal
antibody to TLRs, blocking key molecules in the signaling
pathways and downmodulating TLR signaling may be of
immense benefit in the treatment of T1D and islet transplan-
tation.

Other Tolerance Inducing Treatments. Interestingly, treat-
ment of islet graft recipients with bilirubin prolonged
islet allograft survival via a Treg-dependent manner in
which CD4+CD25+ Treg cells were necessary for tolerance
induction and graft acceptance. Bilirubin treatment also
promoted de novo generation of Tregs possibly accounting
for the observed protective effects [165]. A combination
treatment of Hmox1 induction, carbon monoxide, and
bilirubin administration led to long-term survival and
tolerance toward islet allografts by promoting FOXP3+
Tregs and inducing and maintaining tolerance in the
recipient [166]. VAG539 is a water soluble derivate of
VAF347, a low-molecular-weight compound that activates

the aryl hydrocarbon receptor (AhR). Oral administration
of VAG539 promotes long-term graft acceptance and active
tolerance in Balb/c mice that receive MHC-mismatched
pancreatic islet allograft, resulting in increased frequency of
splenic CD4+CD25+FOXP3+ T cells in vivo and improved
CD4+CD25+FOXP3+ T-cell survival in vitro [167]. Interest-
ingly, transfer of CD11c+ DCs but not of CD4+ T or CD19+
B cells, from VAG539-treated long-term tolerant hosts into
mice that recently underwent transplantation resulted in
donor (C57Bl/6)-specific graft acceptance and in a signif-
icantly higher frequency of splenic CD4+CD25+FOXP3+
Tregs. Furthermore, the transfer of these CD4+CD25+
Tregs into recently transplanted mice promoted islet graft
acceptance. Also, cell therapy with in vitro VAF347-treated
bone-marrow-derived mature DCs prevented islet graft
rejection, and reduced OVA-specific T-cell responses in OVA-
immunized mice. Taken together these data indicate that
activation of AhR induces islet allograft-specific tolerance
through direct as well as DC-mediated effects on Treg
survival and function. Transient depletion of dividing T cells
by administration of ganciclovir for 14 days, induced at the
time of allogeneic islets transplantation into diabetic trans-
genic mice that express a thymidine kinase (TK) conditional
suicide gene in T cells also resulted in allograft tolerance in
63% of treated mice accompanied by a 2- to 3-fold persistent
increase in the proportion of CD4+CD25+FOXP3+ Treg
within 3 weeks only in allograft-bearing mice. Additionally,
lymphocytes from tolerant mice could transfer tolerance
to naı̈ve allografted recipients [168]. Similar results were
obtained after cytostatic hydroxyurea treatment in normal
mice suggesting that the transient depletion of dividing
T cells represented a novel means of immunointervention
based on disturbance of T-cell homeostasis and subsequent
increase in Treg proportion.

In Vivo and In Vitro Expansion of Tregs. Nagahama et al.
established a protocol for in vivo and in vitro alloantigen-
specific expansion of naturally arising CD4+CD25+ regu-
latory T-cells (Treg) to establish antigen-specific dominant
tolerance to allogeneic transplants [169]. They showed that
in vivo exposure of CD4+CD25+ T cells from normal
naive mice to alloantigen in a T-cell-deficient environ-
ment elicited the spontaneous expansion of alloantigen-
specific CD4+CD25+ nTregs capable of suppressing allograft
rejection mediated by subsequently transferred naive T
cells, leading to long-term graft tolerance. Similarly they
demonstrated that antigen-specific expansion of nTregs can
be achieved in vitro by stimulating CD4+CD25+ T cells from
normal animals with alloantigen in the presence of high
doses of IL-2. The expanded Tregs were even capable of
suppressing secondary mixed leukocyte reaction in vitro and,
following adoptive transfer, were able to establish antigen-
specific long-term graft tolerance. Francis et al. have recently
demonstrated that graft-protective Treg arise in vivo both
from naturally occurring FOXP3+CD4+ Tregs and from
non-regulatory FOXP3−CD4+ cells [170]. Interestingly, the
induction of tolerance also inhibited CD4+ effector cell
priming with T cells from tolerant mice demonstrating
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impaired effector function in vitro. Thus, by converting
potential effector cells into graft-protective Tregs and by
expanding alloreactive naturally occurring Tregs, adaptive
tolerance was induced. Adoptive cell therapy using patient-
specific CD4+CD25+ Tregs as individualised medicine to
promote clinical transplantation tolerance is very promising
[171]. If this principle is to be applied to clinical tolerance
induction, strategies targeting potential effector cells will
have to be investigated for successful generation of alloreac-
tive Tregs that may be critical for long-term allograft survival
without chronic immunosuppression.

The Role of Tolerance-Inducing Dendritic Cell Therapies in
Treg and TH17 Cells Interconversion. Activated CD4+ T
cells develop into Th1, Th2, or Th17 subsets based on
the cytokines they produce and distinct effector functions.
Th17 cells produce IL-17A, IL-17F, Il-10, IL-22, and IL-
21 and play a role in host defense against infections, and
in inducing tissue inflammation in autoimmune disease
[172]. The broad distribution profile of IL-17 and IL-22
receptors guarantees induction of a massive tissue reaction.
The involvement of differentiation factors (TGF-β plus IL-
6 or IL-21), the growth and stabilization factor (IL-23), and
the transcription factors (STAT3, RORγ, and RORα) in the
development and stabilization of Th17 cells has recently
been identified [173]. Th17-derived IL-21 plays an important
role in the amplification of Th17 cells [8]. Based on the
evidence of immunosuppressive TGF-β participation in the
differentiation of Th17 cells, the Th17 lineage appears to
have a close relationship with CD4+CD25+FOXP3+ Tregs.
Th17 cells were shown to be involved in islet transplant
rejection, and blockade of IL-23R was shown to positively
correlate with reduction in IL-17 expression in a dose-
dependent manner [174]. While the combination of anti-
CD154 mAb and IL-23R antibody was shown to prevent
the acute rejection to some extent, no significant difference
was observed when compared with the anti-CD154mAb
alone. RelB(lo) DCs generated in the presence of an NF-
κB inhibitor induce Tregs and suppress inflammation. A
very important recent study showed that while tolerizing
RelB(lo) DCs were able to significantly inhibit diabetes
progression when administered to 4-week-old NOD mice,
IL-1β produced in response to islet autoantigen presentation
reduced the immunosuppressive capacity of Treg cells and
promoted their conversion to Th17 cells [175]. RelB(lo) DCs
exacerbated the IL-1-dependent decline in Treg function
and promoted Th17 conversion. This study highlights the
importance to entertain caution while using tolerizing
DC therapies that regulate islet autoantigen priming and
prevent diabetes and that progression past the IL-1β/IL-17
checkpoint signals the need for adapting other tolerizing
strategies.

Current Combinatorial Therapeutic Strategies in Clinical
Islet Transplantation. Currently, islet transplantation fol-
lowed by ATG/alemtuzumab (Campath-1H, monoclonal).
Anti-CD52 Ab/hOKT3γ/anti-CD25 (daclizumab) induc-
tion therapy along with a sirolimus-based, prednisone-

free maintenance regimen in combination with MMF and
low Tacrolimus as well as drugs that demonstrate power-
ful immunosuppressive/anti-inflammatory potency in the
absence of nephrotoxicity and diabetogenicity are under
investigation [153, 176–179]. Other drugs currently in
Phases II or III of development include Otelixizumab (anti-
CD3), Teplizumab (anti-CD3), Rituximab (anti-CD20),
Abatacept (CTLA4Ig), DiapPep 277 (heat shock protein),
and GAD and Oral Insulin amongst others. GLP-1R agonists
like exendin-4 stimulate β-cell proliferation and neogenesis
and inhibit β-cell apoptosis while DPPIV inhibitors increase
cell insulin content and are therefore of immense benefit in
the above mentioned combination therapies for preserving
and expanding β-cell mass following transplantation. The
activity of potent proinflammatory TNFα can be inhibited
by etanercept, a recombinant TNFα receptor protein. A high
success rate of insulin independence was achieved using a
protocol in which Etanercept was administered as induc-
tion therapy following single donor islet transplantation,
in combination with Prednisone, Daclizumab, and rabbit
ATG [180–182]. Combined treatment with Etanercept and
Exenatide in addition to the Edmonton immunosuppressive
protocol was shown to reduce the number of islets needed
to achieve insulin independence [183] and improve glucose
control and graft survival in patients who needed a second
transplantation because of progressive graft dysfunction
[183, 184]. These combinatorial strategies could also include
encapsulation of islets with nanofiber scaffolds or biomatri-
ces or permselective alginate microcapsules synthesized to
release immunosuppressive drugs or drugs that stimulate
vasculogenesis/angiogenesis to improve trasnplantation out-
comes at extrahepatic sites [185].

2.1.4. Role of Immunomodulatory Stem Cells in Promoting
Graft Survival. Several studies indicate that nonimmuno-
genic multipotent MSCs apart from playing an important
role in β-cell replacement therapies owing to their versatile
differentiation and ex vivo expansion potential, are also
cytoprotective immune modulators, exerting therapeutic
effects by promoting graft protection, tissue revasculariza-
tion, and β-cell survival in islet transplantation [186]. Bone-
marrow-derived MSCs (BM-MSCs) can enhance repair
and regeneration, not only by repopulating damaged tis-
sue, but also by reducing inflammation. Also, they allow
transplantation across MHC barriers since they do not
possess cell surface human leukocyte antigen (HLA) or
MHC class II molecules. Kim et al. evaluated the thera-
peutic potential of autologous MSCs in preventing graft
rejection following allogeneic rat islet transplantation and
demonstrated that when combined with cyclosporine A
therapy, graft survival attained more than 100 days in
33% of autologous MSCs-plus-CsA-treated recipients [187].
Splenocytes from autologous MSC-plus-CsA-treated rats
exhibited a reduced MLR proliferative response to donor
stimulators and increased IL-10 release. Interestingly, IL-10
induced by CD11b+ cells and IL-10 activated Tregs played a
role in MSC-mediated immune modulation in the rat islet
allograft. The authors demonstrated that autologous MSCs-
plus-CsA downregulated immune responses and induced
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donor-specific T-cell hyporesponsiveness by reducing the
production of proinflammatory cytokines and inducing
anti-inflammatory cytokine production, especially that of
IL-10, during the early post-transplantation period. Tregs
contributed at a later phase. Thus, the combined use of
autologous MSCs and low-dose CsA exerted a synergistic
immunosuppressive effect in an islet allograft model. These
results were supported by the demonstration that triple-dose
administration of either syngeneic or allogeneic MSCs was
able to prevent acute rejection and improve glycemic control
in diabetic rats receiving marginal islet mass transplantation
via the portal vein [188]. Reduced levels of pro-inflammatory
cytokines and glucose as well as low-grade rejections were
observed up to 15 days after transplantation indicating the
ability of MSCs to prolong graft function by preventing acute
rejection. Also the efficacy of MSCs was independent of the
administration route and comparable to that of immuno-
suppressive therapy indicating that MSCs may play an
important role in preventing acute rejection and improving
graft function in portal vein pancreatic islet transplantation.
It is also noteworthy to mention that xenotransplantation
of three-dimensional spheroid bodies (SBs) formed under
special induction conditions from endometrial mesenchymal
stem-like cells (SB-EMSCs) into immunocompromised mice
with STZ-induced diabetes restored blood insulin levels to
control values and greatly prolonged the survival of graft
cells. These results suggest that EMSCs not only played a
novel role in the differentiation of pancreatic progenitors, but
could also functionally enhance insulin production to restore
the regulation of blood glucose levels. It will be interesting
to dissect the role of these cells in immunomodulation and
vasculogenesis in an in vivo transplantation model [189].

The pancreatic endocrine potential of hESC-derived
CD34+ cells has recently been demonstrated by Goodrich
et al. who transplanted sheep with these cells by in utero
intraperitoneal injections prior to development of the
immune system in the fetus so that tolerance toward foreign
antigens was acquired during gestation and persisted in
the adult [190]. In animals transplanted with differentiated
cell populations and followed up to 55 months after
transplantation, they detected human DNA and insulin
messenger RNA in sheep pancreases as well as human
C-peptide in serum. As few as 23,500 cells were able
to achieve long-term sustainable β-cell-like activity. These
results along with the absence of teratomas, combined
with the hematopoietic potential of these cells suggest that
not only do hESC-derived CD34+ cells have potential for
long-term in vivo endocrine cellular activity but could
also be used for the induction of immunological tolerance
and bone marrow chimerism prior to cellular therapy for
diabetes. A phase II islet transplantation clinical trial at the
University of Miami is currently ongoing using monoclonal
antibody Campath-1H for induction of immunosuppression
combined with the simultaneous infusion of islets with
donor CD34+ enriched bone marrow cells (ClinicalTri-
als.gov identifier: NCT00315614) to reverse hyperglycemia,
induce a state of donor-specific tolerance and eliminate the
need for continuous immunosuppressive therapy. A study
to investigate the immunomodulatory role of mobilized

autologous hematopoietic stem cells (HSCs) via antagonism
of the CXCR4-CXL12 axis in promoting islet engraftment
following allotransplantation demonstrated mobilization of
HSCs and prolongation of islet graft survival that was
further enhanced by the addition of rapamycin to anti-
CXCR4 therapy, inducing a robust and transferable host
hyporesponsiveness. Mobilized HSCs expressed high levels
of the negative costimulatory molecule programmed death
ligand 1 (PDL1) and suppressed the in vitro alloimmune
response. Thus, targeting the CXCR4-CXCL12 axis mobi-
lized autologous HSCs and promoted long-term survival of
islet allografts via a PD-L1-mediated mechanism. Halting the
CXCR4 antagonist-mediated HSC release by administration
of an ACK2 (anti-CD117) mAb restored allograft rejection
[191].

The innate anti-inflammatory and immunosuppressive
potential of human amniotic epithelial cells (AECs) to
create localised immuneprivilege in an in vitro islet cell
culture system as an alternative to immunosuppressive drug
therapy was investigated. Islets transduced with bioengi-
neered cellular constructs composed of human islets and
AEC (islet:AEC) demonstrated sustained, physiologically
appropriate insulin secretion and reduced mitogen-induced
PBL proliferation suggesting that transplanted islets may
benefit from the immune-privilege status conferred on them
as a consequence of their close proximity to human AEC and
that this approach may reduce the need for chronic systemic
immunosuppression [192].

2.2. Enhancing Graft Survival by Promoting Vasculogenesis
and Reducing Hypoxia. In experimental islet transplanta-
tions, both blood perfusion as well as the tissue oxygen
tension of the grafted islets are chronically decreased in
the transplanted islets, indicating that reestablishment of
an appropriate microvascular supply is an essential pre-
requisite for successful islet engraftment. The islet grafts
depend upon endothelial cells and microvessels in the
implantation organ for derivation of a new vascular system
[193, 194]. Improved islet graft survival and function have
been observed on exposure to growth factors such as basic
fibroblast growth factor (bFGF), endothelial cell growth
factor α and particularly VEGF, which has been known to
contribute significantly to the vascularization of transplanted
islets [195]. In humans, the VEGF family of homodimeric
glycoproteins consists of VEGF-A, -B, -C, -D, and placental
growth factor [194]. Interestingly, although pancreatic islets
continuously express VEGF-A [196], upon subjection to
hypoxia following transplantation devascularized grafted
islets significantly increase their expression of VEGF, ini-
tiating revascularization and maintaining the vascular per-
meability [196–199]. VEGF-A stimulates EC permeability
and chemotaxis through cognate VEGF receptors and is
a prerequisite for islet endothelial fenestration [194–200].
Korsgren and Magnusson’s group showed that immobiliz-
ing heparin on the islet surface was useful in achieving
complete coverage of islets with VEGF-A as a means of
attracting ECs to induce angiogenesis and revascularization,
ultimately improving islet revascularization and engraftment
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in pancreatic islet transplantation [35, 44]. A very recent
study indicates that concomitant transplantation of isolated
islets with ECs can prolong islet graft survival in diabetic rats
[201]. Cartilage oligomeric matrix protein-angiopoientin-
1 (COMP-Ang1) is a specific growth factor that induces
vascularization via the Tie2 or Tie1 receptor. Using an in vitro
angiogenesis assay based on a three-dimensional collagen-
based culture system, Park et al. recently demonstrated that
the transduction of COMP-Ang1 into islets significantly
increased angiogenesis [202]. COMP-Ang1 transduced islets
also attenuated hyperglycemia in syngeneic STZ-induced
diabetic C57BL/6 mice and enhanced glucose tolerance. In
another study, following subcutaneous transplantation of
BALB/c islets in VEGF and hepatocyte-growth-factor (HGF)
supplemented matrigel basement membrane matrix into
diabetic scid mice [203], histopathologic analysis of the
functioning grafts harvested at 15 days revealed significantly
increased blood vessel formation and increased number of
islets. Enhanced intercellular adhesion molecule (ICAM) and
vascular cell adhesion molecule (VCAM) within the islets
was also observed suggesting stable blood vessel formation.
Transcription factors focal adhesion kinase phosphorylation
and extracellular signal-regulated kinase1/2 phosphorylation
were also increased (8-fold and 4.6-fold, respectively). These
results suggest synergistic enhancement of angiogenesis by
VEGF and HGF following islet transplantation resulted in
stable engraftment. In order to drive delivery of growth
factors such as VEGF and FGF into the dense islet interior,
Chow et al. developed heparin-binding peptide amphiphile
(HBPA)/heparin nanofiber gels that can activate heparin-
binding, angiogenic growth factors [204]. Infiltration of
bioactive nanofibers in the interior of islets acted as an
artificial extracellular matrix (ECM) improving cell viabil-
ity and function and enhancing their vascularization in
the presence of growth factors such as FGF2 and VEGF.
The intraislet nanofibers helped retain FGF2 within the
islet for 48 h and increased cell viability significantly for
at least 7 days in culture. Furthermore, enhanced insulin
secretion was observed with the nanofibers for 3 days in
culture. Delivery of FGF2 and VEGF in conjunction with
the HBPA/heparin nanofibers also induced a significant
amount of islet EC sprouting from the islets into a peptide
amphiphile 3D matrix. This approach may have a significant
impact on islet transplantation. Mahato coexpressed human
VEGF (hVEGF) and human IL-1 receptor antagonist (hIL-
1Ra) as well as human HGF (hHGF) and hIL-1Ra in
human islets using Adv-hVEGF-hIL-1Ra Adv-hHGF-hIL-
1Ra constructs to study their effect on β-cell proliferation
and revascularization of islets [205]. A dose- and time-
dependent expression of hVEGF and hIL-1Ra or hHGF
and hIL-1Ra by islets was observed that led to a decrease
in caspase-3 activity and apoptosis induced by a cocktail
of TNF-α, IL-1β, and IFN-γ. Also, transduction of islets
with these bipartite Adv vectors prior to transplantation
in diabetic NODscid mice reduced blood glucose levels
and increased serum insulin and c-peptide levels. Immuno-
histochemical staining of the graft revealed positivity for
human insulin, hVEGF or hHGF, and von Willebrand factor.
Transduction with Adv-caspase-3-shRNA also prevented

islets from cytokine-induced apoptosis and improved islet
transplantation [205].

The therapeutic potential of hyperbaric oxygen therapy
(HBO) in reducing hypoxia, enhancing vessel maturation,
and improving engraftment of intraportal islet transplants
by promoting angiogenesis in the critical period following
transplantation has also been demonstrated [206]. In this
study, hyperbaric oxygenation combined with implanta-
tion of a foam dressing, vacuum-assisted wound closure
(foam+VAC) to create a prevascularized site was used to
achieve better results in microencapsulated xenogeneic cell
transplantation [206, 207]. Interestingly, following intrapor-
tal islet transplantation of porcine islets to diabetic NMRI
nu/nu mice, the combination of cytokines with hypoxia
resulted in a strong induction of cell death that could be
blocked dose-dependently by a selective IKK-β inhibitor that
caused systemic NF-κB inhibition, significantly prolonging
islet graft survival [208]. Under hypoxia, NF-κB activity
impaired expression of antiapoptotic genes BCL-xL, c-FLIP
and survivin. NF-κB thus appeared to have an antiapop-
totic role under normoxia, while low oxygen conditions
decreased its activity and transformed it to a proapoptotic
transcription factor in pancreatic islets suggesting that NF-
κB inhibition represented a potential strategy to improve
islet transplantation efficiency. Significant islet loss related to
reduced survival of large islets compromised by hypoxia has
been observed under standard culture conditions. In order
to improve the islet graft quality prior to transplantation,
rat islets have been cultured for 48 h in a liquid-liquid
interface culture system (LICS) using perfluorodecalin, a
method of culture that avoids exposure of islets to rel-
ative hypoxia [209]. Results indicated that this protocol
optimised culture conditions, which preserved both islet
viability and significantly increased their ability to engraft
successfully after intraportal transplantation and could be
used for islet transportation. Evaluating neovascularization
and correlating angiogenesis with metabolic and functional
islet graft condition in diabetic mice is a crucial aspect
in assessing graft survival. To this end, very recent stud-
ies demonstrated the successful use of dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI) after
intravenous injection of gadolinium [210, 211]. MRI has
also been used to effectively image isolated mouse islets
labeled with novel MRI contrast agent, chitosan-coated
superparamagnetic iron oxide (CSPIO) nanoparticles as
long as 18 weeks after transplantation as well as islets
labeled with Feridex-polyethyleneimine complex [212, 213].
A recent study using a dual-purpose therapy/imaging probe
consisting of therapeutic (siRNA targeting apoptosis-related
gene human caspase-3) and imaging (magnetic iron oxide
nanoparticles, MN) moieties showed that treatment with the
probe resulted in significantly better survival of transplanted
islets that could be monitored by in vivo magnetic resonance
imaging (MRI) [214].

2.2.1. Stem Cells in Promoting Angiogenesis/Vasculogenesis.
Bone-Marrow-derived stem cells (BMSCs) have been shown
to promote islet graft function and survival by initiating
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angiogenesis [215, 216]. A recent study involving cotrans-
plantation of bone marrow cells with islets was associated
with enhanced islet graft vascularization and function.
A significant increase in new peri-islet vessels [216] as
well as staining for VEGF was observed. The presence of
pancreatic duodenal homeobox-1 (Pdx-1) was detected in
BMSCs with an increase in staining over time. Protein
array measurements conducted in human islets cocultured
with whole human BM for approx. 7 months indicated
upregulated levels of angiogenesis factors VEGF-a, PDGF,
KGF, TIMP-1, and angiogenin as well as lower protein
levels of angiopoietin-2 [215]. Depletion of VEGF-a, eKGF,
and PDGF significantly reduced islet vascularization. BM-
induced vascularization showed significant EC distribution
and islet vascularization was linked to islet growth. Further-
more a 28.66-fold increase in insulin and 24.4-fold glucagon
gene expression was also observed. These data indicate that
BMSCs induced endocrine cell regeneration via regulation of
angiogenesis factors. Transplantation of genetically marked
whole bone marrow from Tie2-Cre/ZEG mice into lethally
irradiated wild-type mice evoked pronounced proliferation
of recipient ECs while significantly increasing β-cell mass
and reducing the hyperglycemia of mice subjected to β-
cell damage by STZ [217]. A study indicated that bone
marrow cells produced nerve growth factor (NGF) and
promoted angiogenesis around transplanted islets [218].
Biochemical and histological analyses following syngeneic
cotransplantation of islets and bone marrow in STZ-induced
diabetic mice indicated significantly low blood glucose levels
high serum insulin levels, and increased serum NGF levels.
A significant increase in the number of vessels within
the graft area at day 14 after transplant was observed
along with improvement in graft function [218]. Thus, an
important adjuvant role of transplanted BMSCs in both
angiogenesis and β-cell regeneration has been elucidated.
Cotransplantation of pancreatic islets and adipose-tissue-
derived stem cells (ADSCs) too was shown to significantly
prolong graft survival and insulin function of islet grafts
in diabetic mice. ADSCs have angiogenic potential and
anti-inflammatory properties and cotransplantation studies
indicated significant revascularization (larger number of von
Willebrand factor-positive cells) and marked inhibition of
inflammatory cell infiltration, including CD4+ and CD8+
T cells and macrophages, in islets-ADSCs grafts [219].
Creation of a rich subcutaneous vascular network with
implanted adipose-tissue-derived stromal cells and adipose
tissue enhanced subcutaneous grafting of islets in diabetic
mice [220]. Cografting of neural crest stem cells with pan-
creatic islets in alloxan-induced diabetic mice too improved
insulin release and enhanced β-cell proliferation, resulting
in increased β-cell mass [221]. Multipotent human MSCs
possess powerful ex vivo expansion and EC differentiation
potential, placing them at the forefront in the field of
vasculature-directed cell-based therapy and transplantation.
A recent study revealed that islets co-cultured with MSCs
demonstrated lower ADP/ATP ratios, higher GSIS indexes
and viability. Furthermore, co-cultured islets revealed higher
levels of antiapoptotic signal molecules (XIAP, Bcl-xL, Bcl-
2, and heat shock protein-32), increased VEGF receptor

2 and Tie-2 mRNA expression and elevated levels of
phosphorylated Tie-2 and focal adhesion kinase protein
[222]. Islets cultured in MSC-conditioned medium (MSC-
CM) for 48 hr significantly lowered blood glucose levels
and demonstrated enhanced blood vessel formation upon
transplantation into STZ induced diabetic mice. Significant
levels of IL-6, IL-8, VEGF-A, HGF, and TGF-β were detected
in MSC-CM suggesting that the trophic factors secreted by
human MSCs enhanced islet survival and function after
transplantation. Similar improvement of islet graft morphol-
ogy and function attributable in part to the promotion of
graft revascularization was observed when Lewis rat islets
cocultured with syngeneic MSCs were infused into the liver
of STZ-diabetic syngeneic recipients or when islets were
cotransplanted under the renal capsule of NODscid mice
with syngeneic MSCs expanded in culture [223]. Other
studies have demonstrated increased mean capillary density
upon co-transplantation of MSCs with pancreatic islets along
with improved islet graft function indicating the beneficial
effect of MSC-mediated graft vascularization [224]. In mice,
islets co-transplanted with MSCs maintained a morphology
closely resembling that of islets in the endogenous pancreas,
both in terms of size, and of endocrine and EC distribution.
Superior vascular engraftment as shown by increased EC
numbers within the endocrine tissue as well as improved
graft function demonstrated by normoglycemia achieved in
92% of mice indicated that MSCs profoundly influenced the
remodeling process, by improving islet revascularization and
maintaining islet organisation [224, 225]. In order to study
the effect of MSCs on islet survival and insulin secretion
under hypoxia/reoxygenation- (H/R-) induced injury condi-
tions that are associated with islet graft dysfunction, purified
rat islets cultured with or without MSCs, were exposed to
hypoxia (O(2) ≤ 1%) for 8 h followed by reoxygenation
for 24 and 48 h, respectively [226]. MSCs maintained a
higher level of stimulation index (SI) of GSIS in islets in
vitro, protected islets from H/R-induced injury by decreasing
the apoptotic cell ratio and increasing HIF-1α, HO-1,
and COX-2 mRNA expression, and significantly increased
insulin expression following islet transplantation. This study
indicated that MSCs could promote anti-apoptotic gene
expression by enhancing their resistance to H/R-induced
apoptosis and dysfunction providing an experimental basis
for the therapeutic use of this strategy for enhancing islet
function.

3. Insulin-Secreting β-Cell Generation from
Stem Cells for Replacement Therapy in T1D.

Apart from the beneficial therapeutic role of stem cells in
immunomodulation and promoting vasculogenesis follow-
ing islet transplantation, they may also play an important
role in regeneration of β-cells. The concept of regenerating
β-cells from a self renewing, expandable stock of pluripotent
ESCs, pancreas-derived multipotent progenitor/stem cells,
extrapancreatic adult stem cells (e.g, BMSCs, neural pro-
genitor cells, UCB-SCs, etc.) or iPSCs into large quantities
of cells with an insulin-expressing phenotype in vitro
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offers an attractive alternative source for β-cell replacement
therapy [227, 228]. While the immunosuppressive, anti-
inflammatory, and angiogenic properties of MSCs are of
tremendous advantage, the ability of iPSCs to generate
an unlimited supply of clinically compliant, functional
autologous β-cells provides a definitive solution to the
cited limitations of islet transplantation, namely, shortage
of donor pancreases and the harmful side effects of chronic
immunosuppressive therapy.

Based on sequential exposure of human ESCs to epi-
genetic signals that mimic in vivo pancreatic development,
insulin-producing cells can be generated from ESCs [227,
229–231]. These differentiated cells display architectural
similarity to mature primary islets, are capable of synthesiz-
ing insulin, glucagon, somatostatin, pancreatic polypeptide
and ghrelin [229, 230], reverse hyperglycemia in diabetic
mice, prolong graft survival, and respond successfully to
glucose challenge in glucose-tolerant tests (GTT) providing
definitive evidence of the ability of hESCs to serve as a
renewable source of insulin-secreting β-cells for diabetes
cell-replacement therapies. The risk of teratoma formation
and tumor formation and the difficulty of purifying the
differentiated progeny are major drawbacks. Multipotent
BM-MSCs are plastic-adherent cells, expressing surface
markers such as CD90, CD73, CD105, CD44, and CD29
that can be isolated and expanded with high efficiency in
culture and can differentiate into cells of connective tissue
lineages, including bone, fat, cartilage, and muscle [232]. The
capacity of BM-MSCs to generate insulin-producing cells
[232, 233] capable of producing and releasing insulin in a
glucose-dependent manner and normalizing hyperglycemia
upon transplantation into a diabetic mice [234, 235] while
at the same time abrogating immune injury, altering T
cell cytokine pattern toward IL-10/IL-13 production and
preserving CD4+/CD8+ FOXP3+ Tregs in the periphery
[236] make BM-MSCs an invaluable tool in β-cells replace-
ment therapies. In vivo differentiation of hUCB cells into
β-cells following transplantation into STZ-induced diabetic
immunocompromised [237, 238] or NOD mice [239] indi-
cates the potential role of these cells in β-cell replacement
therapy. iPSCs may be derived from autologous somatic cells
by ectopic expression of the transcription factors Oct4, Sox2,
c-myc, and Klf4 or oct3/4, sox2, nanog, lin28 [240] and are
molecularly and functionally highly similar to ESCs [241],
offering an important alternative to replenish β-cell supply
[242] while simultaneously obviating immune concerns such
as rejection and chronic immunosuppression. Most human
iPSC lines can be induced into Pdx1-positive progenitor cells
and further differentiated into pancreatic lineage cells using
a stepwise induction strategy [243, 244]. Other alternative
sources of β-cells include intrahepatic biliary epithelial
cells and gall bladder epithelium [245], human neural
progenitor cells [246], hepatic oval cells [247] placenta-
derived multipotent stem cells [248], and adult pancreatic
stem/progenitor cells [249, 250]. The common embryonic
origin of liver and pancreas, similarities in their glucose-
sensing systems, mutually expressed transcription factors,
and the high level of developmental plasticity exhibited by
adult human liver cells indicate the therapeutic potential

of liver stem cells/hepatocytes as a source of pancreatic
progenitor tissue. Several studies have demonstrated repro-
gramming of hepatocytes into function insulin-producing
cells by expression of the Pdx1 or its superactive form Pdx1-
VP16 fusion protein either alone or in combination with
other pancreatic transcription factors using first generation,
nontoxic, transiently expressed adenoviral vectors under
conditions of hyperglycemia or hepatic regeneration [251–
253]. However, although the potential of stem cells in the
future of T1D interventional therapies is immense, the
accompanying risk of mutagenesis, teratoma and tumor
formation needs to be stringently addressed. For now
it appears that the combination of multiple therapeutic
avenues is required to achieve the dream of permanently
reversing/preventing T1D.

4. Conclusion

Areas of current research include the development of
less toxic immunosuppressive regimens, the suppression of
inflammatory responses immediately following transplanta-
tion, the identification of an optimal anatomical site for islet
infusion, and the possibility of encapsulating transplanted
islets to protect them from the alloimmune response. The
generation of Tregs with defined alloantigen specificity could
provide dynamic control of rejection responses and offer a
potential route to permanent graft survival without the need
for life-long nonspecific immunosuppression. Regeneration
of β-cells utilizing every kind cell from the pancreas, stem
cells as well as cells from alternate sources, followed by
transplantation using immunosuppressive regimens that
would ensure maximal graft survival through protection
from hypoxic and immune insults is an exciting alternative.
Clinical islet transplantation represents a possible definitive
intervention for patients with T1D and with significant
inroads in the branches of stem cell therapy, immunomod-
ulation and gene therapy, the prospect of translating these
beneficial interventions into clinical applications that pro-
mote successful long-term functional islet graft survival
appears within reach.
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Diabetes mellitus remains one of the leading causes of morbidity and mortality worldwide. According to the Centers for Disease
Control and Prevention, approximately 23.6 million people in the United States are affected. Of these individuals, 5 to 10% have
been diagnosed with Type 1 diabetes mellitus (T1DM), an autoimmune disease. Although it often appears in childhood, T1DM
may manifest at any age, leading to significant morbidity and decreased quality of life. Since the 1960s, the surgical treatment for
diabetes mellitus has evolved to become a viable alternative to insulin administration, beginning with pancreatic transplantation.
While islet cell transplantation has emerged as another potential alternative, its role in the treatment of T1DM remains to be
solidified as research continues to establish it as a truly viable alternative for achieving insulin independence. In this paper, the
historical evolution, procurement, current status, benefits, risks, and ongoing research of islet cell transplantation are explored.

1. Introduction

In part one of this two-part paper, pancreas transplantation
was explored as the definitive treatment for patients with
Type 1 diabetes mellitus (T1DM) [1]. It is estimated that of
the 23.6 million people diagnosed with diabetes mellitus, 5–
10% consist of patients with T1DM [2]. Moreover, recent
reports indicate that the incidence of T1DM is increasing,
with one study predicting an increase of 70% in those under
the age of 15 by 2020 [3–6]. Accordingly, the significant pop-
ulation already afflicted with this disease compounded by
the increasing incidence worldwide will have a tremendous
impact on future healthcare both domestically and globally
[7]. Estimates show that patients with T1DM treated with
intensive medical management have six- to sevenfold higher
direct cost than age-matched nondiabetics [8]. Although cost
is a concern, it is the long-term complications of T1DM that
result in the extensive morbidity in this population which
fuel the desire for viable alternative treatments from the
standard of care, intensive insulin therapy [9]. Even with
the mainstay treatment, patients are still at significant risk
for complications including retinopathy, neuropathy, neph-
ropathy, coronary artery disease, peripheral vascular disease,

and cerebral vascular disease. While the etiology of this dis-
ease remains elusive, it is believed that a relationship exists
between genetic susceptibility and environmental factors, in-
cluding infections and toxins, which results in its fulminant
presentation [10, 11].

The quest for a surgical treatment for T1DM first began
more than a century ago with the likes of Oskar Minkowski
and Josef von Mering at the University of Strasburg, Stras-
burg, Germany [12, 13]. It was not until 1966 when success
was achieved by Kelly et al. who completed the first whole-
organ pancreatic transplant at the University of Minnesota
[14]. Soon thereafter, the concept of islet cell transplantation,
originating with and developed by the visionary Paul Lacy
and longtime research partner David Scharp at Washington
University in St. Louis, would come into its research phases
and be driven further with the likes of John Najarian and
David Sutherland at the University of Minnesota [15–17].
Initially, it was met with tremendous optimism. However, the
brilliant concept has been troublesome in allowing clinicians
to maximize on the idealized potential that lies within it in
treating patients with T1DM. Even now, the America Dia-
betes Association only endorses islet transplantation not
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as a therapeutic alternative, but rather as “performed only
within the setting of controlled research studies” [18].

This paper will now focus on islet cell transplantation as
a potentially enhanced alternative therapy for intensive in-
sulin therapy and as a minimally invasive alternative to pan-
creatic transplantation. It will begin with a brief history of
islet cell transplantation, followed by its current state, and
then the procedure’s benefits and risks. It will continue with
a discussion of current research, highlighting barriers and
potential therapies, to reduce islet mass loss following trans-
plantation, and imaging as a means to follow the health of the
islet mass. It will end with a discussion on islet autotrans-
plantation as it stands today, primarily as an alternative for
the treatment of chronic pancreatitis.

2. Brief History

Initially, the presence of the exocrine portion of the pancreas
proved to be problematic in the transplantation of fragments
of pancreas in animals due to the destructive nature of the
enzymes [19]. However, this problem was circumvented in
1965 when Moskalewski used collagenase to separate intact
islet from a guinea pig’s pancreas [19]. Islet cell transplanta-
tion subsequently was initiated by Ballinger and Lacy and
Reckard et al., who, in 1972, were the first to report that iso-
lated islets could reverse the effects of experimentally induced
diabetes [20, 21]. Ballinger and Lacy transplanted 400 to 600
islets obtained from four donor rats intraperitoneally into
their diabetic counterparts following the administration of
streptozotocin (STZ) to induce the diabetes [20]. After islet
cell transplantation, the recipient rats regained their normal
weight, reduced their glycosuria, and achieved normogly-
cemia [20]. A key discovery in islet transplantation was when
Kemp et al. compared graft efficacy as a function of graft
location. They achieved normoglycemia in STZ-induced
diabetic rats through injection of islet cells into the portal
vein but not in rats in which islet cells were transplanted
intraperitoneally [22]. Monkeys, however, proved to be more
challenging. Scharp et al. were only able to partially alleviate
STZ-induced diabetes in monkeys, which was attributed to
an insufficiency of islet cells as well as allograft rejection [23].

Mirkovitch and Campiche made significant advances
when they demonstrated that diabetic dogs could achieve
normoglycemia by autotransplantation of pancreatic islet
tissue [24]. Using collagenase to digest the pancreas, the par-
tially purified islets were injected into the spleen through the
splenic vein [24]. Subsequent splenectomy resulted in a dia-
betic state [24]. Kretschmer et al. demonstrated that direct
injection of the pancreatic tissue into the splenic pulp was
more effective than injection through the splenic vessels and
the portal vein [25]. Mehigan et al. demonstrated the impor-
tance of the size of the minced particles and their influence
on the outcome of islet transplantation in dogs. They also ob-
served poor outcomes in relation to acinar cell atrophy and
fibrosis from long-term ductal ligation [26, 27].

Yet, it was Sutherland et al. in 1974 who began the first
human trials to treat diabetes using isolated islets from cada-
veric donors [28]. Ten transplants were performed in seven

diabetic patients, all of whom had received a prior renal
transplant for end-stage diabetic nephropathy. Although a
reduction in the exogenous insulin requirement was observ-
ed, complete freedom from its use was not achieved. Failure
of the grafts could not be attributed to any specific reason
but rather secondary to a combination of rejection and inad-
equate islet cell mass [28]. In 1980, Largiader et al. became
the first to report insulin independence following islet allo-
transplantation in a Type 1 diabetic [29]. The second report
was not made until 1990 by Scharp et al. [30]. Socci et al., in
a study of six islet-cell transplant recipients with T1DM, also
achieved insulin independence in a patient who underwent
islet after kidney transplantation. Six months following islet
transplantation, the patient achieved insulin independence
with normal values of HbA1c, 24-hr metabolic profile, and
oral glucose tolerance test. This was sustained for a five-
month period [31]. Other subsequent cases were reported
throughout the 1990s from the Universities of Alberta, Min-
nesota, and Pittsburgh [32–34].

Between 1990 and 1995, 180 patients underwent islet cell
transplantation worldwide [35]. Of these, 96 were recorded
in the international islet transplant registry. 53% of the pa-
tients had islet cell function for as long as a week, but graft
survival reduced to 26% after one year. Only 7% became
insulin independent [35]. In 1994, the University of Giessen
introduced protocol changes that significantly improved the
efficacy of islet cell transplantation [36]. In all 12 of their
patients, the islet graft survived for more than 3 months, and,
in 9 patients, the graft functioned for at least a year. Four of
these patients attained insulin independence [36, 37]. These
results were confirmed independently with significant im-
provement in graft survival and insulin independence [38,
39].

Throughout the 1990s, and even through today, islet cell
transplantation continues to face a number of challenges:
transplanting an adequate mass of islets, the adverse effects of
the diabetogenic immunosuppression, islet graft loss due to
immunologic rejection, identifying an optimal location for
transplantation, and overcoming the shortage of pancreata
[40–42]. Arguably the most significant advancement in islet
transplantation efficacy was made in 2000 by the Edmonton
group, whose attempt to address the shortcomings of
pancreas transplantation allowed for a tremendous improve-
ment in the islet transplantation protocol. They transplanted
an islet mass from two to four donors and avoided glucocor-
ticoids while minimizing the use of calcineurin inhibitors.
This was accomplished through use of sirolimus, low-dose
tacrolimus, and daclizumab. As a result, they were able to
achieve insulin independence in all the seven of their
patients but required the use of 15 donor pancreases to do
so [43]. In their follow-up international trial, 36 patients
with T1DM received 77 islet infusions at nine sites. 16
patients (44%) achieved insulin independence at one year
postfinal infusion with 10 patients maintaining partial graft
function and the last ten with complete graft loss. These
results, thus, confirmed the potential long-term viability and
reproducibility of islet cell transplantation, albeit with room
for achieving greater results [44].
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3. Islet Isolation

Some of the most extensive research in islet transplantation
has involved identifying avenues for improvement in the
steps necessary to isolate an adequate islet cell mass. Follow-
ing the procurement and preservation of the pancreas, islet
cells undergo the following steps: digestion, purification, cul-
ture, assessment, and, lastly, transplantation.

According to CITR, 85% of reported islet transplants
employed either the University of Wisconsin (UW) or two-
layer methods for pancreas preservation [45]. The two-layer
method (TLM), created by Kuroda et al., was developed as
a means to increase oxygenation and protect organs from
hypoxia through the use of perfluorocarbon during cold pre-
servation [46, 47]. As a result of the oxygenation, adenosine
triphosphate production is maintained at the perfluorocar-
bon and UW interface [47–49].

3.1. Digestion. One of the key advances in islet cell trans-
plantation was the development of the automated method
of pancreatic digestion with the use of the Ricordi Chamber,
based on the work of Moskalewski and Lacy, which was able
to increase islet yield [50–52]. Based on CITR, Liberase HI
was the most commonly implemented collagenase, used for
processing in 77% of cases, followed by Serva Collagenase
NB1, used in 18% of cases [45]. Liberase HI was identified in
the late 1990s as a collagenase that demonstrated superior en-
zymatic action over the traditional collagenase preparation
(Type P) [53, 54]. However, concerns were raised regarding
the small potential risk of bovine spongiform encephalopa-
thy when it was revealed that Liberase HI is isolated from
Clostridium histolyticum grown in media containing brain-
heart infusion broth [55]. In Japan, three-year follow-up
studies of recipients have revealed no incidences of prion dis-
eases [56].

Concerns still remain; thus, research has been conducted
for viable collagenase alternatives. Recently, Roche Diagnos-
tics has provided the mammalian tissue-free Liberase MTF-
S as an alternative to its Liberase HI [57]. In their study,
Shimoda et al. compared four collagenases: Liberase HI,
Liberase MTF C/T, Serva Collagenase NB1 Premium Grade,
and Clzyme Collagenase HA. They indicated that the three
alternative enzymes would enable for higher islet yields than
with Liberase HI [58]. When comparing Collagenase XI to
Liberase HI, Collagenase XI resulted in a decline in function-
al capacity of islets which was restored during cultivation.
However, Liberase HI exhibited greater functional capacity
during isolation and the subsequent seven days of cultivation
[59]. O’Gorman et al. compared Liberase MTF to the Serva
Collagenase NB1 and observed comparable results bet-ween
the two collagenases [60]. Of note, in a large-scale com-
parison of Liberase HI to Collagenase NB1, Liberase was
observed to be more efficient for pancreas dissociation but
was observed to be more harmful to exocrine cells and islet
tissue [61]. Szot et al. at the University of California, San
Francisco, have also shown success by implementing the
Serva enzyme blend of Collagenase NB1 and Neural Protease
NB using a systematic approach and identifying donor crite-
ria to achieve clinically implementable results [62]. Another

available collagenase, Vitacyte, was compared with Serva
NB1 and not only showed comparable results but exhibited
markedly decreased time required to release a significant islet
number from acinar tissue, thus, potentially allowing for
increased preservation of islet integrity in the future [63].

In summary, a number of enzymatic blends and collage-
nases are available, and more studies are being conducted not
only as to their efficacy but also with regards to characterizing
the microstructure which defines the pancreas to optimize its
dissociation. Consequently, continued research is necessary
to identify which product or mixture of components will re-
sult in the greatest islet yield and functionality.

3.2. Purification. After enzymatic digestion of the pancreas,
the remaining contents then undergo purification to decrease
transplanted tissue volume, albeit with minimal loss of islet
cells. This step has typically been performed with the cell
processor COBE 2991, which uses the differences in density
of the islet cells and exocrine tissue to separate them [64–
66]. The gradient media implemented in this step have tradi-
tionally been the Ficoll solution, first described by Lake et
al. in the early 1970s, as another means to improve recovery
of islet cells [65]. The process was further advanced by Olack
et al., who used the organ preservation solution Euro-Collins
to dissolve in which the Ficoll powder [47, 67].

According to CITR, all cases of islet transplantation
implemented the use of a density medium [45]. While a
number of density media have been researched, Iodixanol
has recently revealed positive outcomes in islet yield [68, 69].
Noguchi et al. showed a much larger islet yield when using
Iodixanol as compared to Ficoll solutions [68]. This may be
attributed to its ability to reduce cytokine/chemokine pro-
duction, which, as Mita et al. observed, led to a significant
reduction in the loss of islet cells during culture [70, 71].
However, this group has observed comparable islet recovery
rates to the Ficoll-based density gradient during density
purification [70, 71].

3.3. Culture. As reported to CITR, 54% of islet masses were
cultured, defined as six or more hours in a specially pre-
pared nutrient medium, for a median time of 27 hours
[45]. Generally, the most commonly used culture medium is
the Connaught Medical Research Laboratory-based Miami-
defined media no. 1, which has shown positive outcomes
compared with alternative media [72, 73].

The use of culture has been somewhat controversial when
compared with the use of fresh islets and has actually
shown a reduction of islet mass and functionality [47, 74–
76]. The University of Minnesota recently concluded that,
while it is not disadvantageous with regards to recovery of
islet function, there is increased expression of several stress-
related genes [77]. Nevertheless, culturing islets has some
advantages as it allows for functional assessment of islets,
preservation during travel time, and recipient preparation in
attaining therapeutic levels of immunosuppression [47, 78–
80]. Immunologic advantages have also been observed [81,
82]. Furthermore, it may allow time for quality control and
for modifications to promote islet survival [47, 80, 83].
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In a study of 104 islet preparations, Kin et al. identified
several factors by univariate analysis contributing to islet loss
during culture, including longer cold ischemia time, two-
layer method preservation, lower islet purity, and higher islet
index. By multivariate analysis, they observed higher islet
index and the use of the two-layer method as factors as well.
Islet yield also significantly decreased after culture for 20
hours [84].

With regards to modifying the culture to increase islet
yield, few potential supplements have emerged. Because of
the relative impurity of cultured islets, the presence of exo-
crine tissue may be problematic in damaging the islet cells.
Thus, Loganathan et al. recently showed improved islet re-
covery while preventing insulin cleavage with the addition
of α1-antitrypsin (A1AT) to culture, hypothesizing that the
added enzyme may protect insulin from cleavage by protease
activity [85]. Toso et al. described increased yield with the
addition of liraglutide, the long-acting human glucagon-like
peptide 1 analogue [86].

The temperature at which islets are cultured has also been
a point of controversy. Most groups have based their culture
at a range of 22–24◦C based on the initial work by Lacy et al.
[87]. Noguchi et al. recently observed improved outcomes of
islet transplantation at 4◦C (<5% loss) than that at both
22◦C (19% loss) and 37◦C (24% loss) [80]. Others have also
observed decreased rates of recovery at 37◦C relative to the
lower temperatures as well [88, 89].

3.4. Assessment. While the quantification of islets remains a
high priority, assessing their functionality prior to transplan-
tation allows for a predictive component to the procedure to
decrease the rate of posttransplant graft failure. The most
widely used method is dithizone staining with manual and
visual counting of islet equivalents under a light microscope,
while viability has been evaluated by assessing mem-
brane integrity with fluorescein diacetate/propidium iodide
(FDA/PI) [90]. These methods currently have disadvantages
which limit their usefulness. Major limitations include the
assessment of three-dimensional islets in two-dimensional
planes, lack of ability to identify irreversibly damaged plasma
membranes that have not yet permeabilized, operator depen-
dency, its inability to distinguish endocrine (islet) from exo-
crine (contaminant) tissue, and lack of correlation with
mitochondrial function assays, nude mouse bioassay, and cli-
nical outcomes [90]. As such, new methods have been and
are currently being developed.

Computer-assisted digital image analysis has been gain-
ing support as a means of providing more accurate, consis-
tent, and reproducible results in quantifying islet cells. This
was recently affirmed by a multicenter study involving all
eight member institutions of the National Institutes of
Health-supported Islet Cell Resources Consortium [91].
Others have validated this finding as well [92].

Measuring oxygen consumption rate (OCR) and OCR/
DNA have gained attention in their ability to predict islet
graft function and diabetes reversal [93–96]. Papas et al.
applied the measurements in a model for predicting trans-
plant outcome in mice and obtained sensitivity and

specificity values of 93% and 94%, respectively. The mea-
surements were also found to be valuable in predicting the
marginal mass required for reversing diabetes [97]. Sweet et
al. have demonstrated that the glucose-stimulated changes in
OCR were predictive of diabetes reversal in mice and that the
changes observed were more due to islet cells than nonislet
cells [94, 95].

With regards to viability, Papas et al. compared the ratio
of ATP to DNA with the ratio of ADP to ATP. They discov-
ered that ATP/DNA as a better measure of viability as ATP
levels fluctuate significantly and reversibly with metabolic
stress [96]. They also cited the substantial disagreement that
exists as to the significance of the ADP/ATP as well as a reason
for its limited use [98–100].

The University of Wisconsin recently presented a mul-
tiparametric objective approach to assess islet quality based
on mitochondrial membrane potential (MMP), in vitro
glucose-stimulated insulin secretion (GSIS), and ATP to ADP
ratio as a marker of reduced oxidative phosphorylation and
achieved an accuracy of more than 86% in predicting in vivo
functional potency [101].

4. Current State and Statistics

Of the 46 islet transplant centers polled in North America by
the Collaborative Islet Transplant Registry (CITR) from 1999
through 2008, 32 centers performed at least one islet allograft
transplant, with 27 of those centers reporting detailed
information to the registry [45]. From that time period,
the CITR report includes 81% of both human islet allograft
recipients and procedures conducted in North America. It
includes 412 recipients of islet transplants receiving 828 in-
fusions from 905 donors. Of the 412 recipients, 347 (84%)
received islet-alone (IA) infusions while 65 recipients (16%)
had received a kidney transplant prior to receiving islet in-
fusions (IAK: Islet After Kidney). Both mean recipient and
donor age was 44 years, with recipients characterized by
a mean duration of diabetes of 28 years. Mean time from
cross-clamp to pancreas recovery was 44 minutes, while cold
ischemic time was 7.3 hours. Only 11–15% of patients re-
mained insulin-independent throughout the first year [45].

Figure 1 illustrates the total number of islet transplant
procedure performed and the number of recipients in the
32 active North American transplant centers [45]. Figures
2 and 3 illustrate possible states after first and last infusion
[45]. In 2008, 66 islet allograft procedures were performed,
with 32 patients receiving their first allograft. Both are an
increase from 2007, in which 42 procedures were performed
with 20 patients receiving their first allograft. However, these
are still only approximately half the number of procedures
performed and patients receiving a first allograft compared
to 2005 [45, 102].

By the end of the first year following islet infusion, 65%
of IA patients were reinfused. 8–12% of IA recipients retain
detectable C-peptide while being insulin dependent. Without
reinfusion as a factor, insulin independence in IA recipients
declines to 27% at year 3. Furthermore, from the last infu-
sion, the rate of loss of islet function steadily increases from
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Figure 1: Total number of islet transplant recipients and total in-
fusions in North America, 1999–2008, based on the CITR 2009 An-
nual Report [45].
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Figure 2: Possible states after first infusion.

12% at month 6 to 42% at year 4. The proportion of patients
retaining graft function with exogenous insulin over the
three-year period remains in the range of 19–31%. Similar
to IA recipients, postfirst infusion rates for IAK remain near
20%. Postlast infusion rates remain consistently below those
of IA recipients through the four-year period as well. These
trends of increasing graft loss and decreasing insulin inde-
pendence over time following infusion prevail regardless of
the total number of infusions given, although these rates
differ somewhat [45].

If the number of infusions is taken into consideration, a
second- or third-repeat infusion has a more significant role
in increasing the proportion of insulin-independent recipi-
ents from the beginning of infusion to the 500-day period
after infusion. Thus, the greater number of infusions a
patient receives, the quicker the recipient will attain insulin
independence. Thereafter, the percentage of insulin-indep-
endent patients declines at a similar rate until the 900 day
mark to the 1100-day mark (3-year mark) regardless of

Infusion 1 Infusion 2 Last

Insulin
independent

Insulin
dependent

Primary non-
function

Islet failure
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independent

Figure 3: Possible states after last infusion.

the number of infusions. Of the patients who attain insulin
independence, 70% maintain this status after one year, and
45% maintain it at three years. Furthermore, graft function
continues to decrease over time as well, with 35% of all
recipients losing graft function at the three-year period after
their last infusion [45].

At this point, it may be logical to compare the results
of islet cell transplantation that of pancreas transplantation.
However, a true comparison with regards to graft function at
this time cannot be performed due to the far superior results
of pancreas transplantation. Following pancreas transplan-
tation, 1-year posttransplant graft survival remains ∼78–
85% and at 3 years, 60–80%. Patient survival in pancreas
transplantation at 1 year exceeds 95% for all three categories:
Simultaneous Pancreas Kidney (SPK), Pancreas After Kidney
(PAK), and Pancreas Transplant Alone (PTA) [103–105]. 3-
year survival rates exceed 90%. Speight et al. did perform a
review of twelve studies which compared patient-reported
outcomes (PRO) of Pancreas After Kidney (PAK), Pancreas
Transplant Alone (PTA), IAK, and IA transplantations, and
found benefits with regards to fear of hypoglycemia, diabet-
es-specific quality of life, and general health status. On the
other hand, shortcomings were observed with short-term
pain, immunosuppressant side effects, and depressed mood
associated with loss of graft function. Thus, as they con-
cluded, much has yet to be learned in terms of patient-based
quality-of-life outcomes in comparing the different types of
pancreas transplantation with islet cell transplantation [106].

Optimistically; however, while there is no standard
tool to effectively monitor islet cell rejection, Toso et al.
monitored the immune reactivity against islet cell grafts in
mice using enzyme-linked immunosorbent spot (ELISPOT)
assay to identify the ex vivo release of γIFN from splenocytes
stimulated by islet donor extracts. They were able to demon-
strate transiently increased levels of immune reactivity, as
indicated by reactivity of splenocytes against islet proteins,
in allogeneic models, and were able to achieve a sensitivity of
70% and specificity of 94% [107]. In the future, such data,
combined with the gradual improvement in islet efficacy,
may prove to influence and help guide the patient’s decision
as to the appropriate treatment thereafter.

5. Benefits

Islet cell transplantation has been endorsed as having a
largely beneficial impact by several groups with regards
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to achieving stronger metabolic control over brittle dia-
betes and reducing the tremendous physiologic impact of
T1DM. Although improvements in the counterregulation
and symptom-recognition mechanisms with respect to
glucagon and epinephrine may be observed, values continue
to be considerably below normal [108–110]. However, this
drawback may be mitigated as growth hormone levels are
restored and normalized [107]. Furthermore, autonomic and
neuroglucopenic hypoglycemia warning symptoms return
even in individuals with longstanding diabetes [111]. Long-
term benefits of islet graft function include near-normal
HgbA1c levels and reasonable glucose control with occasional
insulin independence [112]. According to CITR, the percent-
age of IA recipients with normal HbA1c levels increased from
2% preinfusion to 51–60% at year one after last infusion [45].
In a study of seven IAK transplant recipients, a near two-
point reduction in HgbA1c was observed with 30% achiev-
ing 1 year insulin independence and 86% with one year
graft function. No severe hypoglycemic events were reported
[113]. In their study, Warnock et al. enrolled 10 patients
with diabetes-induced renal dysfunction in a best medical
therapy program and then crossed them over to islet
transplantation. All patients showed improved metabolic
control reducing HbA1c from a mean of 6.9% after best care
to 6.2% 6 months after islet transplantation [114]. Poggioli
et al. observed significant nutritional and dietary changes
in 30 of 52 islet transplant recipients, including substantial
reductions in body weight, body mass index, waist circum-
ference, and fat weight [115]. Considerable progression of
diabetic retinopathy is also much more likely in patients
with intensive insulin therapy as opposed to islet transplant
recipients, in whom it was shown to stabilize [116, 117].

Cardiovascular function improved as well in patients
with end-stage renal disease (ESRD) receiving both kidney
and islet transplants relative to patients receiving kidney only,
with improvements in atherothrombotic profile and endo-
thelial morphology [118]. The same IAK group also had
improvements in ejection fraction and peak end-diastolic
volume (EDV) and stabilization in time to peak filling rate.
These indices were diminished in the kidney-only group
[119]. Furthermore, renal graft survival and function were
also improved when combined with islet cell transplantation
[120]. Poor long-term outcomes of polyneuropathy were
also prevented in patients undergoing the IAK procedure, as
evident with a reduction in advanced glycation end products
(AGEs) and expression of their specific receptors (RAGE)
[121]. Lee et al. have also shown that patients may stabilize or
even demonstrate improvement of their diabetic neuropathy
[117].

6. Risks

In the short term, the risk associated with islet transplanta-
tion is pointedly less, in comparison with whole-organ pan
creatic transplantation. However, similar to pancreas trans-
plantation, longer-term complications are likely associated
with the chronic necessity for immunosuppression and are
highlighted by the well-known calcineurin inhibitor-induced

nephrotoxicity, which becomes more important due to the
potential preexistence of diabetic nephropathy [122–125].

The Edmonton Group, in a review of 34 patients under-
going 68 procedures, recorded potentially serious complica-
tions in only 6 of 68 procedures [126]. Complications in-
cluded two patients with portal venous thrombosis and four
patients with clinically significant intra-abdominal hemor-
rhage [126]. Bleeding was also observed in 18 of 132 percu-
taneous transhepatic islet transplants in 67 patients by Vil-
liger et al. from 1999 to 2005. However, they did conclude
that the complication is avoidable if the intraparenchymal
liver tract is sealed effectively [127]. Maleux et al. reported on
15 patients who underwent 31 procedures. Only three pat-
ients presented with complaints of transient abdominal pain,
which furthered the notion that percutaneous transhepatic
injection of islet cell grafts is a safe and reproducible pro-
cedure [128]. From 1992 through 2003 at the University
of Geneva Hospital in Switzerland, 62 percutaneous tran-
shepatic injections were performed. Nine complications
(14.5%) were observed, of which two were portal vein thro-
mbosis and seven were intra-abdominal hemorrhage [129].
In their study of seven IAK recipients, Cure et al. reported
two procedure-related pleural effusions and one episode of
cholecystitis, all of which resolved [113].

As mentioned above, sensitization is another potential
threat following a failed islet transplant. This was illustrated
by the Edmonton Group in which 16% of the recipients
became sensitized after transplantation, with de novo anti-
bodies seen in 36% of sensitized and 33% of nonsensitized
recipients [130]. In their international trial, they reported
procedural-related complications including acute intraperi-
toneal bleeding in 7 of 77 (9%) with four requiring blood
transfusions and the other requiring laparotomy. No cases of
portal vein thrombosis were reported. Two of the 36 patients
had partial portal branch vein occlusions, but they were succ-
essfully treated with anticoagulation [44].

7. Ongoing Debate and Limitations

Central to the debate has been whether insulin independence
should be the main objective in islet cell transplantation
or whether it should simply be to achieve acute and long-
term metabolic control and to improve the quality of life
of individuals with brittle diabetes [131]. At the present
time, support lends itself to the latter. Once again, the inter-
national trial of the Edmonton protocol concluded that,
even with normal endocrine reserves rarely being achieved,
insulin independence is gradually diminished over time.
Considerable metabolic control, however, is achieved with
protection from hypoglycemia and improved HgbA1c levels,
thus, favoring the procedure for highly selected patients after
exhausting all other therapeutic options [44]. Recently, the
GRAGIL group released similar results favoring the use of
islet transplantation as a therapeutic means to achieve stron-
ger metabolic control with respect to restoring beta-cell fun-
ction rather than measuring success by the achievement of
insulin independence [132].

One observed limitation of islet cell transplantation is
the great variation in achieving insulin independence from
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center to center worldwide, which is primarily attributed to
a lack of experience [43]. Another study by the GRAGIL
Consortium proposed a solution to bypass this problem
by being the first to employ the Edmonton protocol in a
multicenter setting [133]. They have demonstrated further
feasibility of the multicenter approach by illustrating the
absence of ill effects with regards to shipment of islet cells,
discussed below [134].

To combat the limitations associated with islet cell
transplantation, it may be best to steer the therapy towards
those patients with the most potential for graft survival and
who may benefit the most: high-risk patients with recurrent
episodes of hypoglycemia [135]. Two of the most important
and recurrently identified aspects regulating islet survival
have been auto- and alloimmunity and the maintenance of
a sufficient islet cell mass. At the Leiden University, it was
shown that the presence and amount of autoimmunity to
one or two antigens determine the survival of islet grafts and,
as such, imply a role in patient selection in the future to
maximize graft efficacy and adjust graft size as needed [136].
Ironically, it has recently been shown that the immunosup-
pression regimen implemented by the Edmonton protocol
may exacerbate this autoimmunity. Monti et al. recently
reported that the protocol may actually be causative in the
long-term failure of islet cell transplantation. Employing
the protocol often results in lymphopenia that is associated
with elevated serum levels of the homeostatic cytokines IL-
7 and IL-15, which expands the autoreactive CD8+ T-cell
population [137].

7.1. Problems with Immunosuppression. As has been docu-
mented, many of the immunosuppressants required in islet
transplantation have also been shown to adversely affect the
transplanted islets. One such familiar consequence of the
use of corticosteroids is hyperglycemia as a result of insulin
resistance occurring from the reduction of insulin-mediated
glucose uptake and utilization [138]. Both Sirolimus and
Tacrolimus inhibit beta-cell regeneration and prevent the
normalization of glucose homeostasis in treating diabetic
mice as well [139]. Tacrolimus has also been observed to
decrease insulin gene transcription, the stability of insulin
mRNA, in vitro insulin synthesis and mitochondrial density,
and in vivo insulin secretion, while Sirolimus decreases in
vitro insulin synthesis and secretion, ductal cell regeneration,
and angiogenesis [140–149]. Additionally, mycophenolate
mofetil is a potent inhibitor of ductal neogenesis and has
been shown to impair glucose-stimulated insulin secretion
[150, 151]. However, Johnson et al. have shown that, to some
extent, these negative effects may be counteracted with the
glucagon-like peptide-1 exenatide. The use of exenatide has
shown positive effects on the islet cell graft in stimulating
insulin secretion and improving graft function, thus, aiding
in glycemic control [151–157].

While a variety of groups have been able to achieve
insulin independence with single donor islet transplanta-
tions, the protocol for this achievement still varies from
group to group [158]. The University of Minnesota achieved
insulin independence in all the eight of its patients with each
patient receiving only one islet graft. Their protocol consisted

of daclizumab, etanercept, and thymoglobulin for induction,
with mycophenolate mofetil, Sirolimus, and either no or low-
dose Tacrolimus. Five of eight patients maintained insulin
independence beyond one year, and, in the three patients
who experienced graft failure, it was preceded by subther-
apeutic Sirolimus exposure without measurable Tacrolimus
trough levels [78]. Improved longer-term outcomes have
been achieved at the University of Minnesota as well. Six
patients underwent one or two islet graft infusions with a
protocol of thymoglobulin for induction along with etaner-
cept, cyclosporine, and everolimus for maintenance for the
first year following transplantation. Thereafter, mycopheno-
late mofetil or mycophenolic acid substituted for everolimus.
Five patients were insulin independent at one year, while four
remained so at 3.4 +/− 0.4 years after transplant [159].

At the Emory University, they compared the Edmonton
protocol, highlighted earlier, with a protocol consisting of
daclizumab induction, a 6-month course of Tacrolimus, and
maintenance with efalizumab and mycophenolate mofetil.
While two patients achieved insulin independence in the
Edmonton protocol, all four paitnets with the novel protocol
did so [160]. In another study, Matsumoto et al. compared
two common immunosuppression protocols on six patients:
in the first, three patients were placed on dacli-zumab
for induction, with Sirolimus and Tacrolimus for mainte-
nance along with etanercept as an anti-inflammatory agent;
while in the other, three patients were not only placed
on thymoglobulin for induction and tacrolimus and myco-
phenolate mofetil for maintenance along with anakinra
(anti-IL-β) and etanercept but also provided islet cells with
iodixanol purification. While all patients became insulin in-
dependent, the former protocol required two infusions to do
so [161].

At the University of California, San Francisco, a group of
ten patients with T1DM underwent islet transplantation and
was treated with a protocol of thymoglobulin induction and
maintenance with Sirolimus or mycophenolate and either
belatacept (BELA) or efalizumab (EFA). While EFA is no
longer available for clinical use, all five patients who received
BELA achieved insulin independence after a single islet graft,
with only one requiring insulin use 305 days following trans-
plantation [162].

With increasing knowledge of the negative effects of cer-
tain immunosuppressants on β-cell function, it is hopeful
that novel protocols will continue to develop, and ones that
have achieved success in smaller populations will be implem-
ented on a larger scale so that standardized protocols may
be established. Thus, one may be optimistic that improved
protocols may lead to stronger results in the near future.

7.2. Inflammation, the Immune Response, and Oxidative
Stress. Perhaps the major barrier in islet transplantation is
the inevitable decline of islet graft function over the short
and the long terms. Shortly after intraportal transplantation,
more than 60% of islet cells undergo apoptosis during the
revascularization period [163–165]. During the engraftment
process, which may last up to two weeks, oxygen is received
primarily through passive diffusion, thus, creating an envi-
ronment of oxidative stress [166, 167]. This hypoxic state is
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an important contributor to islet dysfunction with resultant
apoptosis and necrosis [168, 169]. One of many facets of
this hypoxic injury is the role that inducible nitric oxide
synthase (iNOS)-nitric oxide (NO) has in signaling apoptosis
[170, 171]. Another is the hypoxia-induced activation of
AMP-activated protein kinase in cytokine-induced apoptosis
[172–174]. Subsequently, increased metabolic demand is
required of the remaining islets, which may lead to metabolic
exhaustion and dysfunction [175].

Defenses, consisting of the innate and adaptive immune
responses, also contribute to the substantial islet cell loss
[176]. The innate immune system creates an environment
ill suited for the survival of the sensitive islet cells. Con-
versely, the adaptive immune response is better controlled
with current immunosuppressive protocols [176, 177]. Not
surprisingly, cytokines and low-grade systemic inflammation
promote islet cell dysfunction and death as well [178–181].
One such cytokine is Tumor Necrosis Factor (TNF)α and
its known toxicity to islet cells [180, 181]. Thus, as noted
above, the implementation of etanercept has been more
widely implemented in recent studies at multiple institutions
with promising results [78, 159, 161]. It is hopeful that
these results will be observed once again in the multicenter
Phase 3 trial implementing the Clinical Islet Transplantation
Protocol 07 currently being conducted by the Clinical Islet
Transplantation Consortium [182]. The inflammatory en-
vironment in which islets are placed continue to form a cen-
tral barrier to successful graft survival, and targeting it at
different levels may achieve more successful results [177].

A number of studies have shown that an avenue of im-
proving islet viability may lie with the role that Toll-like
receptor (TLR) activation has in mediating early islet graft
failure. As part of innate immunity, it activates pathways
such as NFkB, and, if it is inhibited or even partially
suppressed, it may aid in the grafting process [183–185].
Goldberg et al. have shown that carbon monoxide exposure
to isolated donor islets may in fact provide some protection
by blocking the TLR upregulation that occurs during the
isolation procedure [186]. Following activation of the tran-
scription factor NFkB pathway, there is upregulation of genes
mediating inflammation and apoptosis, thus, supporting its
role as one of the mechanisms of islet loss as well as its
blockade as a potential therapy [187–192]. An additional
potential target may lie with the high-mobility group box
1 (HMGB1) due to its role in mediating early graft loss by
stimulating hepatic mononuclear cells, upregulating CD40
expression, and enhancing IL-12 production by dendritic
cells [184, 193].

An alternative avenue of immunologic research lies
within the role of chemokines, notably monocyte chemoat-
tractant protein-1 (MCP-1)/CCL2, constitutively expressed
in islet cells and their role in monocyte recruitment, insulitis,
islet engraftment, and graft destruction [194–198]. Ogliari et
al. have shown that higher donor levels of MCP-1/CCL2, as
seen with brain death, lead to decreased graft survival in SPK
recipients, likely further contributing to the posttransplant
inflammatory state [199]. Similarly, Saito et al. observed
a high expression of both tissue factor and MCP-1/CCL2
expression in isolated islets resulting from brain death and

ischemic stress in the rodent model, thus, emphasizing a role
for pancreatic management from brain-dead donors [200].
Melzi et al. have suggested that strategies to decrease recipient
MCP-1/CCL2 may be more fruitful [201]. Lee et al. indicated
beneficial results in the mouse model when blocking MCP-
1/CCL2 binding to its receptor, CCR2 [202]. Interestingly,
two key mediators in the chemokine’s release are NFkB and
Angiotensin II, which is actively generated in the pancreas,
through their increased expression of MCP-1/CCL2 mRNA
and protein [203, 204].

Correspondingly, a few adjunctive therapies have shown
potential in improving islet survival. A role may exist
for adenosine A(2A) agonists as they improve glucose-
stimulated insulin secretion and inhibit inflammatory islet
damage in the peritransplant period [205, 206]. Intensive
insulin and heparin administration have also shown benefit
in the peritransplant period [207]. Heparin’s beneficial
effects likely stem from its favorable impact against the
instant blood-mediated inflammatory reaction (IMBIR) [83,
207].

While research continues to illustrate the barriers that
exist in the peritransplant period, several potential thera-
peutic targets have been characterized, with a few therapies
showing benefit. Work still remains in this phase and will
only continue to shed light on the tremendous immunolog-
ical underworks that characterize this crucial time frame of
islet stress.

7.3. Optimal Location. A critical facet of islet cell transplan-
tation remains the optimal site of implantation. As noted
above, Kemp et al. were the first to demonstrate success
with intrahepatic transplantation and thus has remained as a
favored site for some time [22]. Glucagon unresponsiveness
to hypoglycemia remains a consideration, as noted earlier,
which is in contrast to that seen in whole-organ pancreatic
transplantation. This is thought to be due to the increased
intrahepatic glucose flux masking systemic hypoglycemia
[208–213]. Liver ischemia and procedure-related complica-
tions, such as hemorrhage and thrombosis, are also concerns
[214–217].

Accordingly, several locations have been considered as
possibilities for the future, including vascular (celiac artery,
spleen, lung), organ (renal subcapsule, pancreas, intramus-
cular, omental pouch, intraperitoneal, subcutaneous), and
immunoprivileged (intracisterna magna, testis, and thymus)
sites [217]. Recently, Kim et al. compared the kidney, liver,
muscle, and omentum as islet transplant sites, evaluating
each based on operative feasibility, implantation efficiency
assessed as marginal mass required and mean time to achieve
normoglycemia, and glycemic control in the mouse model
[218]. They observed that the omentum may be an optimum
site in terms of implantation and efficiency, albeit with dis-
advantages. Namely, it does not allow repeat transplantation,
and it is not possible in patients with a past laparotomy.
On the other hand, muscle offers ease of operative feasibility
but less vascularity. While the liver resulted in much greater
mortality and delayed graft function, it afforded greater
marginal mass. Interestingly, the kidney produced excellent
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results in feasibility, efficiency, and glycemic control, but, as
noted, differences exist with respect to the human kidney, as
the subcapsule allows for less elasticity and affords limited
space [218, 219]. Recently, the femur bone marrow cavity
has also been introduced as a potential site of transplantation
of a bioartificial pancreas (BAP), as reported by Yang et
al. The BAP was composed of mouse insulinoma cells
encapsulated in agarose gel further enclosed in a calcium
phosphate chamber [220]. The group also evaluated the
possibility of applying the BAP to intramuscular space in
a comparison with the intramedullary cavity but reported
increased effectiveness with the latter [221].

Further research has recently been performed with
regards to an intramuscular transplant site. Directly compar-
ing the intraportal site to muscle (biceps femoris) in rats,
Lund et al. observed twice the necessary IEQ to achieve
normoglycemia in muscle [222]. Others have shown some
feasibility of intramuscular implantation as well, observing
much better oxygenation when compared to the renal
subcapsular site in rats but naturally less oxygenation than
that in native pancreatic islets of nontransplanted controls
[223]. Of note, Christoffersson et al. showed the importance
of neutrophils in restoring intraislet perfusion following
transplantation at an intramuscular site [224, 225].

Performed in a variety of ways, several reports have been
published with regards to increasing the vascularization of
islet cells transplanted intramuscularly or subcutaneously.
As will be discussed later, Witkowski et al. achieved excel-
lent results when pretreating intramuscular sites with a
biocompatible angiogenic scaffold before transplantation
[226]. Salvay et al. created microporous polymer scaffolds
produced from copolymers of lactide and glycolide, which
were then adsorbed with collagen IV, fibronectin, laminin-
332, or serum proteins before being seeded with 125 mouse
islets. The scaffolds were then implanted onto the epididymal
fat pad in mice. The scaffold with collagen IV maximally
enhanced graft function promoting graft efficacy [227].

A number of studies have shown the potential clinical
impact adjunctive treatment with VEGF has on increasing
islet graft efficacy and viability [228–232]. Stiegler et al. used
a combination of foam dressing, vacuum-assisted wound
closure, and hyperbaric oxygenation (HBO) in rats, with
results indicating increased vessel ingrowth and vascular
endothelial growth factor (VEGF) levels dependent on
duration of HBO treatment. Perfusion was significantly
improved in the experimental group with only a small
amount of apoptosis following transplantation [233]. Sim-
ilarly, islet cells transplanted subcutaneously with adipose
tissue-derived stromal cells (ADSCs), and minced adipose
tissue showed increased vascularization and higher capillary
density than mice implanted with either ADSCs or minced
adipose tissue alone [234]. Ohmura et al. indicated that
ADSCs promote survival and insulin function of the graft
and reduced the islet mass required for reversal of diabetes
[235]. Ito et al. demonstrated improved islet graft function
and promotion of graft revascularization when islet cells
were cotransplanted with bone marrow-derived mesenchy-
mal stem cells in rats [236]. Duprez et al. were able to create
composite cells of mesenchymal stem cells and islet cells, and

they showed beneficial results with regards to minimizing the
immune reaction with blood and suppressing lymphocyte
proliferation [237]. Other groups have observed similar
immunosuppressive results and improvements in vascular-
ization with mesenchymal stem cells as well [238, 239].

In another novel study, Shimoda et al. used an ultra-
sound-mediated gene-transfer method named ultrasound-
targeted microbubble destruction (UTMD) to deliver non-
viral plasmid vectors encoding VEGF into the host liver of
mice. They observed that the VEGF gene promoted islet
revascularization following transplantation and improved
rates of achieving normoglycemia [240]. Similarly, Kherad-
mand et al. created an innovative approach to transplant
islets through a combination of mechanisms. They created an
extrahepatic site by transplanting islet-loaded microporous
poly(lactide-co-glycolide) (PLG) scaffolds into the epididy-
mal fat pad in mice. Ethylcarbodiimide- (ECDI-) treated
splenocytes were infused as a tolerance induction stra-
tegy. Altogether, they experienced excellent results superior
to intraportal transplanted islets [241]. Vaithilingam et al.
observed increased levels of hypoxia-inducible factor-1α
(HIF-1α) and VEGF expression when transplanting encap-
sulated human islets pretreated with desferrioxamine (DFO)
into the peritoneal cavity of mice [242]. Others have noted
the use of DFO to stimulate VEGF expression and islet vascu-
larization as well [243–245].

While the intrahepatic site is the classic location for islet
transplantation, it is likely that other sites will take over this
role. A number of novel approaches have been discussed,
and, considering the improvements observed with inducing
vascularization, an intramuscular location may prevail as the
leading candidate to replace the liver.

7.4. Shortage of Supply. Another major hindrance to human
islet cell research and transplantation remains the shortage
of pancreata. Potential solutions to increase resources lie in
stem cells and xenotransplantation, both of which are being
extensively researched, and in international islet shipping.
At this point, we will focus on recent studies involving the
shipment of islet cells. Vaithilingam et al. recently demon-
strated success of shipping encapsulated islets from Chicago,
Ill, to Sydney, Australia, achieving a recovery rate of 88%.
Islets were encapsulated with a barium alginate microcapsule
and were isolated for a median total of 11 days before
being transplanted in mice [246]. Similarly, Qi et al. showed
success with long-distance shipping of encapsulated alginate
calcium/barium microbeads, maintaining in vitro and in
vivo islet function [247]. Other groups have established the
improved survival and functionality of alginate-encapsulated
islets as well [248–250]. Ikemoto et al. have also had some
success, shipping islets from Dallas, Tex, to Fukuoka, Japan.
Islets were packed in either gas-permeable bags or non-
gas-permeable bags. Recovery rate was higher in the gas-
permeable group than the nongas-permeable group: 56.4 ±
10.1% versus 20.5 ± 20.6%, P < 0.01. Purity also decreased
to a greater extent in the nongas-permeable group [251].
Ichii et al. have endorsed the use of gas-permeable bags
as well and have promoted shipments following cultured
islets as opposed to that immediately after isolation [252].
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Because of the changes in pressure and temperature islets
must endure during shipment, Rozak et al. have suggested
the use of containers equipped with commercially available
TCP Phase 22 phase change material (TCP) and custom-
designed pressure regulated gyroscopic shipping containers
(PRGSC), which illustrated excellent environmental control
by limiting temperature and pressure changes [253].

8. Further Research

Optimistic findings with regards to genetic manipulation
have been observed, with caspase inhibition showing pro-
mise. Islet cells transduced with an X-linked inhibitor of
the apoptosis protein (XIAP) expressing recombinant ade-
novirus were resistant to apoptosis. By inhibiting caspases 3,
7, and 9, this reduced the required transplanted islet cell mass
[254–256]. However, a drawback remains the required use of
adenoviral gene therapy.

Expanding on caspase inhibition, Emamaullee et al.
employed a short course of the caspase inhibitor zVAD-FMK
and demonstrated efficacy in enhancing marginal mass post-
transplant grafting. Consequently, this illustrated the extent
of damage caused to the islet implants by ischemia. zVAD-
FMK selectively inhibits caspases 1–10 and 12. With renal
subcapsular islet infusion, 90% of zVAD-FMK-treated mice
became euglycemic with 250 islets versus 27% of the control
animals. With portal infusion, 75% of zVAD-FMK-treated
animals established euglycemia with only 500 islets, and all of
the controls remained severely diabetic. No systemic toxicity
was demonstrated [257].

In another study, Emamaullee et al. utilized another
caspase inhibitor, EP1013 (zVD-FMK), which selectively in-
hibits caspases 1, 3, 6, 7, 8, and 9, as opposed to the less
specific zVAD-FMK. No discernable difference was observed
between the two caspase inhibitors with islets injected in the
subcapsular space, but there was a significant difference ob-
served with islets transplanted intraportally. Nearly 100% of
the EP1013-treated animals achieved euglycemia with 500
islets, while only 62.5% of zVAD-treated animals, and 0% of
the controls established euglycemia. Once again, no systemic
toxicity was observed [258].

More recently, the group conducted another study to
observe the combined effects of EP1013 with CTLA4-Ig, a
costimulatory blocking agent shown to be an effective im-
munomodulatory agent [259]. Fully major histocompatibili-
ty complex (MHC) mismatched mice underwent islet allo-
transplantation. 40% of mice which were administered
CTLA4-Ig alone resulted in prolonged islet survival of greater
than 180 days, whereas 91% of mice administered both
EP1013 and CTLA4-Ig showed prolonged survival. Treat-
ment with EP1013 alone did not result in prolongation of
allograft survival. Furthermore, in the study, they showed
that the complimentary effects of both drugs reduced the
frequency of intragraft CD4+ and CD8+ T cells both at short
and long terms, and reduced the functional alloreactive T cell
response along with B-cell allosensitization [260]. Thus,
there is reason for optimism that this type of therapy could
dramatically reduce the number of islets required to induce

insulin independence, reduce early immune stimulation
from dying islets, and improve current immunosuppressive
regiments to decrease or rid of the need for nephrotoxic
agents.

At the University of Pittsburgh, growth factors, such as
hepatocyte growth factor (HGF), and signaling molecules,
such as protein kinase B (PKB)/Akt, have also shown promise
[261]. Furthermore, combination gene therapy may have a
role in posttransplant therapy, as shown by the co-expression
of VEGF and interleukin-1 receptor antagonist and its res-
ultant success in islet survival [262].

9. Imaging

Central to monitoring the progression of islet cells following
transplantation is the role noninvasive imaging will have in
the future, and, to this end, magnetic resonance imaging
(MRI) is one of the major imaging modalities which may
prove valuable. In 2004, Jirák et al. was the first to report
a technique for in vitro labeling of isolated pancreatic
islets with the MR-contrast agent Ferucarbotran, composed
of crystalline iron nanoparticles with superparamagnetic
properties coated by carboxydextran, allowing for increased
hydrophilicity and increased uptake by cells [263, 264]. Fer-
ucarbotran is uptaken by islet cells by means of endocytosis
without subsequent deleterious effects on function [265–
267]. The feasibility and safety of this model, specifically iron
labeling, to humans was then demonstrated by Toso et al. in
four patients receiving a total of nine islet transplants [267].
Its safety was further noted by Kim et al. who observed no
deleterious effects on either islet function or gene expression
[268].

The first clinical human trial implementing this imaging
modality was performed recently by Saudek et al. in eight
patients with T1DM [269]. No side effects related to the
modality were observed. With regards to efficacy in observ-
ing pancreatic mass on MRI, they noted that the labeling
period was less effective if islets were incubated with Feru-
carbotran for less than 16 hours. Decrease in visualization
occurred one week following transplantation, thus, correlat-
ing with the oft observed early destruction of islets. This also
corresponds with a previous study in rats [270]. Thereafter,
visualization remained stable for up to 24 weeks. As they
concluded, while the modality allows for precise localization
and quantification, an exact correlation between total num-
ber of transplanted islets and hypointense spots (as observed
on MR) should not be expected due to a number of suspected
factors including islet cell destruction, islets seeding together,
lack of detection in counting, and random decreased contrast
uptake.

While these studies are in their early phases for clin-
ical application, they represent important steps towards
enhancing the monitoring of islet cell transplantation [269].
Recently, ferumoxide has also been introduced as a labeling
agent. Though it exhibits a similar safety profile to Ferucar-
botran, it exhibited inferior iron uptake by islet cells and
increased hepatic clearance, thus, affording less background
[271–274]. In a distinctive use of the MRI, manganese-
enhanced MRI has also been used to successfully quantify
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β-cell mass in both static and dynamic conditions without
manganese-associated toxicity, otherwise characterized by
changes in insulin production. While still in its research
phase of implementation, this may yet serve as another
potential avenue for further research of islet graft monitoring
[275].

In addition to MRI, bioluminescent imaging has also
been a source of optimism for its potential use in posttrans-
plant islet monitoring [276–281]. First performed by Lu et
al., the group transduced isolated human and rodent islets
with recombinant adenovirus or lentivirus vectors expressing
a firefly luciferase gene under the control of the nonspecific
cytomegalovirus promoter. The promoter is not subject to
regulation by blood glucose levels so as to accurately reflect
the remaining islet graft mass [276]. Luciferase, when it
reacts with its substrate, D-luciferin produces a photon emis-
sion that may be detected by a cooled charge-coupled device
(CCD) camera. Following implantation, they discovered that
the CCD signal was proportional to the implanted islet graft
mass and that the lentivirus-engineered islets could be repet-
itively imaged long term after transplantation [276]. In a
follow-up study, Chen et al. implemented the bioluminescent
imaging model to determine how a change in functional
islet mass correlated with metabolic abnormalities during the
course of posttransplant rejection. They found that imaging
modality was very sensitive, with bioluminescent signals
observed from as few as 10 islets implanted in a variety of
locations. Intensity stabilization occurred within two weeks
and remained so for as long as 18 months after transplant
[277]. Virostko et al. and Grossman et al. also implemented
the bioluminescence model with transgenic mice expressing
luciferase and obtained similar results, noting that small
changes in recovery of bioluminescence correlated with
major changes in blood glucose control [279–281].

As mentioned earlier, in another novel technique,
Witkowski et al. examined an intramuscular transplantation
site and followed graft progression using positron emis-
sion tomography (PET) imaging with [11C] dihydrotetra-
benazine. The site was pretreated with a biocompatible angi-
ogenic scaffold, which was found to significantly improve
engraftment versus control models. PET imaging visualized
and quantified the islet mass and also correlated with the
maintenance of normoglycemia by the islet graft [226].

In conclusion, imaging of islet cell mass has made
significant strides in the past few years as novel areas of
research develop all while new ones continue to spring
up. And while such research gives enthusiasm for the
potential to improve the evasive in vivo monitoring of islet
survival and functionality, there is still some work required
to establish a more reproducible and readily universally
applicable modality to have a clinical impact.

10. Autotransplantation for
Chronic Pancreatitis

The concept of islet autotransplantation following pancreatic
resection as a surgical treatment option in patients with
chronic pancreatitis first developed at the University of

Minnesota (UMN) in the 1970s, when Najarian et al.
indicated therapeutic value in its role to relieve the pain in
this patient population [17, 282, 283]. However, the side
effect of diabetes must be taken into consideration when
considering it as an alternative [17]. This has an important
role in considering when to revert to surgery for treatment,
as delaying in patients with chronic pancreatitis may lead to
progressive damage of the pancreas and a subsequent decline
in islet yield [284, 285].

In a recent retrospective study, it was found that up to
80% of patients had reduced or eliminated the need for
narcotics [213]. Pain relief is obtained in most patients,
and health-related quality of life is significantly improved
[286–291]. A UMN analysis showed that nearly 95% of
adult patients had less pain following surgery [292]. Insulin
independence is preserved long term in about one-third
of patients, with another third having sufficient beta-cell
function so that the resulting diabetes is mild and easily
controlled [287]. While there is a decline in graft function
over time, long-term insulin secretion remains evident and
may protect against long-term diabetic complications [293].

In a case study by Illouz et al., a patient suffering from
chronic pancreatitis for more than two years and abnormal
glucose tolerance test underwent pancreatectomy and islet
autotransplantation and remains insulin independent 5
years after transplantation with less than 1,000 IEQ/kg body
weight [294]. Interestingly, the same group has shown that
no significant correlation exists between the number of
islets transplanted and insulin independence. However, this
may be as a result of differences in the etiology of chronic
pancreatitis, such as secondary to chronic alcoholism [295].
This was in contrast to the University of Minnesota series
[296]. Altogether, it is clear that islet graft function and
efficacy following autotransplantation are greater, even with
the presence of a lower β-cell mass [296, 297].

This same procedure has also been shown to have success
in the pediatric population [298–300]. At the University
of Minnesota, in 18 patients surveyed under the age of
18 suffering from chronic pancreatitis who underwent
pancreatectomy and islet autotransplantation, only 7 were
on narcotics, and 10 were insulin independent at 1 year.
They concluded that the severity of diabetes may be reduced
in three-fourths of patients, with higher graft efficacy in
younger patients [298]. They also have identified that in the
pediatric population, as in adults, performing the procedure
early in the disease course is best to preserve islet cell mass
and that preoperative measurement of fasting plasma glucose
is useful for predicting islet yield [301, 302]. Furthermore,
any surgical procedures prior to pancreatic resection should
be avoided [299, 302].

11. Conclusion

Islet cell transplantation for the treatment of diabetes
mellitus has made remarkable strides in its evolution
towards truly becoming an alternative treatment to intensive
medical therapy and pancreas transplantation. However,
as highlighted in this paper, while barriers are identified
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and advancements are made, progress remains until it may
be considered a more efficacious and viable alternative to
those already established. Having identified several areas
that serve against islet survival in the peritransplant period,
there is reason to remain optimistic that new therapies
and protocols will be implemented and, thus, aid towards
the gradual improvement of islet graft efficacy over the
short and long course. In the end, we can hope that islet
cell transplantation will serve to prevent the debilitating
complications of diabetes mellitus and lead our patients to
healthier lives.
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Replacement of insulin production by pancreatic islet transplantation has great potential as a therapy for type 1 diabetes mellitus.
At present, the lack of an effective approach to islet grafts assessment limits the success of this treatment. The development of
molecular imaging techniques has the potential to fulfill the goal of real-time noninvasive monitoring of the functional status and
viability of the islet grafts. We review the application of a variety of imaging modalities for detecting endogenous and transplanted
beta-cell mass. The review also explores the various molecular imaging strategies for assessing islet delivery, the metabolic effects
on the islet grafts as well as detection of immunorejection. Here, we highlight the use of combined imaging and therapeutic
interventions in islet transplantation and the in vivo monitoring of stem cells differentiation into insulin-producing cells.

1. Introduction

Type 1 diabetes mellitus (T1DM) is characterized by an ab-
solute deficiency of insulin secretion with hyperglycemia as
a consequence. T1DM is one of the most common diseases
of childhood. 13,000 new cases are diagnosed each year in
North America [1]. The first major breakthrough in the
treatment of T1DM was the isolation of insulin and use of
its synthetic forms. Although insulin has changed the clinical
course of TIDM from an acutely fatal disease to a chronic
one with severe long-term complications, it does not cure
diabetes [2]. In 1966, the first whole pancreas transplantation
was performed [3]. Clinical studies show that pancreatic allo-
transplantation offers superior glycemic control for T1DM
and prevents or even reverses secondary complications, in-
cluding nephropathy [4]. The elevated risk of surgical com-
plications and the relative invasiveness of the procedure,
however, makes the practice of solid organ transplantation
rare in T1DM patients. Since 1999, when the first accounts
of consistent success in restoring normoglycemia using
islet transplantation appeared, this less invasive procedure
has become an important alternative treatment for T1DM
patients.

The first attempt to transplant an islet cell xenograft
was performed in 1893, 29 years before the isolation of
insulin. A 15-year-old diabetic patient was transplanted
sheep pancreatic tissue beneath his skin. The procedure failed
and the patient died after 3 days [5]. In 1967, a method
of isolating islets using collagenase was described [6]. This
launched the earliest islet transplantation in animal models
in 1972 [7]. The first clinical islet allograft was performed
in 1974 [8]. The next 25 years have witnessed attempts to
achieve normoglycemia in type 1 diabetic patients using
islet transplantation, with limited success. In 1999, the Ed-
monton protocol revived interest in this procedure by re-
porting reproducible success in terms of insulin indepen-
dence through islet transplantation [9]. All of the patients
maintained insulin independence after 1 year of followup
[10]. This new protocol relies on a prednisone-free immuno-
suppressive regimen and improved islet delivery through
intraportal infusion of freshly isolated islets, followed by a
second or third infusion of additional islets [8]. With this
protocol, from 1999 to 2008, almost 400 patients received
allogeneic islet transplants [11]. However, with more follow-
ups, it became apparent that insulin independence was only
transient in most recipients. A recent international trial using
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the Edmonton protocol showed that only 44% of the patients
receiving islet transplantation remained insulin independent
at one year after-transplant [12]. Unfortunately, only less
than 10% of the recipients remain insulin independent for
up to 5 years [13].

It is believed that many factors contribute to the loss of
graft function. Early losses are primarily linked to damage
sustained during the isolation procedure or in the graft mi-
croenvironments, secondary to ischemia-reperfusion-like in-
jury and nonspecific inflammation such as the instant blood-
mediated inflammatory reaction (IBMIR) [14]. Subsequent
losses are usually more progressive and involve several im-
munological related factors. The presence of allogeneic re-
jection has been strongly suggested by the poorer clinical
outcomes in case of prior human leukocyte antigen sensitiza-
tion and, conversely, by favorable results achieved with more
potent immunosuppression treatment [15]. The recurrence
of autoimmunity also is a major limiting factor in long-
term survival of islet grafts. Some studies have shown that
monocytic infiltration of the graft occurs as early as 14
days after transplantation, with a preferential loss of insulin-
secreting beta cells [16]. After islet transplantation, elevated
islet cell autoantibody titers (to glutamic acid decarboxylase
or GAD65) persisted [17]. Immuosuppressive drug toxicity
is another immune-related assault on the graft. It has been
demonstrated that rapamycin, at a concentration usually
used to prevent islet grafts rejection, is able to reduce the rate
of beta cell proliferation not only in transplanted rat islets
but also in host murine islets, suggesting that the progressive
islet grafts dysfunction observed under immunosuppressive
therapy may result in part from an impairment in beta cells
regeneration [18].

It is clear by now that an effective approach to islet grafts
assessment following transplantation is urgently needed.
Successful monitoring of the graft would allow us to test
the viability and functionality of the graft. Such monitoring
would also provide a better understanding of the various
mechanisms involved in graft loss. It would also permit
us to design and implement prompt intervention and
more carefully tailored treatment. However, currently the
majority of methods for assessment of the islet grafts are
still indirect. These include indicators of metabolic control,
such as fasting and stimulated glucose levels, oral glucose
tolerance testing (OGTT), C-peptide levels, HbA1c levels,
mean amplitude glycemic excursions (MAGE), and insulin
secretion. In addition, immune events and complications
associated with islet transplantation are indirectly tested as
well. These include allo- and autoimmune antibodies as well
as signs of toxicity or impairment of liver function [19].
All of these indirect parameters only provide information
on the late stages of graft rejection. Since the mechanisms
behind islet function represent a finelytuned network of
regulated interactions and feedback loops, alterations in C-
peptide and insulin release do not become apparent until
most islets have already been destroyed [20–22]. The only
direct morphological assessment of transplant fate in the
clinic is obtained through histological biopsy. However, it
could not be widely applied due to the small size of islet
grafts and their relatively low frequency dispersed in a large

organ such as the liver. Moreover, this approach is invasive.
Therefore, it is critical to establish a noninvasive method to
monitor the fate of islets directly in a clinical setting.

Molecular imaging is a rapidly emerging biomedical
research discipline. Considerable efforts have been directed
in recent years toward the development of noninvasive high-
resolution in vivo imaging technologies including optical
imaging, nuclear imaging, and magnetic resonance imaging
(MRI). At the same time, various molecular imaging probes
with greater specificity and targeting potential have been
designed and tested (antibodies, ligands, or substrates that
can specifically interact with targets in particular cells or sub-
cellular compartments) [23]. The development of molecular
imaging techniques has the potential to fulfill the goal of real-
time non-invasive monitoring of the functional status and
viability of the islet grafts after transplantation. The present
paper explores the various preclinical and clinical molecular
imaging strategies for the tracking of graft fate, islet delivery
strategies, as well as detection of immunorejection. We also
review the use of combined imaging and therapeutic ap-
proaches in islet transplantation [24] and the in vivo mon-
itoring of embryonic stem cells differentiation into insulin-
producing cells.

2. Imaging Beta Cells as a Key Step towards
Understanding Islet Transplantation

Progress towards the goal of direct assessment of graft in-
tegrity, viability, and function would rest on previous ex-
perience in the area of pancreatic islet imaging as a tool for
measurement of islet mass and integrity. Imaging beta cells
represents a daunting challenge both from a biological and a
technological perspective, owing to the innately complex
structure and distribution of pancreatic islets within the
pancreas and the elaborate dynamic nature of their metabolic
function. Pancreatic islets are small structures (100–400 μm
in diameter) that are dispersed throughout the pancreas and
constitute only 2% of the pancreatic volume [25]. A variety
of imaging modalities have shown promise exclusively in
animal models.

2.1. Bioluminescence and Fluorescence Optical Imaging. In
2003, Hara et al. [26] generated transgenic mice that express
green fluorescent protein (GFP) under the control of the
mouse insulin I gene promoter (MIP). Histological studies
showed that the MIP-GFP mice had normal islet architecture
with coexpression of insulin and GFP in islet beta cells. GFP-
expressing beta cells could be then imaged in vivo allowing
for beta cell mass determination. Our group described
the ex vivo imaging of beta-cell apoptosis with a near-
infrared (NIR) probe (Cy5.5-labeled annexin V) in 2005
[27]. Following, we described the synthesis and testing of an
NIR probe for imaging beta-cells in pancreatic islets, which
was based on the beta-cells-specific ligand streptozotocin
(STZ) labeled with Cy5.5. We observed a bright fluorescence
signal consistent with intracellular accumulation of the
probe, which was mediated by the glucose transporter 2
(GLUT2 transporter) [28]. Another recent example of a
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fluorescent probe for detecting beta cells is a near-infrared
fluorescent exendin-4 analogue with specificity for the
Glucagon-like peptide 1 (GLP-1) receptor on beta cells. Fol-
lowing intravenous administration into mice, pancreatic is-
lets were readily distinguishable from exocrine pancreas,
achieving target-to-background ratios within the pancreas
of 6 : 1 using intravital microscopy [29]. Bioluminescence
imaging of beta-cell mass was applied by Virostko et al.
[30] in a recent study where a transgenic mouse model
expressing luciferase under control of the mouse insulin
I promoter (mouse insulin promoter-luciferase-Vanderbilt
University (MIP-Luc-VU)) was used. This model enabled
non-invasive assessment of changes in beta-cell mass after
islet transplantation based on changes in bioluminescence
signal.

2.2. Nuclear Imaging. An attractive approach to image beta
cell is nuclear imaging. The major advantage of nuclear im-
aging is its high sensitivity. It relies on radionuclide-labeled
contrast agents that target beta cells based on cell-specific
antigens, receptors, metabolites, or pharmacologic agents.

Nuclear imaging has been utilized by our group to es-
timate beta-cell mass using an 111In-labeled monoclonal
antibody targeting the beta-cell surface antigen IC2 [31]. In
this work 111In-labeled IC2 was characterized in vitro in islets
as well as in vivo in a diabetic mouse model. Other examples
of agents that target beta cells directly through surface
antigens include 125I-labelled monoclonal antibody R2D6
directed against gangliosides on the plasma membranes
of pancreatic beta cells [32] as well as phage-display-de-
rived peptides [33]. In order to overcome some of the weak-
nesses of monoclonal antibodies as radiotracers, single-chain
antibodies (SCAs) were developed. It was reported that
removal of the Fc portion to produce an antibody fragment
reduced the nonspecific binding to beta cells [34, 35].

Extensive nuclear imaging studies have been performed
targeting receptors expressed on beta-cell surface. The vesic-
ular monoamine transporter 2 (VMAT2) is a monoamine
transporting integral membrane protein expressed by rodent
and human beta cells [36]. Tetrabenazine (TBZ) and Dihy-
drotetrabenazine (DTBZ) specifically bind to the synaptic
VMAT2 [37]. A clinical study showed a reduction in pan-
creatic uptake of 11C-DTBZ in long-standing T1D patients
compared to the uptake in the pancreas of healthy control
subjects [38]. DTBZ compounds labeled with 18F were
developed to overcome the short half-life of 11C-labeled
DTBZ (T1/2 = 20 min). Preclinical studies showed high
pancreatic uptake of 18F-DTBZ in healthy rats with favorable
biodistribution leading to improved target-to-background
ratios [39]. Recently another new DTBZ derivative, 18F-FP-
(+)-DTBZ, was tested. The result showed that this com-
pound had higher pancreatic uptake and lower uptake in the
nontarget tissues, especially the liver [40]. The glucagon-like
peptide-1 (GLP-1) receptor is a potential target for beta cells
imaging as well. It is triggered after binding of the agonists
Exendin-3 and Exendin-4 [41]. The first preclinical study
using 123I-labeled Exendin showed high uptake in the pan-
creas and in subcutaneous insulinomas [42]. Furthermore,

it has been shown that the uptake of 111In-DTPA-Lys40-
Exendin-3 correlates with beta-cell mass in a linear manner
in diabetic rats and that the pancreas can be visualized
by SPECT imaging on a dedicated microSPECT scanner
[43, 44]. Radiolabeled pharmacologic agents targeting other
receptors also have been investigated. They include ligands
to sulfonylurea receptors, such as glyburide or tolbutamide
analogs [45–47]. 18F-L-DOPA [48] targeting dopamine
receptor may also be a suitable approach for the detection
of beta-cells.

Various tracers based on radiolabeled glucose have also
been explored for targeting beta cells and, of those, the most
promising has proven to be mannoheptulose and tritiated D-
mannoheptulose, which is apparently transported into cells
mainly at the intervention of GLUT-2 [49–51].

2.3. MR Imaging. One of the most logical modalities to
explore for imaging of pancreatic islets is MRI. MRI does
not utilize ionizing radiation, has tomographic capabilities,
can deliver the highest-resolution images in vivo, and has
unlimited depth penetration. MR imaging has an overall
low sensitivity in detecting molecular probes (10−3–10−5 M)
[23]. However, this drawback can be overcome by the appli-
cation of contrast agents that amplify the signal. New agents
such as a novel class of lanthanide complexes for labeling
beta cells were first reported at the 2003 NIH Workshop on
Imaging Pancreatic Beta cells [52]. 1H NMR spectroscopy
has been suggested for measuring choline levels, which can
possibly indicate the number of viable cells in islet grafts [53].
One group’s studies demonstrated that in vitro 1H NMR
imaging could be used to visualize islets or βTC3 cells within
their encapsulated environment. They also showed that
localizing implanted microencapsulation-based bioartificial
pancreas in vivo was feasible with the use of diffusion-
weighted imaging [54]. C13 spectroscopy has also been ap-
plied for studying glucose-stimulated insulin secretion and
has shown promise for the investigation of beta-cell func-
tion [55]. Another interesting approach demonstrated the
feasibility of direct imaging of beta-cell activation in the
presence of divalent manganese cations Mn2+ [56, 57].
Recently, Mn2+-enhnced MRI was applied for noninvasive
detection of beta cell function after glucose infusion. Serial
inversion recovery MRI was subsequently performed to
probe for Mn2+ accumulation in pancreas. This experiment
demonstrated the potential of Mn2+-enhanced MRI for
noninvasive monitoring of beta cell function [58].

A multimodal approach for imaging beta cells was
applied by Yong et al. [59]. Transgenic MIP-TF C57/BL6 mice
were generated in which beta-cells express a fusion of three
different imaging reporters. Multimodal imaging of MIP-
TF pancreatic beta-cells was demonstrated by fluorescence
microscopy, BLI, and microPET. The MIP-TF mice enabled
noninvasive monitoring of beta-cells in models of type 1 and
type 2 diabetes. This multimodality imaging animal model
might expedite studies in a broad range of diabetes research.

Despite these encouraging examples, however, in the au-
thors’ opinion, the issue of visualizing beta-cell mass in vivo
using noninvasive imaging remains an unsolved challenge.
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The ultimate solution to this problem would likely require
the identification of specific beta-cell markers and targeting
ligands, as well as improvements in imaging technology
to permit the acquisition of quantitative information with
both high sensitivity and high spatial resolution. The latter
would probably rely on the development of multimodality
approaches and would demand sophisticated image analysis
tools to monitor even small changes in the signal reflective of
the dynamic nature of beta-cell mass.

3. Imaging of Transplanted Islets—Current
Progress

The possibility of directly imaging transplanted islets rests on
the fact that isolated islets can be labeled before-transplant
using various approaches, including genetic modification
with fluorescent or bioluminescent reporters, labeling with
exogenous contrast agents, such as superparamagnetic iron
oxides for MRI or radiolabeled metabolites for nuclear im-
aging. These general strategies for the monitoring of trans-
planted islets by noninvasive imaging have proven valuable
in answering questions about graft fate, designing new ther-
apeutic interventions, and testing alternative transplant sites,
all ultimately aimed at extending graft longevity and func-
tion.

Here, we highlight some of the progress made using
different imaging modalities in acquiring new knowledge
about islet transplantation. These studies represent just the
first steps towards realizing the true potential of noninvasive
imaging to tackle biological questions. The unique advantage
of noninvasive imaging lies in its capacity to provide in-
formation in authentic physiologic environments, in real-
time, and on a systemic level.

3.1. Bioluminescence and Fluorescence Optical Imaging. The
first evidence of the feasibility of imaging transplanted islets
noninvasively was obtained using bioluminescence imag-
ing (BLI). Several laboratories [60–62] reported proof-
of-principle studies in which isolated rodent or human
islets were genetically engineered to express luciferase and
imaged following transplantation. In islets transplanted
underneath the renal capsule of immunocompromised mice,
the magnitude of the signal was dependent on the islet dose,
indicating that the collected information could be used to
obtain accurate quantitative information about islet number
over time. Although adenovirus-directed luciferase expres-
sion attenuated, consistent with the transient nature of the
vector, lentivirus vectors could be used to direct the long-
term expression of reporter genes in transduced islets. Fur-
thermore, the functionality of transduced islets was retained
since transplanted lentivirus-transduced islets led to long
term restoration of euglycemia in diabetic mice. Finally, these
studies provided new information about islet fate following
transplantation. Luciferase signal emanating from the graft
remained stable for at least 140 days, indicating graft stability
in this model of transplantation [62]. The feasibility of moni-
toring transplanted islets by BLI was also demonstrated in the
intrahepatic transplantation model. Long-term monitoring

of adenovirus-transduced islets transplanted into the livers of
immunocompromised mice, suggested that, in the described
animal model, the intrahepatic islet grafts were also stable,
[63]. Early detection of graft rejection was also possible using
BLI [64, 65].

The first study of the fluorescence optical imaging of islet
grafts was published in 2003 [66]. In this study, the graft was
monitored with a fused fluorescent reporter protein. In 2006,
our group reported that islets incubated with nanoparticle
probes (labeled with near-infrared fluorescent Cy5.5 dye)
could be detected in the near-infrared channel under the
kidney capsule in vivo after transplantation [67].

Despite the lack of a clinical equivalent of these modali-
ties, the information gained from BLI and fluorescence im-
aging represents a variable contribution to the field of islet
transplantation. Therefore, these studies demonstrated the
feasibility of conducting preclinical research in small animals
in order to address some basic questions about transplanted
islet biology and begin to develop alternative strategies for
the enhancement of graft function.

3.2. Nuclear Imaging. Unlike bioluminescence imaging,
nuclear imaging has a clinical equivalent and therefore is
more likely to evolve into a modality routinely used in hos-
pitals for monitoring of patients that receive islet trans-
plantation therapy. Initial reports regarding the application
of radionuclide imaging to monitor transplanted pancreatic
islet grafts employed islets genetically engineered to express
a mutant herpes simplex virus type 1 thymidine kinase
(sr39tk). The expressed enzyme can phosphorylate positron-
emitting, radionuclide-labeled thymidine analogues or acy-
cloguanosine substrates once they are delivered inside the
cell, leading to trapping of the phosphorylated product and
its detection by positron emission tomography. In one of
the early studies, islets were transduced with an Adeno-Tkm
adenovirus engineered to express sr39tk under a constitutive
promoter [69]. Mice were subjected to microPET imaging
after injection of the sr39tk substrate [18F] FHBG. As
observed by BLI [62], the signal was unstable after a few
weeks, likely due to the transient expression of adenovirally
directed reporter genes. By contrast, lentiviral transduction
of pancreatic islets with sr39tk was used for the long-term
monitoring of transplanted islet fate [70]. Islets implanted
in the liver were detectable for several weeks after trans-
plantation, suggesting the persistence of the graft. A similar
approach was used to monitor the expression of a therapeutic
gene (interleukin-10), which could prolong the survival of
islet grafts under the kidney capsule of diabetic mice [71].
Although very valuable from a research perspective the
reporter nuclear imaging studies are not likely to apply in a
clinical scenario in the near future since they involve genetic
modification of the islets before-transplant.

A more clinically relevant technique for the PET imaging
of early posttransplant events involved labeling of rodent
islets with 2-[18F] fluoro-2deoxy-D-glucose (FDG) and their
subsequent implantation in the livers of syngeneic rats. The
grafts were detected for up to 6 hours [72]. This model,
however, is only useful for the short-term monitoring of
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transplanted islet fate, since the persistence of the label in
the islet cells is unknown. Furthermore, the short half-life
of 18F (110 min) adds to the difficulty of long-term graft
monitoring. Without a clear understanding of how long
the islets retain the label if at all, it is difficult to obtain
quantitative information about islet abundance through
time, using this method. In subsequent studies performed in
large animals, only ∼50% of the administered radioactivity
was observed in the liver at the end of islet infusion, likely
due to islet damage or FDG leakage from the islets [73].
Nevertheless, the clinical feasibility of detecting transplanted
islets labeled with [18F] FDG was demonstrated for the first
time in 2007 [74]. The same group reported that islets
labeled with [18F] FDG transplanted to 6 patients could be
detected during the first 1-2 h. Beyond this, the radioactive
half-life and retention within the islets limit the use of this
method [68]. Recently, clinical testing of GLP-1 receptor
was applied for imaging of human beta cells transplanted
in patient muscle, which showed its potential to assess islet
survival in clinical transplantation [44]. However, long-term
monitoring after-transplant presents a significant problem
associated with this method.

3.3. Magnetic Resonance Imaging. Magnetic resonance imag-
ing (MRI) is a modality, which, like nuclear imaging, has
a broad clinical applicability and can be used to monitor
transplanted pancreatic islets. Whereas nuclear imaging is
characterized by high sensitivity to contrast agent abundance
and a highly quantitative correlation between signal and local
concentration of contrast agent, MRI is tomographic and
can acquire images with a high spatial resolution. Therefore,
MRI, unlike nuclear imaging, can be used to study directly
the abundance and tissue distribution of transplanted islets.

The innate low sensitivity of MRI can be overcome with
the use of contrast agents, such as superparamagnetic iron
oxide nanoparticles. Superparamagnetic iron oxide nanopar-
ticles have been extensively used as magnetic resonance
reporters. Their basic structure includes an iron oxide core
covered with a dextran coat [75] that can be functionalized
with additional imaging, targeting, or therapeutic moieties.
The presence of iron oxides in tissue is evidenced by a loss in
signal intensity on T2-weighted and T2∗-weighted MR im-
ages or, in technical terms, by a shortening of the T2 re-
laxation time of surrounding water protons.

Several groups focused on superparamagnetic iron
oxides [67, 76, 77] for the labeling of isolated pancreatic islets
before-transplant, followed by their noninvasive monitoring
using MRI. In the study performed in our laboratory, isolated
human pancreatic islets were labeled with superparam-
agnetic iron oxide magnetic nanoparticles (MNs) mod-
ified with a near-infrared fluorescent dye (MN-NIRF) and
transplanted under the kidney capsule in immunocompro-
mised mice. MN-NIRF-labeled human pancreatic islets were
visualized for up to 188 days after transplantation in this
model demonstrating graft stability and persistence of the
label (Figure 1). The labeled islets were viable and functional,
since the graft could restore normoglycemia in diabetic mice
[67].

In more recent experiments, we also demonstrated the
applicability of the approach to the intrahepatic transplanta-
tion model. For islet labeling we utilized an FDA-approved
commercially available iron oxide agent (ferumoxides),
which is routinely used in the clinic for liver imaging. Similar
to MN-NIRF, it consists of superparamagnetic iron oxide
covered with a dextran coat. Human islets labeled with
ferumoxides and transplanted into the liver appeared as dis-
tinct hypointense foci representing single islets and/or islet
clusters. The persistence of the graft in immunocompro-
mised animals was demonstrated for the entire observation
period of two weeks [78].

The applicability of MRI for the visualization of trans-
planted islets, following their labeling with a contrast agent,
was also demonstrated using paramagnetic beads [79], and a
paramagnetic contrast agent, GdHPDO3A [77]. In another
study, the strong relaxation effect of superparamagnetic iron
oxides allowed the detection of transplanted islets at a lower
magnetic field strength (1.5 T), equivalent to the ones used
in hospitals today, advancing the method to a more clinically
relevant stage [80].

Visualizing transplanted islet in large animal models
using MRI serves as an important step before clinical ap-
plication. The first study in large animals was reported in
2007 [81]. Human islets labeled with immunoprotective iron
oxide-loaded magnetic capsules were detected with real-time
MRI [81]. Recently, our group reported the in vivo imaging
of autologous islet grafts in the liver and under the kidney
capsule in nonhuman primates. The renal subcapsular islet
grafts were easily detectable on T2∗-weighted MR images as a
pocket of signal loss disrupting the contour of the kidney
at the transplantation site. Islets transplanted in the liver
appeared as distinct signal voids dispersed throughout the
liver parenchyma. This study established a method for the
noninvasive, longitudinal detection of pancreatic islets trans-
planted into non-human primates using a low-field clinical
MRI system [25].

The first imaging study applied in humans with super-
paramagnetic iron oxide nanoparticles was carried out in
2008 [82]. Islets were labeled with superparamagnetic iron
oxide particles (SPIO, 280 microg/mL) and transplanted into
patients with T1DM. All patients could stop insulin after
transplantation. Three out of four patients had normal
intensity on pretransplant images, and iron-loaded islets
could be identified after transplantation as hypointense spots
within the liver. However, this clinical study did not show
any correlation between the number of labeled transplanted
islets and the number of hypointense spots on MR images.
In addition, the number of spots varied significantly over
the course of the study making it impossible to make any
conclusions regarding graft outcome. In spite of these short-
comings the study demonstrated that islet labeling is safe and
islet function is not affected by labeling.

4. Imaging of Islet Grafts Rejection

4.1. Fluorescence Optical Imaging. The earliest report uti-
lizing fluorescence optical imaging for the monitoring of
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Figure 1: Transverse T2-weighted magnetic resonance images of transplanted labeled and nonlabeled human islets 14, 23, 37, 58, 97, and
188 d after transplantation under the kidney capsule in nude (nu/nu) mice. The dark area in the left kidney represents a labeled graft (red
outline). No darkening was reported for the right kidney with unlabeled graft. S: stomach; SC: spinal cord, reproduced with permission from
Nature Publishing Group [67].

immunological effects associated with islet transplantation
relied on genetic engineering to create transgenic mice that
express proinsulin II fused with the live-cell fluorescent
reporter protein, Timer [66]. Since Timer protein changes its
emission wavelength in the first 24 hr after synthesis, it can
be used to monitor the time course of insulin synthesis. Islets
expressing this construct were transplanted into recipient
transgenic mice in which T lymphocytes were fluorescently
labeled with a fluorochrome different from Timer. The an-
imals were monitored through a body window device to
derive complementary information about insulin synthesis
and alloimmunity triggered by the engrafted islets. The value
of this method lies in the fact that, for the first time, it allows
the direct analysis not simply of islet abundance but also of
islet function in the context of immune rejection.

Recently, Fan et al. have developed a new reporter mouse
model, which has its T-cell expressing distinct “color-coded”
proteins enabling in vivo detection of different T-cell subsets.
With these tools, the authors found notable differences
in the T cell response in islet grafts recipients receiving
tolerance-inducing treatment compared to control group.
These studies established real-time cell tracking tool to probe
the islet grafts immunologic rejection at cellular level [83].

4.2. Bioluminescence Imaging. A comprehensive investiga-
tion into the relative effects of immune rejection on viable

islet mass was obtained by the transplantation of islets
obtained from a transgenic mouse strain, which consti-
tutively expresses firefly luciferase, underneath the renal
capsule or into the liver of syngeneic or allogeneic strep-
tozotocin-induced diabetic recipients. Whereas, in isografts,
following an almost 50% decrease in signal intensity in
the first 14 days after transplantation, there was an overall
long-term stability of luminescence intensity signals, in allo-
grafts, graft bioluminescent intensity progressively decreased
several days before the permanent recurrence of rejection-
induced hyperglycemia [65]. In nontransgenic syngeneic
recipients transplanted with transgenic islets, high levels of
bioluminescence over the abdominal region of the liver were
detected within 24 hr after [64]. Monitoring biolumines-
cence signal from the abdomen of the recipient for more
than 90 days revealed a decline over time. With the caveat
that bioluminescence signal can be influenced by a variety of
factors, such as serum glucose levels, mouse positioning, and
surgical and motion artifacts, and so forth, this work suggests
that in the absence of immune rejection islet grafts survival
can be extended significantly. Even though this conclusion is
not surprising, the described method lays the groundwork
for future studies in which various immunosuppression
strategies can be tested for their potential to more closely
emulate a syngeneic immune context.
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4.3. Magnetic Resonance Imaging. Our group conducted sim-
ilar studies to the ones described above in which we em-
ployed a pre-clinical model of islet transplantation at the
hepatic site where islets were monitored by MRI. Immuno-
competent Balb/c mice exhibited a significantly higher rate of
islet loss as seen on MR images, compared to immunocom-
promised animals. Islet loss in the immunocompetent model
was especially pronounced on day 10 after transplantation
and ultimately resulted in a 20% difference in relative islet
number by 14 days after transplantation (Figure 2) [78]. This
report established a quantitative framework to describe the
rate of islet loss in an immunocompetent context. Because
of the direct comparison between the immunocompetent
and immunocompromised models, this quantitative, non-
invasive, and time-course sensitive imaging method allowed
us to isolate out the relative contribution of allorejection to
the overall decrease in transplanted islet mass in the early
posttransplant period from among a multitude of factors,
such as mechanical stress and vascular disruption [84].

5. Imaging of Novel Islet Transplant Sites

5.1. Bioluminescence Imaging. The clinically relevant site of
islet transplantation is the liver. In research models, islets
are also routinely transplanted underneath the renal capsule.
Still, because of the suboptimal performance of islet grafts
at these two sites, there is an ongoing effort to identify and
test novel transplantation sites that provide a more suitable
vascular environment for the islets, as well as a more im-
munoprotected physiological niche. The epididymal fat pad
has emerged as an alternative transplant site, characterized
by similar outcomes to intraportal transplantation. Mouse
islets implanted into the intra-abdominal epididymal fat pad
restored normoglycemia in STZ-treated recipients [85]. As
few as 50 islets mediated similar levels of glucose tolerance
when transplanted in the fat pad and the liver. When
transgenic luciferase-positive islets were transplanted, bio-
luminescence imaging showed stability of the grafts for
over 5 months. This was further supported by histological
examination of the grafts showing healthy, well-granulated
insulin-containing cells surrounded by healthy adipocytes
[85]. These experiments suggest that the fat pad may be an
alternative site of islet transplantation that is characterized
by outcomes at least equivalent to the intraportal route.

5.2. Laser Scanning Microscopy (LSM). A very interesting
study explored the anterior chamber of the eye as a site of islet
transplantation [86]. The anterior chamber of the eye is a
suitable transplantation site because it provides an immune-
privileged environment and because the high amount of
autonomic nerves and blood vessels found in the iris enables
fast engraftment. Islets were isolated from transgenic mice
expressing enhanced GFP under the control of the rat
insulin-1 promoter (RIP-GFP) and used for transplantation.
Simultaneous two-photon LSM (TPLSM) of beta cells (GFP
signal) and the vascular network (intravenous Texas Red-
conjugated 70-kDa dextran) revealed that, by day 3 after
transplantation, islets attached to the iris and began to recruit

blood vessels from the iris. By day 14, blood vessels formed a
microvascular network throughout the islet grafts [86, 87].

Furthermore, the authors monitored changes in cyto-
plasmic free Ca2+ concentration of the transplanted islets, as
a direct indicator of islet function. Islets were loaded with
the Ca2+ indicators Fluo-4 and Fura-Red via perfusion of the
anterior chamber of the eye and imaged using LSM. Changes
in cytoplasmic free Ca2+ concentration were successfully
measured following stimulation of beta-cells activity with
glibenclamide [86, 87].

Finally, the authors used LSM to noninvasively image
beta cell death in islets transplanted into the anterior cham-
ber of the eye. RIP-GFP islets were implanted into the ante-
rior chamber of the eye and, after complete engraftment and
vascularization, monitored after intravenous administration
of the fluorescently labeled apoptotic marker annexin V.
These experiments revealed a very low incidence of cell
death in islets transplanted in this site most likely due to its
immune-privileged surroundings [86, 87].

These combined studies illustrate the potential of nonin-
vasive imaging for the collection of comprehensive informa-
tion about transplanted islet biology and function on a sys-
temic level. Islet engraftment, vascularization, function, and
cell death were for the first time examined within a coherent
experimental framework, providing unique knowledge on
the subject of islet transplantation.

Most recently, the same group reported that they used
intravital multiphoton microscopy to monitor transplanted
islets in the anterior chamber of the mouse eye. This tech-
nique allowed for studies at the single-cell resolution and
enabled longitudinal, noninvasive imaging of immune re-
sponse within target tissues during islet allorejection [88].

5.3. Nuclear Imaging. Lu et al. [70] implanted islets ade-
novirally transduced with sr39tk into the axillary cavity
of recipient animals. The reason the authors selected this
transplantation site is because untrapped PET probe is
eliminated through the gut and kidney and can create
spillover background signals in the pancreas, kidney, and
liver regions of small animals until it is excreted. Therefore, to
avoid background signals, the authors initially tested whether
sr39tk-expressing islets could be imaged after implantation
into the axillary cavity, which is far from the probe elimina-
tion pathway. In this model, there was a direct relationship
between microPET signal and implanted islet mass. In
longitudinal studies, signal decreased by approximately one-
half during the first few weeks after transplantation, followed
by stabilization over 90 days, suggesting significant islet cell
death in the immediate posttransplant period. Ex vivo anal-
ysis demonstrated that sr39tk-expressing islets transplanted
into the axillary cavity had normal morphology, were healthy
and positive for insulin, glucagon, and somatostatin, and had
no evidence of inflammation [70].

6. Combination of Imaging and
Therapeutic Interventions

Therapeutic interventions for the enhancement of islet grafts
performance can include immunomodulatory treatments of
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Figure 2: In vivo imaging of intrahepatically transplanted human islets. (a) Representative images of NOD.scid mice with transplanted
islets. On in vivo images, Feridex-labeled islets appeared as signal voids scattered throughout the liver. (b) Nonlabeled islets were not
detectable using the same imaging parameters. (c) In vivo time course imaging of immune rejection in immunocompetent (upper row)
and immunocompromised (lower row) animals. Representative images are shown from days 2, 10, and 14 after transplantation. Note that
the signal voids (arrows) representing labeled islets/islet clusters tend to disappear faster in Balb/c mice, reproduced with permission from
American Diabetes Association [78].

the graft or of the host to minimize allorejection or autoim-
munity, methods to expedite graft revascularization, and
approaches aimed at optimizing islet function or survival.
The potential of noninvasive imaging to evaluate these treat-
ments is an important part of their success. In addition,
novel technologies may provide tools combining imaging
and delivery of experimental therapies that aim to extend the
lifespan and functionality of islet grafts.

6.1. Bioluminescence Imaging. In one of the earliest reports
using BLI to evaluate a novel therapeutic strategy for trans-
planted islet immunoprotection, canine pancreatic islets
were encapsulated into biocompatible alginate beads and
transplanted into the dorsal-cervical fat pad of a nuclear
factor-kappa beta (NF-κB) luciferase transgenic mouse
model [89]. Mice were imaged by BLI for up to 45 days
after transplantation to evaluate the long-term inflamma-
tory response provoked by the transplantation. The results

suggested that the trauma of surgery was a more significant
inflammatory trigger than host immune responses to the
capsules and that capsule size, rather than composition,
correlated with an increase in inflammatory activity in this
model. This study is valuable because it establishes the
feasibility of a method that can be used to assess the extent
to which various immunomodulatory strategies provoke an
inflammatory response in the context of islet transplantation.

A more recent investigation attempted to determine
whether early detection of rejection by BLI could aid in the
timing of antilymphocyte serum (ALS) treatment for pro-
longing islet grafts survival [90]. Transgenic islets expressing
the firefly luciferase were transplanted under the kidney cap-
sule of streptozotocin-induced diabetic allogeneic immuno-
competent mice. The animals received anti-lymphocyte
therapy whose effect on islet survival was monitored by BLI.
Imaging was proven useful in designing an optimal timing of
therapy administration resulting in a close to 60% reduction
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in grafts loss from rejection. Interestingly, the same success
could not be achieved using blood glucose levels as a guide
for the timing of therapy.

6.2. Nuclear Imaging. Nuclear imaging has been used to
determine the feasibility of PET reporter gene (PRG) and
PET reporter probe (PRP) technology for tracking islet
grafts survival and quantifying the expression of poten-
tial therapeutic genes [71]. The authors generated a dual
gene—expressing recombinant adenovirus rAD-vIL10-ITK,
which coexpresses viral interleukin-10 (vIL-10) and HSV1-
sr39tk. vIL-10 was chosen because it protects transplanted
islets from immunological attack by regulating autoimmune
activity. Islets from nondiabetic NOD mice were infected
with rAD-vIL10-ITK or rAD-ITK, transplanted under the
right kidney capsule of diabetic NOD mice, injected with
[18F] FHBG, and scanned by microPET. PET signals in
mice transplanted with islets infected with rAD-ITK (rAD-
ITK mice) were decreased at 3 d and had almost reached
basal values at 14 d after transplantation. Imaging revealed
a relative extension of islet grafts survival in the presence of
IL-10 treatment [71], illustrating the potential utility of anti-
inflammatory therapy in islet transplantation.

6.3. Magnetic Resonance Imaging. Magnetic resonance imag-
ing also has been explored for the pre-clinical assessment of
therapeutic interventions in the context of islet transplanta-
tion. The first study was done in a large animal model (swine)
and described the application of immunoprotective magne-
tocapsules containing ferumoxides, as carriers of pancreatic
islets [81]. Islet-containing magnetocapsules were infused
and engrafted into the liver. MRI could monitor this process
in real time because of the incorporation of ferumoxides into
the capsules.

A similar multifunctional rationale aimed at exploring
the possibility for concurrently imparting imaging and ther-
apeutic capabilities to transplanted pancreatic islets has also
been behind some of our most recent work [92]. Taking
advantage of the propensity of pancreatic islets to avidly take
up dextran-coated superparamagnetic iron oxide nanopar-
ticles, we designed a probe that consisted of a dextran-
coated iron oxide core, conjugated to small interfering RNA
(siRNA). Considering the potential of siRNA as a novel
class of small molecule drugs capable of selectively silencing
the expression of essentially any gene of choice with single
nucleotide specificity, we speculated that we could explore
the mechanism of RNA interference in the context of
islet transplantation. As proof of concept, we showed that
siRNA tagged to magnetic nanoparticles could accumulate
in pancreatic islets in quantities sufficient for detection by
MRI in vitro and for silencing target genes (green fluorescent
protein [GFP] was used as a model gene) [92].

A more recent study by our group used a dual-purpose
therapy/imaging nanoparticle probe to target the apoptotic-
related gene caspase-3. We demonstrated that our “two-
in-one” MN-siCaspase-3 imaging probe could silence the
apoptotic-related gene, providing significant protection to

the grafts from early loss after transplantation, and at the
same time served as an MRI label to assess the in vivo post-
transplant fate of the grafts noninvasively (Figure 3) [24, 91].
The results of our study are in line with those of another
recently published study showing that the use of fluorinated
alginate microcapsules increased the insulin secretion rate of
human islets and at the same time allowed detection by MRI
and CT imaging [94].

In the context of islet transplantation, these studies
are valuable because they lay the groundwork for future
applications, in which genes implicated in islet grafts loss
(immunological or nonimmunological) can be similarly
targeted in order to improve graft outcome. Furthermore,
the inherent imaging capabilities of the approach permit the
noninvasive tracking of therapeutic moiety conjugated to the
contrast agent and its relationship to graft fate.

7. Imaging of Metabolic Effects on Islet Grafts

One factor normally present during clinical transplantation
and influencing transplanted islet fate is glucotoxicity caused
by chronic hyperglycemia. To assess its input to the graft
outcome, our group labeled human pancreatic islets with
iron oxides and transplanted them into hyperglycemic and
normoglycemic animals [95]. Noninvasive MRI monitored
the fate of the grafts in the two groups. We found that
in diabetic animals there was a significantly higher rate of
islet death than in the normoglycemic counterparts. The
half-life of an islet in the diabetic group was 4.8 ± 1.1
days compared with 12.6 ± 2.9 days for control nondiabetic
mice (P < 0.05). This is the first in vivo study that
confirms previous in vitro reports demonstrating that severe
hyperglycemia impairs graft function and that successful islet
transplantation depends on the degree of hyperglycemia in
the recipient [96–103].

8. Imaging of Stem-Cell-Derived
Insulin-Producing Cells

Pluripotent stem cells have the potential to differentiate into
specialized cells of all three primary germ layers. Embryonic
stem (ES) cells and the newly developed induced pluripotent
stem (iPS) cells are an ideal source for generating insulin-
producing cells (IPCs) that could be used to treat diabetes.

Most recently, BLI was used for monitoring ES cell sur-
vival and differentiation into insulin-producing cells in a
diabetic animal model. This group generated a double trans-
genic mouse ES cell line ectopically expressing Pdx1-
aequorea coerulescens green fluorescent protein (AcGFP)
fusion protein, and rat insulin promoter- (RIP-) driven
luciferase reporter [93, 104]. Real-time noninvasive BLI was
used to monitor cell fate and function after transplantation.
They speculated that, in vivo, pancreatic endoderm-like cells
(PELCs) migrate into the streptozotocin-damaged pancreas
and differentiate into IPCs. The in vivo differentiation of
double transgenic ES cells transplanted under the renal
capsule or systemically infused cells could be imaged by BLI
as early as day 3 and until day 35 after-transplantation [93].
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Figure 3: (a) Representative in vivo MRI of islet transplantation showing MN-siCaspase-3-treated islets implanted under the left kidney
(inset) and parental MN-treated islets implanted under the right kidney. The dark area outlined under both kidney capsules represents the
labeled grafts (day 3 shown). (b) Semiquantitative assessment of the relative changes in graft volumes revealed protective effect in MN-
siCaspase-3-labeled grafts (∗day 7, P < 0.05; ∗∗day 14, P < 0.05). (c) Fluorescence microscopy revealed higher expression of insulin and
lower expression of caspase-3 in MN-siCaspase-3-treated grafts compared with MN-labeled islet grafts on the 14th day after-transplantation
(Tx) (green, insulin; red, cleaved caspase-3; blue, DAPI nuclear stain) (magnification bar = 50 mm). (d): TUNEL assay on insulin-stained
sections confirmed lower apoptotic rate and higher insulin expression in islets treated with MN-siCaspase-3 compared with islets treated
with MN on the 14th day post-Tx (red, insulin; green, TUNEL; blue, DAPI nuclear stain) (magnification bar = 50 μm), reproduced with
permission from American Diabetes Association [91].

9. Conclusions

Pancreatic islets, when transplanted, should be able to restore
glucose homeostasis in the patient with diabetes. Nev-
ertheless, the processes behind islet isolation, delivery, en-
graftment, and proper functioning in a new metabolic and
immunological environment are complex and still poorly
understood. Here, we have briefly discussed the important
questions related to islet transplantation that could be tack-
led through in vivo molecular imaging. They bridge a range
of topics, including graft longevity in the context of immune
rejection and hyperglycemia, effects of autoimmunity and
strategies to alleviate immune-mediated deterioration of
graft viability and function, and the exploration of novel
transplantation sites.

Still, despite the significant value of these studies, they
reflect only a small proportion of the issues that face the field
of islet transplantation. Questions that remain unresolved or

need to be studied in more detail span from the mechanics
of islet engraftment and vascularization to the molecular
aspects allowing islets to adapt to a new immunological,
physiologic, and metabolic niche distinct from the pancreas,
the importance of factors, such as islet innervation, ambient
metabolite, ion, or signaling molecule concentrations for
proper islet function, and so forth. Furthermore, having in
mind the limited supply of donor tissue, another crucial
subject to investigate would involve the potential of trans-
planting nonislet tissue, such as stem cells or cell types that
can be induced to differentiate or transdifferentiate into
functional islet tissue.

Since molecular imaging has the advantage of delivering
quantitative temporal information in intact, authentic phys-
iologic environments and on a systems’ level, its potential
for comprehensively addressing the issues of immediate
interest to islet transplantation is apparent. Development of
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probes targeting biomarkers linked to beta-cell function and
combining therapeutic and diagnostic (theragnostics) tools
for improving islet transplantation should be encouraged.
With the first feasibility steps having been already made, the
near future should see rapid progress.
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Type 1 diabetes (T1D) is a chronic autoimmune disease and characterized by absolute insulin deficiency. β-cell replacement by islet
cell transplantation has been established as a feasible treatment option for T1D. The two main obstacles after islet transplantation
are alloreactive T-cell-mediated graft rejection and recurrence of autoimmune diabetes mellitus in recipients. T cells play a central
role in determining the outcome of both autoimmune responses and allograft survival. B7-H4, a newly identified B7 homolog,
plays a key role in maintaining T-cell homeostasis by reducing T-cell proliferation and cytokine production. The relationship
between B7-H4 and allograft survival/autoimmunity has been investigated recently in both islet transplantation and the nonobese
diabetic (NOD) mouse models. B7-H4 protects allograft survival and generates donor-specific tolerance. It also prevents the
development of autoimmune diabetes. More importantly, B7-H4 plays an indispensable role in alloimmunity in the absence of
the classic CD28/CTLA-4 : B7 pathway, suggesting a synergistic/additive effect with other agents such as CTLA-4 on inhibition of
unwanted immune responses.

1. Introduction

Type 1 diabetes (T1D) is fatal unless treated with insulin.
Injection of insulin prevents the hyperglycemic compli-
cations of T1D, including ketoacidosis and coma. How-
ever, exogenous administration of excessive or inadequate
amounts of insulin often results in hypo- and hyperglycemia,
respectively [1–3]. Combination of intensive glycemic mon-
itoring and best medical therapy provides better control of
insulin level and reduces the microvascular and macrovascu-
lar complications of diabetes, but it also increases the risk of
severe hypoglycemia [1–3]. In selected patients, islet trans-
plantation is a reasonable therapeutic option. Restoration of
β-cell mass by whole-pancreas or islet cell transplantation
provides physiologically regulated insulin as well as other
hormones, such as glucagon to avoid life-threatening unreg-
ulated glucose levels [4–6]. Whole-pancreas transplantation
is a major surgical procedure and is usually performed in

conjunction with a kidney transplant, either simultaneous
pancreas-kidney transplant (SPK) or pancreas-after-kidney
transplant (PAK), for patients with end-stage renal disease.
By contrast, islet cell transplantation is a less invasive and
relatively simple procedure. Isolated islets are infused into
the liver through the portal vein, guided by fluoroscopic
cannulation. The one-year success rate is comparable for
both types of transplantations. Significant progress has been
made in islet transplantation, especially the establishment
of the “Edmonton protocol” in 2000 [7]. This success of
this protocol is based on provision of both sufficient islet-
cell mass and a steroid-free immunosuppressive regimen.
However, the subsequent followups conducted worldwide in
several centers show a constant decline in graft function [8].
Despite this, the majority of recipients benefit from reduced
overall insulin requirements; improved C-peptide secretion
and HbA1C levels; decreased development of microvascular
complications; and fewer complications related to episodes
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of hypoglycemia after 5-year followup [9]. Therefore, islet
transplantation is superior to best medical therapy in
terms of better control of metabolism and prevention of
devastating hypoglycemia over long periods.

One of the two major challenges in islet transplantation is
the limited supply of donor islets. The strategies for expand-
ing donor islet supply include the construction of insulin-
producing cells de novo. This can be achieved through four
different ways: (1) from transdifferentiation of other types
of cells, such as hepatic cells; (2) from differentiation of
pancreatic progenitor cells, such as acinar or ductal cells;
(3) from differentiation of pluripotent stem cells, such as
embryonic stem cells; and (4) from expansion of existing β
cells. There are some excellent reviews on this field, and we
will not address this issue in detail [10, 11].

The other central barrier for islet transplant success is
graft failure, or so- called rejection. The current glucocor-
ticoid-free immunosuppressive regimen for islet transplan-
tation includes tacrolimus (FK506) and either sirolimus
(rapamycin) or mycophenolate mofetil (MMF). Although
these immunosuppressive drugs control acute rejection
and enhance islet allograft survival, lack of long-term
efficacy/insulin independence and immunosuppressant-as-
sociated side effects (including risks of cancer, infection,
nephrotoxicity, cardiovascular-related diseases, and even
direct islet toxicity) hamper this great application. The ex-
isting data reveal that current immunosuppressive drugs
induce cytotoxicity to islets and reduce β-cell function. The
function of human islets is impaired by chronic exposure to
FK506 or MMF [12]. FK506, but not MMF, damages human
islet graft function in diabetic NOD.SCID mice [12]. All
three drugs (FK506, MMF, and rapamycin) increase apop-
tosis in islets [12]. Therefore, new strategies are needed to
avoid generalized suppression of immunity and its associated
cytotoxicity without alteration of β-cell function. All types of
immunosuppressive drugs are presumed to have some degree
of nonspecific toxicity. In this regard, islet graft function
should be better maintained in the absence of long-term
ongoing immunosuppression. Ideally, a recipient’s immune
system would not reject an islet graft, while continuing to
respond to all other foreign antigens normally. Therefore, an
ultimate goal in transplantation is to induce antigen-specific
tolerance.

2. Mechanisms of Rejection of
Transplanted Grafts

Rejection is a normal adaptive immune reaction to foreign
antigens. The discovery of the major histocompatibility
complex (MHC) by Jean Dausset in 1958 established human
leukocyte antigen (HLA) as a transplant antigen. Transplan-
tation rejection occurs between individuals with mismatched
HLA haplotypes. The degree of rejection is determined by the
level of mismatch in the MHC haplotypes. The more closely
MHC haplotypes are matched between donor and host, the
greater degree of acceptance is observed [13, 14]. In this
regard, MHC molecules play a primary role in graft rejection.
Rejection of donor grafts is the result of humoral and cell-
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Figure 1: Mechanism of graft rejection. Allogeneic T cells recognize
antigen through either a direct or an indirect pathway. In the direct
pathway, T cells recognize intact allogeneic antigen on the surface
of donor-derived APCs. This pathway is thought to predominate
in acute rejection. In the indirect pathway, recipient APCs process
donor-derived alloantigen into peptides and then present them to
recipient T cells. This pathway is thought to dominate chronic
rejection. The activation of T cells through either pathway results
in killing the donor graft.

mediated reactions to major MHC antigens, known as HLA
in humans, H2 in mice, and RT1 in rats [13]. Recognition
of foreign antigens presented on MHC molecules by T-cell
receptors (TCR) initiates T-cell-mediated immune responses
that result in the destruction of transplanted grafts.

T cells play a central role in allograft rejection. Direct
evidence from adoptive transfer experiments shows that allo-
graft immunity is conferred after adoptive transfer of lym-
phocytes, but not of serum [15, 16]. In concordance with this
function, depletion of T cells by injection of antibody results
in acceptance of mouse islet allografts [17, 18], suggesting
that T cells determine the fate of transplantation. Subsequent
experiments revealed that CD4+ but not CD8+ subsets are
necessary for the rejection of islet allografts [19].

T cells recognize alloantigens through two distinct path-
ways. An alloantigen can be presented on either donor (direct
pathway) or recipient (indirect pathway) MHC molecules
(Figure 1). In either pathway, interaction of CD4+ T cells
with an alloantigen results in activation and production of
cytokines such as IFN-γ and interleukin- (IL-) 2 that
promote differentiation and proliferation of cytotoxic CD8+

T cells, macrophages, and B cells. These alloreactive cells
can lyse transplanted grafts or produce cytokines that induce
necrosis of donor tissues (Figure 1).

CD4+ cells, also called helper T cells (Th), play a
dominant role in initiating graft rejection [14, 16]. CD4+

Th cells can differentiate into one of 4 subtypes. Tran-
scription factors T-bet, GATA-3, forkhead box P3 (FoxP3),
and the retinoic acid receptor-related orphan receptor γ
(RORγt) direct differentiation of Th1, Th2, Treg, and Th17,
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respectively. Once differentiated, each lineage secretes a
specific cytokine profile. For example, Th1 and Th2 subsets
secrete interferon γ (IFN-γ) and IL-4/IL-10, respectively
[14]. The Th1, Th2, Treg, and Th17 subsets cooperate
and influence the outcome of transplanted grafts. The Th1
cytokine profile was previously thought to be associated with
allograft damage and rejection, while the Th2 profile favors
the acquisition of protection and tolerance [20]. However,
this simplified Th1/Th2 paradigm may not be sufficient
to explain redundant effects of cytokine networks on the
outcome of transplantation in vivo.

The newly characterized regulatory T-cell subset, Tregs,
plays an anti-inflammatory role and maintains tolerance to
self-antigens. Tregs (CD4+ CD25+) suppress proliferation of
CD4+ CD25− T cells, CD8+ T cells, dendritic cells, B cells,
macrophages, mast cells, osteoblasts, NK, and NKT cells in
an antigen-non-specific manner [21]. Tregs play an impor-
tant role in preventing transplant rejection and generating
tolerance [22].

3. Tregs and Transplantation

Treg-mediated tolerance induction has been well established
as a nondeletional strategy to modulate alloreactive T-cell
responses. The role of Tregs in maintaining self-tolerance
was described by Sakaguchi’s group, which showed that Tregs
from the thymus protect the host from autoimmune diseases
[23].

Tregs can be categorized into two main types (naturally
occurring Tregs, nTregs, and inducible Tregs, iTregs) based
on their origins, mechanisms, and modes of action [24].
They are both called regulatory T cells because they have
similarities in terms of phenotype and function. First, both
express Foxp3 and suppress the proliferation of effector cells.
Secondly, Tregs will be absent from the thymus or the periph-
ery, if proximal TCR signaling is disrupted, either through
genetic manipulation or the use of calcineurin inhibitors.
Thirdly, the development of both types of Tregs is dependent
on cytokines such as IL-2. The two subsets of Tregs can
be differentiated by their distinct suppressive mechanisms
and other characteristics. nTregs develop in the thymus and
constitute approximately 5–10% of peripheral CD4+ T cells.
CD4+CD25+ Tregs suppress effector T-cell proliferation in
vitro through a cell contact-dependent mechanism, and their
function is cytokine-independent [24]. A role for nTregs in
the development of transplantation tolerance was first indi-
cated by their ability to suppress mouse GVHD following
adoptive transfer [25].

The second population of Treg subsets (iTregs) is dis-
tinct from nTregs and arises during immune responses in
the periphery. iTregs suppress immune responses through
secretion of immunosuppressive cytokines. Th3 and Tr1 cells
induce suppression through secretion of TGF-β and IL-10,
respectively, [24]. Tr1 was first identified by Groux et al. [26].
Naı̈ve T cells from ovalbumin (OVA) TCR-transgenic mice
stimulated with OVA and IL-10 suppress antigen-specific
activation in vitro and prevent the development of colitis
in vivo [26]. Moreover, the supernatant from Tr1 strongly

suppresses alloantigen-specific T-cell proliferation [27]. Tr1
cells tend to migrate toward the site of inflammation.
Tregs can be detected in the extralymphoid sites. It shows
that CD4+CD25+ Tregs are overexpressed within tolerated
allograft [28]. Th3 was originally described in oral tolerance
in mice induced by myelin basic protein (MBP) [29]. Th3
suppressive cells may be converted from nonregulatory cells
in the presence of TGF-β [30]. The existence of suppressive
cells of nonthymus origin was confirmed by the demon-
stration of CD4+CD25+ conversion from CD25− precursors
in thymectomized mice, and that these non-thymus-derived
Tregs can suppress skin allograft rejection [31].

4. Costimulation Blockade in Transplantation

T cells are the principal mediator of alloreactive reactions,
and their full activation requires 2 signals. The first is pro-
vided by the interaction of antigen-specific TCRs and their
cognate alloantigens presented on MHCs. The second signal
is antigen nonspecific. It can be provided in trans by APCs
and requires cell-cell contact [32]. Signal 1 alone results
in no response. Signals 1 plus 2 lead to either activation
or inhibition of the T-cell response, depending on which
cosignal pathway dominates. In the presence of positive
signals, such as CD28, T cells become activated upon
stimulation with foreign antigen. On the contrary, activated
T-cell proliferation is terminated with negative coinhibitory
signals, such as CTLA-4 [33]. The requirement of two sep-
arate signals for full activation of the intracellular signalling
cascade, IL-2 transcription, T-cell proliferation, and effector
function suggests a critical role of cosignalling pathways in
determining the fate of transplantation (Figure 2). Much
attention has been focused on using agents which are either
coinhibitory with negative-signal molecules, or antagonistic
to positive-signal molecules, to control allograft rejection.

The discovery of the requirement of both recognition sig-
nal (signal 1) and verification signal (signal 2) for effective T-
cell activation has elucidated potential targets for immuno-
suppression that are highly T-cell specific. In particular, the
need for additional cosignalling to avoid anergy or apoptosis
has generated the strategy for tolerance induction using
costimulation blockade. In fact, T-cell clones cultured with
antigen and MHC alone lead to unresponsiveness [34]; in
other words, T cells will undergo anergy or apoptosis without
signal 2. This observation suggests the attractive prospect
that allografts could become tolerated if signal 2 is blocked.
Although diverse strategies have been investigated to enhance
graft survival in terms of improved efficacy and reduced
toxicity, different degrees of side effects are unavoidable.
Therefore, tolerance induction or withdrawal of long-term
usage of immunosuppressants is preferred. Theoretically, it
may be achieved by using costimulation blockade.

5. B7-H4 Coinhibitory Pathway

B7-H4 (B7x or B7S) was identified by three independent
groups using expressed sequence tags (EST) with homology
to the B7 family [35–37]. The genes for human and mouse
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Figure 2: The outcome of transplantation is determined by
cosignalling. Full T-cell activation requires two signals. The first
is antigen-specific recognition of TCR and alloantigen presented
on MHC. The second is costimulation which can be positive or
negative. In the presence of positive cosignalling (such as with
CD28), T-cell proliferation occurs. These activated T cells attack the
donor graft and results in graft rejection. One the other hand, the
activated T-cell response is terminated in the presence of negative
co-signalling (such as with CTLA-4) which protects the graft from
destruction.

B7-H4 are located on chromosomes 1 and 3, respectively.
Genomic DNA of B7-H4 consists of 6 exons and 5 introns,
and mature protein is encoded by an 849-bp region spanning
exons III, IV, and part of V. In both genes, exons I and II
form a signal peptide, and V encodes transmembrane and
intracellular regions.

The extracellular region of B7-H4 contains one Ig V
and one Ig C domain. Within the extracellular domain,
mouse B7-H4 shares 90% and 99% amino acid (aa) sequence
identity with human and rat B7-H4, respectively, suggesting
a conserved identity among species. Although it shares only
21–29% aa sequence identity with B7.1, B7.2, B7-H1, B7-
H2, B7-H3, and PD-L2 [35], B7-H4 exhibits a similar overall
structure with other members in the B7 family.

B7-H4 mRNA is ubiquitously expressed in both lym-
phoid and nonlymphoid tissues, including placenta, kidney,
liver, lung, ovary, testis, and spleen, suggesting that it plays
a potential role in peripheral tissues [35–37]. The mature
protein is a 50- to -80-kDa glycosylated molecule with a 28-
kDa protein core, and its expression appears to be restricted,
suggesting posttranscriptional/translational regulation. B7-
H4 expression is induced on mitogen- or LPS-activated B
cells, T cells, dendritic cells, monocytes, and macrophages
[35–37].

The Ig V region is responsible for the binding with the
counter-receptor. In B7.1 and B7.2, the V region contains a
conserved strand of A′GFCC′C for CTLA-4/CD28 binding.
B7-H4 contains no such conserved face. In fact, B7-H4 binds

to a receptor on activated T cells but not to CTLA-4, ICOS, or
PD-1, according to FACS analysis of a B7-H4-transfected 293
cell line [35–37]. B7-H4 is expressed on wild type (WT) but
not on B- and T-lymphocyte- attenuator- (BTLA-) deficient
cells, suggesting a possible role of BTLA as a B7-H4 receptor
[37]. However, recent studies have indicated that BTLA does
not bind to B7-H4 directly, and that herpes virus entry
mediator (HVEM) may be the unique BTLA ligand [38]. The
receptor for B7-H4 is still unknown.

The primary function of B7-H4 appears to downregulate
the T-cell response. Several lines of evidence from both in
vitro and in vivo data support this notion. B7-H4 inhibits
normal mouse and human TCR-induced T-cell proliferation,
cytokine production, and cytotoxicity in vitro [35–37].
Similarly, the proliferation of T cells and the secretion of IFN-
γ activated by autoantigens (insulin, GAD, and IA-2) from
human T1D patients were suppressed in the presence of B7-
H4. In addition, ectopic expression of B7-H4 in human β
cells also protects these cells from cytotoxicity induced by β-
cell antigen-specific T-cell clones derived from T1D patients
[39]. The negative effects of B7-H4 on T cells are also con-
firmed in several in vivo systems. Administration of B7-H4.Ig
impairs CTL activity in a mouse graft-versus-host disease
(GVHD) model [35]. In concordance with this inhibitory
effect, administration of monoclonal antibody that blocks
endogenous B7-H4 expression increases T-cell proliferation
and IL-2 production [35]. Similarly, the injection of a block-
ing mAb against B7-H4 promotes T-cell responses and exac-
erbates experimental autoimmune encephalomyelitis (EAE)
[36]. Collectively, these results suggest that B7-H4 is a novel
negative regulator in the B7 family.

It is not clearly understood how B7-H4 affects the im-
mune responses. Studies into the mechanisms by which
B7-H4 regulates T-cell immunity show that the suppressive
activity of APCs is associated with expression of B7-H4 in
vitro [40]. B7-H4 expression on APCs is triggered by Tregs
through production of IL-10. Blockade of B7-H4 reduces
the suppressive activity mediated by Treg conditioned APCs.
In addition, Tregs exhibit suppressive activity by stimulating
B7-H4 expression through IL-10. Furthermore, the high
expression level of B7-H4 in various cancer cells suggests that
it may help those tumors escape immune surveillance [41].
Primary ovarian tumour cells express intracellular B7-H4,
whereas only a fraction of tumour macrophages express sur-
face B7-H4. B7-H4+ tumour macrophages, but not primary
ovarian tumour cells, suppress tumour-associated antigen-
specific T-cell immunity. IL-6 and IL-10 are highly expressed
in the tumour environment, and they trigger macrophage
B7-H4 expression [42]. Collectively, these results suggest that
a collaborative interaction between B7-H4 and Tregs may
downregulate T-cell immunity.

B7-H4 deficient mice display normal responses to several
types of airway inflammation, and they show augmented
Th1 responses, suggesting a preferential regulation on Th1
subsets [43]. Interestingly, a subsequent study revealed that
B7-H4 suppresses neutrophil-mediated immune responses,
indicating its role in innate immunity [44].
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6. B7-H4 and Transplantation

As described earlier, B7-H4 inhibits alloreactive CTL activity
in mouse GVHD and extends the survival of mice with
GVHD [35]. The role of B7-H4 in islet transplantation was
first investigated by our group [45]. Local expression of B7-
H4 by a recombinant adenovirus (Ad-B7-H4) promotes islet
allograft survival in a fully MHC-mismatched mouse model
(from BALB/c to C56BL/6) [45]. This result has subsequently
been confirmed by Yuan’s group, using administration of a
B7-H4-transfected NIT cell line into diabetic C57BL/6 mice
[46]. We showed that survival is associated with reduced
CD8+ T cells, preserved β-cell function, and upregulation
of Foxp3+ in the allograft. Yuan’s group showed a reduced
amount of IFN-γ and increased Tregs in the spleen of
B7-H4-treated recipients. Moreover, we used a secondary
transplantation model to demonstrate that B7-H4 not only
promotes allograft survival but also induces donor-specific
tolerance [45, 47].

Alloreactive responses can be modulated through either
deletional or nondeletional mechanisms. B7-H4 controls
alloreactive responses through downregulating cytotoxic
CD8+ subsets in the early stage, suggesting a deletional mech-
anism in tolerance induction [45]. Furthermore, transcrip-
tion of IFN-γ and granzyme B were significantly decreased in
Ad-B7-H4—treated allografts, suggesting that B7-H4 pref-
erentially inhibits Th1 and CTL locally [47]. The inhibition
of Th1 response by B7-H4 is also demonstrated in B7-
H4-deficient mice which exhibit augmented expression level
of both IFN-γ and T-bet in response to Leishmania major
infection [43]. Whether a reduced amount of CD8+ is
associated with Th1-related cytokines, or that low levels of
IFN-γ results in a reduced CD8 population has not been
investigated. This finding demonstrates that functional allo-
graft is preserved by B7-H4-mediated negative co-signalling
which limits both helper CD4+ cells towards Th1 formation
and cytotoxic CD8+ cell towards killing donor tissues.

Apart from deletion-mediated tolerance induction, sup-
pression can also be considered a nondeletional mechanism
to modulate alloreactive T-cell responses. In the long term,
B7-H4 preferentially upregulates the number of Foxp3 in the
allograft and Tregs in the periphery, suggesting the involve-
ment of a suppressive mechanism for allograft survival [45,
47]. The outcome of the alloreactive immune response is
determined by the balance of effector and regulatory T cells
in the process of priming naı̈ve CD4+ T cells in response to
alloantigen stimulation. The development of Th1/Th2 effec-
tors often dominates alloreactive T-cell responses, whereas
the conversion of Foxp3+ from naı̈ve or effector T cells occurs
only in the presence of specific stimuli. Studies into the
relationship between helper and regulatory T-cell subsets
reveal that the development of Foxp3+ in the periphery is
profoundly inhibited by Th1/Th2 activities [48]. Cytokines
for Th1/Th2 polarization, such as IFN-γ, IL-12, and IL-4,
inhibit Treg differentiation from naı̈ve cells induced by TGF-
β1, whereas blocking of IFN-γ and/or IL-4 could promote
Foxp3+ Treg differentiation both in vitro and in vivo [48].
Improved allograft survival in B7-H4-treated recipients may
be due to the well-controlled alloreactive T-cell proliferation

Islet

Islet Islet

Islet Islet

Islet
Islet

Islet

IsletIslet

Granzyme B

T cell

MHC

Ag

T
C

R
/C

D
3

Treg
Treg

Treg

CD4

CD4

CD4
CD4

CD4

CD4

Th2 Th2
Th2

CD8

CD8 CD8
CD8

Th1
Th1

Th1

B7-H4

B7-H4 R

IFN-γ

Figure 3: The mechanism of B7-H4 action in islet transplantation.
Interaction between B7-H4 and an unknown receptor on activated
T cells leads to a series of intracellular signalling cascades that result
in improved allograft survival. B7-H4 protects allograft rejection
through deletional and nondeletional mechanisms. It can limit
cytotoxic CD8+ proliferation and transcription of granzyme B. It
also reduces the Th1 response which may facilitate generation of
suppressive Foxp3+ Tregs. The combination of controlling activated
T-cell proliferation and promoting regulatory T-cell subsets results
in enhanced allograft survival and induction of donor-specific
tolerance.

suppressed by increased number of Foxp3+. Reduced IFN-
γ in the early stage may facilitate the conversion of Foxp3+

from effector or naı̈ve T cells in the late stage.

B7-H4 enhances islet allograft survival and induces
donor-specific tolerance through deletional and non-dele-
tional mechanisms (Figure 3). However, the mechanism for
tolerance induction and maintenance is not fully under-
stood. A similar number of Tregs in the periphery of failed
and surviving recipients treated with B7-H4 after second-
set transplants demonstrated that factors other than Tregs
may contribute to tolerance maintenance, such as ineffi-
cient inhibition of memory T cells generated in second-set
transplants [47]. Theoretically, iTregs are supposed to be
donor-specific because they are converted from effector
cells that share a similar TCR repertoire. Therefore, the
generation of iTregs might result in donor-specific tolerance.
Epigenetic studies reveal that CpG dinucleotides at the
Foxp3 locus are methylated in naı̈ve CD4+CD25−, activated
CD4+ T cells, and TGF-β-induced iTregs but completely
demethylated in nTregs, demonstrating closely compact nu-
cleosomes in the formal subsets that prevent transcription
[49]. In fact, iTregs are particularly unstable and tend to lose
Foxp3 expression more easily than nTregs. In B7-H4-treated
recipients, suppressive Tregs and cytopathogenic Teffs can
be reprogrammed upon secondary donor-specific antigen
stimulation, indicating that Tregs are involved in tolerance
induction but play a minimal role in tolerance maintenance.
The relative contributions of nTregs and iTregs in terms of
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synergism in promoting tolerance or redundant remain to
be elucidated.

7. B7-H4 and Autoimmunity

Mice treated with B7-H4-neutralizing mAb that blocks
endogenous B7-H4 expression develop accelerated and much
more robust EAE, demonstrating that B7-H4 downregulates
autoimmune EAE [36]. Moreover, regulation of myelin
oligodendrocyte glycoprotein- (MOG-) induced EAE by B7-
H4-blocking mAb is associated with increased CD4+, CD8+,
and CD11b+ macrophages, suggesting its role in modulating
the interaction between T cells and APCs in EAE [36].

Our unpublished data show that early treatment of NOD
mice with B7-H4.Ig fusion protein significantly reduces the
incidence of spontaneous autoimmune disease to 28.6%,
compared to 67.8% in controls, suggesting its efficacy in
preventing the destruction of insulin-producing β cells by
autoreactive T cells. These promising data demonstrate B7-
H4’s potential role in inhibiting recurrence of autoimmune
diabetes in islet transplantation.

8. Future Directions and Conclusions

Much progress has been made in improving allograft
survival and induction of tolerance using costimulation
blockade. CTLA-4.Ig prolongs survival of allograft and
xenografts in various rodent models [50–52]. Its mutant
form LEA29A (belatacept), which increases the efficacy of
inhibition through enhanced binding capacity and decreased
dissociation rate with B7.1/B7.2, shows promising results in
nonhuman primates and in human renal transplantation
and is currently in phase III clinical trials [53, 54]. Pro-
grammed cell death ligand 1 (PD-L1) fusion protein, PD-
L1.Ig, prolongs cardiac allograft survival in CD28-deficient
but not in wild-type recipients, suggesting that PD-1:PD-
L1 and CD28/CTLA-4:B7 may be two distinct pathways
in alloimmunity [55]. Combination of PDL1.Ig and anti-
CD154 prolongs islet allograft survival [56].

In a mouse solid organ (heart) transplantation model,
B7-H4 plays a nonredundant regulatory role and functions
dominantly in the absence of CD28/CTLA-4:B7 signals,
suggesting its synergistic effects with CTLA-4 to control
allograft rejection, especially facilitatory to tolerance induc-
tion [57]. In order to design new strategies for preventing
both alloreactive and autoreactive immune responses and
generating donor-specific tolerance, it will be important
to identify the detailed mechanisms in each cosignalling
pathway.
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β-cell replacement by allogeneic islet transplantation is a promising approach for patients with type 1 diabetes, but the shortage of
organ donors requires new sources of β cells. Islet regeneration in vivo and generation of β-cells ex vivo followed by transplantation
represent attractive therapeutic alternatives to restore the β-cell mass. In this paper, we discuss different postnatal cell types that
have been envisaged as potential sources for future β-cell replacement therapy. The ultimate goal being translation to the clinic,
a particular attention is given to the discrepancies between findings from studies performed in rodents (both ex vivo on primary
cells and in vivo on animal models), when compared with clinical data and studies performed on human cells.

1. Introduction

Type 1 diabetes results from the specific destruction of
β-cells by the immune system. The insulin-producing β-
cells are the most abundant cell type residing in the islets
of Langerhans, which are microorgans that are scattered
throughout the exocrine tissue and represent only 1 to 2%
of the total organ mass. β-cell replacement is considered the
best therapeutic option, given the capacity of this particular
cell type to accurately respond to highly variable changes
in blood glucose level and as such to maintain glucose
homeostasis. Islet transplantation via the portal vein of the
liver is a promising approach and considerably less invasive
than total organ transplantation. However, among other
difficulties, the scarcity of donor material will always remain
a major hurdle [1, 2].

Adult β-cell mass is known to be dynamic and to be
able to respond to physiological changes in insulin demand
such as obesity, pregnancy, and starvation. In theory, β-
cell mass adaptation can occur via modification of cell size
(hypertrophy versus atrophy) or modification of cell number
(proliferation of existing mature β-cells or formation of new
β-cells from progenitor cells versus apoptosis).

The origin of newly formed β-cells has long been
debated [3–9], part of the observations reported remaining
controversial and partial. In addition, many statements rely
on studies performed in animal models or animal cell(s)
(lines). As the ultimate goal is translation to the clinic, the
aim of this paper will be to compare rodent and human data
regarding postnatal cell types envisaged as potential sources
to generate β-cells during the past decade.

We will focus on the replication capacity of the β-
cell itself then address the unexpected recent plasticity of
differentiated cell types developmentally close to β-cells.
For many years the dogma was upheld that terminally
differentiated cells were committed to a specific function
and could no longer change their identity. In contrast, pro-
genitor/stem cells are expected to retain some multipotency
capacities and therefore be more suitable for tissue replace-
ment strategies. Nowadays more and more examples of
efficient “transdifferentiation” have been reported, without
an apparent need for a progenitor cell intermediate stage.
Finally, given their various capacities, adult mesenchymal
stem cells (MSC) are increasingly considered for clinical use
in many different applications. We will review the recent
reports about both pancreatic and extrapancreatic sources of
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MSC and the possible application of these cells for type 1
diabetes treatment.

Several groups reported on a successful derivation of
both murine and human embryonic stem cells (ESs) to
β-cell-like cells able to revert hyperglycemia in diabetic
mouse models (for detailed review see [10]). Mimicking
normal pancreatogenesis appears to be the best strategy
to differentiate ES cells toward the endocrine lineage,
although large differences in differentiation capacity exist
between different ES cell lines using similar protocols [11].
Importantly, the risk of teratomas formation in vivo, inherent
to ES cells when they remain undifferentiated, as well as
ethical principles about any therapeutical use of human ES
cells currently hold back extensive clinical applications of
these cells. Recent developments on technology to generate
induced pluripotent stem cells (iPS) hold great promise [12–
16]. However, safety issues due to genetic and epigenetic
abnormalities during reprogramming or in subsequent cell
culture are a major hurdle for clinical transplantation. A
more immediate application of ES and iPS cells is more likely
to be their use in modeling human disease [17]. Therefore, in
this paper, we chose to limit ourselves to alternative postnatal
cell sources The data of this part are summarized in Table 1.

2. Generation of β-Cells from Mature
Differentiated Cells?

2.1. β-cells. During adult life, β-cell replication appears to
be a predominant mechanism of β-cell mass expansion
in healthy mice (Figure 1). Dor et al. demonstrated that
preexisting β-cells, rather than multipotent stem cells, are the
major source of new β-cells during adult life and after partial
pancreatectomy [18]. The study relies on a transgenic mouse
model carrying a rat insulin gene promoter-controlled
expression cassette encoding a tamoxifen-dependent CRE
recombinase. A pulse treatment of tamoxifen irreversibly
induced the expression of a reporter gene (human placen-
tal alkaline phosphatase (HPAP)) through CRE-mediated
excision of a STOP sequence specifically in β-cells. Intrigu-
ingly, the percentage of HPAP-positive β-cells immediately
after tamoxifen treatment and 4, 6, 9, and 12 months
later remained very similar, indicating that during normal
turnover in murine β-cells originate exclusively from preex-
isting β-cells. In islet injury models, either by pancreatectomy
or by β-cell ablation using β-cell specific expression of
Diphtheria toxin A resulting in 70% and 80% reduction
in β-cell mass, respectively [18, 19], new β-cells appeared
to be formed largely from genetically labeled preexisting β-
cells and not from neogenesis or from expansion of non-
β-cell precursors. Nevertheless, murine β-cell replication
capacity appears to decline with age [20–22]. Furthermore,
the question was addressed whether all β-cells contribute
equally to growth and maintenance of β-cell mass or if
distinct subpopulations exist. Label-retaining techniques
were applied. Brennand et al. performed an in vivo pulse-
chase labeling experiment using Histone 2B-GFP as reporter
gene [23]. A uniform label across the entire β-cell population
was observed. Next, a clonal analysis of dividing β-cells

Table 1: Potential sources of de novo β-cells among differentiated
adult cell types.

Rodent Human

in vitro in vivo in vitro in vivo

Endocrine

β -cells +++ +++ − −/+

α-cells ? ++ ? ?

Exocrine

Ductal cells ++ + + ++

Acinar cells + −/+ ? ?

Extra-pancreatic

Liver cells ? ++ + ?

Figure 1: Section of murine pancreas stained with anti-insulin
(red) and anti-BrdU (brown) antibodies. C57BL/6 mice were on
a high-fat diet for 6 weeks. BrdU was injected for one week by
s.c. injections, thereby labeling all proliferating cells. A number of
replicating β-cells (arrows) and acinar cells are detected.

revealed that all clones were of similar sizes. Altogether this
suggests that, in mice, the pool of β-cells is homogenous
and all cells are able to replicate at the same rate. Therefore
all β-cells can be candidate for in vitro expansion. Similar
conclusions were obtained from a parallel study, in which
a DNA analog-based lineage tracing method was developed
to detect sequential cell division in vivo [24]. Recently Dor
and colleagues further investigated the replication dynamics
of adult murine β-cells and showed that replicated β-cells are
able to reenter the cell division cycle shortly after mitosis.
This short quiescence period of several days was found to
be lengthened with advanced age [25] and shortened during
injury-driven β-cell regeneration and following treatment
with a pharmacological activator of glucokinase [25, 26]. The
data of this part are summarized in Table 1.

In humans, Meier et al. investigated the β-cell mass from
infancy to adulthood by performing immunohistochemistry
and morphometric analyses on pancreas obtained at autopsy
from 46 donors (from 2 weeks to 21 years of age) and
determined pancreas volume by CT scan in 135 individ-
uals of similar age [27]. The authors concluded that the
predominant expansion of β-cell mass in humans occurs in
early childhood (2.6% of β-cells positive for Ki67), without
secondary growth phase of β-cell mass during adolescence,
in contrast to rodents. Interestingly, the islets appear to
increase in size rather than in number. Moreover, although
the authors identified some β-cells (both individual cells
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and in small clusters) near the ducts, the number of these
insulin-positive cells increased to a similar extent as the
overall expansion of β-cell numbers in the islets, consistent
with the hypothesis of β-cell replication. It is important to
note that an efficient β-cell mass regeneration approach in a
therapeutic perspective would require a similar rate of β-cell
replication. Other studies confirmed these results. Kassem
et al. reported that β-cell replication decreased progressively
from 3.2% at 17–32 weeks of gestation to 1.1% perinatally
[28]. After birth, levels of β-cell replication would drop
further to reach less than 0.1% in young adults [29]. These
data also correlate with the findings that β-cell mass is
established by the first two or three decades of human
life as determined by measuring accumulation of lipofuscin
bodies as a marker to estimate β-cell longevity [30] or by
in vivo thymidine analog incorporation and radiocarbon
dating [31]. Remarkably, the adaptive increase of β-cell
mass in adult humans appears to be modest in response to
obesity (2- versus 10-fold) [32], as well as during pregnancy
(1.4 fold versus 2 to 5-fold) compared to rodents [33, 34].
In contrast to rodents again, in both obese subjects and
pregnant women, the adaptive increase in β-cell number
was accompanied by an increased number of small new
islets, indicative of neogenesis (cf. paragraph 2.3), rather
than an increase in islet size or number of β-cells per islet,
characteristic for β-cell replication. Finally a study performed
on human pancreatic tissue collected from 13 patients who
underwent a partial pancreatectomy showed that, unlike in
rodents, a 50% pancreatectomy does not trigger any β-cell
regeneration in adult humans. This corroborates with the
high incidence of diabetes after partial pancreatectomy [35].
In summary, in vivo β-cell replication capacity in humans
appears to be mostly limited to the very early postnatal
period, and the triggers of such a process are still unknown.

Data available on β-cell proliferation in vitro are very
limited when restricted to primary β-cells. An early report
claimed that human β-cells were able to replicate efficiently
(69% of BrdU/insulin double-positive cells) when exposed
to a specific matrix (matrix produced by the rat bladder
carcinoma cell line 804G) in the presence of hepatocyte
growth factor/scatter factor (HGF/SF) [36]. However HGF
induced a rapid decrease in insulin content [37]. This work
was rapidly challenged by another report showing that the
defined culture conditions were favorable for replication of
ductal cells and not for β-cells [38]. In a comparative study
between in vitro proliferation of purified human and rat β-
cells, Parnaud et al. also failed to detect any β-cells that were
positive for Ki67 or had incorporated BrdU even after 10 days
of exposure [39]. However a clear proliferation of purified
rat β-cells was observed and could be further enhanced by
defined coatings or growth factors. Proliferation of human β-
cells in (intact) isolated human islets was also assessed in the
same study and remained undetectable. Therefore it appears
that culture conditions for efficient human β-cell replication
ex vivo have not been clearly identified.

2.2. α Cells. Differentiation of endocrine non-β-cells to β-
cells is an interesting alternative mechanism for increasing
the β-cell mass. A limited number of studies supported this

new concept. Collombat et al. showed in various transgenic
mouse models that forced expression of Pax4 at different
stages (in pancreatic progenitor cells, endocrine precursor
cells, or in mature α cells) resulted in a shift of all endocrine
lineages toward a β-cell fate [40]. A bicistronic vector (Pax4-
IRES-β-galactosidase) was used in order to follow cells of
interest by staining for β-galactosidase activity. Importantly,
the authors observed an age-dependent increase in islet size
and in number of insulin/β-galactosidase double-positive
cells and a concomitant decrease in α-cell content. These
observations indicate that ectopic Pax4 expression can also
force conversion of adult glucagon-expressing cells into β-
cells. Remarkably, the subsequent decrease in glucagon was
found to activate the differentiation of ducts-associated
progenitor cells α cells (via an intermediate stage of Ngn3
positive cells). However the newly formed α cells failed
to correct the hypoglucagonemia since they were shown
to be rapidly converted into β-cells upon Pax4 ectopic
expression. Notably, the expression of Pax4 in glucagon-
positive cells has been reported to be sufficient to restore
a functional β-cell mass in diabetic mice, although only
in the young animals. Thorel et al. developed a transgenic
mouse model of near total β-cell ablation that relies on
the specific expression of Diphtheria Toxin Receptor (DTR)
in pancreatic β-cells (expression driven by the rat insulin
promoter) [41]. After administration of Diphtheria Toxin, a
rapid and extreme (>99%) β-cell destruction by apoptosis
was observed resulting in a characteristic diabetes within
a couple of weeks. If given insulin, the mice survived
and showed a slow β-cell mass regeneration. Only after 5
months the regenerated β-cell mass was able to maintain
glucose homeostasis without exogenous insulin administra-
tion. Using a doxycycline inducible α-cell lineage tracing
system, the authors established that one month after β-
cell ablation, a large but variable (32 to 81%) fraction of
newly formed β-cells resulted from the transdifferentiation
of about 5 to 10% of α cells. Importantly, almost all (∼90%)
were bihormonal (still expressing glucagon even as far as
10 months after ablation). Of note, no β-cells were found
in extrainsular locations. Therefore, in contrast to previous
studies [19], the β-cell mass regeneration was attributed to
neogenesis through α-cell transdifferentiation, rather than to
the slow self-replication mechanism of preexisting mature
β-cells. The authors suggested that the amount of β-cell
loss and the type of injury would determine the mechanism
of regeneration. This theory of unexpected pancreatic cell
plasticity triggered by extreme β-cell loss was supported by a
parallel study done by Chung and colleagues [42]. The model
used was a combination of pancreatic duct ligation (PDL)
with specific elimination of preexisting β-cells by alloxan
[42]. No lineage tracing method was used in this work,
and results are based on immunohistochemistry stainings
performed at 7 and 14 days. The authors reported a rapid
regeneration of β-cell mass within weeks and suggested that
the newly formed β-cells resulted mainly from conversion
of adult α cells. Interestingly the authors also observed
that under injury conditions, α cells were able to replicate.
However no α-cell division was required for conversion
into β-cells. Importantly the regenerated β-cell mass was



4 Journal of Transplantation

not sufficient to revert hyperglycemia, possibly due to the
persistent inflammation caused by the PDL. In summary,
three independent studies performed in transgenic mouse
models showed that α- to β-cell conversion can occur.
One could wonder how this relates with the developmental
process. In rodents, the glucagon gene is expressed in the
earliest endocrine cells that can be detected [43]. However,
Herrera et al. demonstrated that, during murine embryo-
genesis, mature glucagon- and insulin-producing cells share
a common precursor but belong to separate developmental
lineages [44].

In human cells, the embryologic situation appears to
be different, since insulin-positive cells are the first to
be detected during development [45]. Therefore it is not
known whether this extraordinary islet cell plasticity exists
in adult human α cells in vitro or in vivo. If so, α cells,
especially if their capacity to replicate under injury condition
is confirmed, could be an ideal intraislet source for in vivo
regeneration of β-cells.

2.3. Ductal Cells. Pancreatic ductal cells have long been
thought to be the main source for progenitor cells in the
pancreas (cf. reviews [3, 8]).

Several rodent studies based on immunohistochemical
observations in animal models, suggested a possible mecha-
nism of islet neogenesis via recapitulation of the embryologi-
cal development after activation and differentiation of ductal
progenitors [46–50]. Recently a number of lineage tracing
studies in transgenic mouse models have been performed in
order to identify putative endocrine progenitors in adults,
but provided contradictory conclusions. Bonner-Weir and
collaborators made use of the human carbonic anhydrase II
(CAII) promoter, specific for differentiated ductal cells, com-
bined to a tamoxifen inducible CRE-ER/Lox recombination
system [51]. CAII-expressing cells within the pancreas acting
as precursor cells gave rise to both pancreatic endocrine and
exocrine tissues after birth and after injury. After PDL 25% of
β-cells were labeled. The authors proposed that ductal cells
represent a pool of homogenous cells from which a fraction
can dedifferentiate into progenitor cells that are able to
regenerate both endocrine and exocrine tissues. In a parallel
study, Heimberg and colleagues suggested a slightly different
model: a rare subpopulation of endocrine progenitor cells,
located in the ductal lining, could be activated upon PDL in
adult mouse pancreas and subsequently started to express an
embryonic key endocrine developmental factor, Ngn3 [52].
Differentiation of an Ngn3-positive subpopulation gave rise
to all islet cell types, including glucose responsive β-cells
both in situ and when cultured in embryonic pancreatic
explants. However, in a subsequent study a lineage tracing
of HNF1β-positive ductal cells was performed. 65% of
pancreatic ductal cells were labeled. The authors show
that the ductal epithelium does not make a significant
contribution to acinar or endocrine cells during neonatal
growth (6-month observation period) or upon regeneration
condition (PDL or Alloxan followed by EGF/gastrin treat-
ment) [53]. Of interest, earlier lineage studies by Melton’s
group pointed out on the heterogeneity in developmental
potential among “duct-like structures” in early embryo [54].

Figure 2: Section of human pancreatic exocrine tissue stained
with an anti-insulin antibody (red). Nuclei are stained by DAPI
(blue). An insulin-positive cell (arrow) is detected in the duct lining
suggesting a process of β-cell neogenesis.

Lineage tracing experiments suggested that Ngn3-positive
cells are indeed islet progenitors but distinct from duct
progenitors. On the other hand, the authors could not rule
out the possibility that a minor population of mature ductal
cells is able to transiently activate Ngn3 gene expression
and subsequently contributes to islets neogenesis. Lineage
tracing of Muc1 ductal/acinar cells confirmed that Muc1-
positive cells give rise to endocrine cells in utero, in line
with embryological development [55]. However, after birth,
Muc1 lineage-labeled cells were found to be restricted to
the exocrine compartment, with no detectable contribution
to islet cells. No injury or regeneration models have been
tested in that particular model. Along the same line, another
independent lineage labeling using the Sox9 promoter (active
in early pancreatic progenitors) and resulting in 70% of
labeled pancreatic ductal cells established that very few
nonendocrine cells continue to arise from Sox9-positive
precursors in early postnatal life, but no endocrine or
acinar cell neogenesis from Sox9-positive cells occurs during
adulthood [56]. Intriguingly, in contrast with an earlier
study [52], the authors found that after PDL, Sox9-positive
cells give rise to Ngn3-positive cells but these cells do not
contribute to islets. Thus, although the function of ductal
cells as endocrine progenitors in embryonic development
is commonly accepted, more insight is needed into the
potential of cells from the ductal compartment as an
alternative source for the formation of new β-cells in adult
rodents.

Immunohistochemistry stainings performed on tissues
obtained at autopsy or after pancreatectomy are obviously
the only possible technique to evaluate the β-cell mass
in humans. The occurrence of neogenesis is suggested by
the presence of insulin-positive cells in the ductal area
combined to the absence of replication of this cell population
(ruling out the expansion of a preexisting insulin-positive
ductal cell population) (Figure 2). Careful quantification and
repeated observations in different contexts can result in
strong indications. Meier et al. analyzed pancreatic tissues
obtained at autopsy from 46 children aged from 2 weeks to
21 years and observed about 0.5% of insulin-positive ductal
cells [27]. A similar percentage has been reported by Reers
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et al. that studied pancreatic tissues from 20 donors aged
from 7 to 66 years [57]. The rate of islet neogenesis does
not seem to be affected by aging. Importantly, Butler et al.
observed that ductal cells positive for insulin were increased
by 2- and 3-fold during obesity and pregnancy, respectively
[32, 33]. Therefore it appears that in humans islet neogenesis
from ductal cells is stimulated during metabolic situations
that require an increase in insulin level. It should be noted
that during both obesity and pregnancy the adaptive increase
of β-cell mass is much more limited in humans compared
to rodents. In pathophysiological condition such as chronic
pancreatitis, Phillips et al. also observed a significant increase
of insulin-positive ducts in adult human pancreas of 11
patients compared to control group [58]. In another study,
the question was addressed whether β-cell neogenesis occurs
in the transplanted pancreas of type 1 diabetic patients
who had received a simultaneous pancreas-kidney transplant
(SPK) [59]. Pancreatic tissues from 9 SPK patients and 16
nondiabetic organ donors were examined by immunohisto-
chemistry. Remarkably, high numbers 33 to 90% of ductal
cells were found to be insulin positive, and 17% to 95% of
the ducts harboured insulin-positive cells in SPK patients
with recurrent autoimmunity and diabetes. A high degree of
neogenesis was observed in patients with the most severe β-
cell loss, whereas a low degree of neogenesis was observed
in normoglycaemic patients, suggesting that in the particular
context pancreas transplantation, hyperglycemia and chronic
inflammation may strongly stimulate β-cell neogenesis from
ductal cells. Intriguingly, a study by Bouwens et al. analyzing
pancreatic tissues from nine adult donors revealed that 15%
of all β-cells were located in units with a diameter less than
20 mm and without associated glucagon-, somatostatin-, or
pancreatic polypeptide cells [29]. These single β-cell units
were situated in or along ductules, from which they appear
to bud as previously noticed in fetal and neonatal pancreas.
Furthermore, simultaneous presence of Ki67-positive ductal
cells (0.05%) and absence of Ki67-immunoreactive budding
β-cells suggested that β-cell neogenesis depends on ductal
cell proliferation and differentiation in humans.

About ten years ago murine ductal cells cultured in
vitro were reported to form 3D clusters that differentiate
to functional islet cells, which are able to respond to a
glucose challenge and to reverse diabetes in mice [60]. An
interesting strategy for the prospective isolation of putative
progenitors from an enriched ductal cell population is
also being pursued by Taniguchi and colleagues [61, 62].
The approach combines immunohistochemical analysis of
mouse pancreas to define new phenotypic markers and flow
cytometry cell sorting to isolate clonal cell populations that
are able to differentiate toward the endocrine lineage in vitro
or in vivo. The data suggest that a population of progenitor
cells was present among CD133-positive ductal cells.

Koblas et al. confirmed that a subpopulation of CD133-
positive cells in human islet-depleted tissue was able to
differentiate into functional insulin-producing cells in vitro
and to secrete insulin in a glucose-dependent manner
[63]. Furthermore, Bonner-Weir and collaborators showed
that human primary ductal cells could be isolated from
islet-depleted pancreatic tissue, expanded in culture, and

triggered to differentiate towards glucose responsive islet-
like clusters [64]. These results were confirmed by Gao et
al. who further characterized the nature of these pancreatic
progenitor cells [65]. During monolayer expansion, two
subpopulations of proliferating cells were observed, CK19-
positive ductal cells at an early time point (day 3) and
nestin-positive cells at a later time point (day 7). Under
serum-free conditions and Matrigel covering of the cells,
the CK19-positive cells, but not the Nestin-positive cells,
were able to form islet-like clusters that contain insulin- and
glucagon-positive cells. When transplanted under the kidney
capsule of nude mice, one out of five grafts demonstrated
further growth with foci of both endocrine and exocrine
cells. Next, Bonner-Weir and colleagues used magnetic cell
sorting and antibodies raised against the ductal surface
marker CA19-9 to isolate ductal cells from islet-depleted
tissue [66]. Transplantation experiments of purified ductal
cells versus unpurified preparations (56% CK19-positive
cells only) into normoglycemic NOD/SCID mice revealed
that differentiation of ductal cells to insulin-producing cells
was dependent on the presence of nonductal cells, probably
pancreatic stromal cells as suggested by the authors. Of
interest, in vitro islet-to-duct plasticity has also been reported
for human cells [67, 68].

Although some lineage tracing studies in rodents have
provided contradictory results, most in vivo and in vitro data
from both human studies indicate that cells from the ductal
compartment are an attractive putative cell source for β-cell
replacement strategies.

2.4. Acinar Cells. Besides the ductal origin hypothesis, a
number of studies show that acinar cells might also display
a certain degree of plasticity.

Melton and colleagues suggested that acinar cells and
endocrine cells share a common progenitor after the ductal
cell lineage has already separated [54]. On the other hand,
Bouwens and colleagues proposed a variant of the ductal
origin hypothesis, in which acinar cells would be able to
transdifferentiate towards β-cells, through an intermediate
dedifferentiated ductal-like stage [49, 69]. This model was
supported by more reports. β-cell mass regeneration has
been studied after streptozotocin treatment in a transgenic
mouse model expressing interferon gamma under the con-
trol of the insulin promoter [70]. New β-cells appeared
to result primarily from the formation of new islets from
small pancreatic ducts. However, interestingly, some putative
transitional cells were identified harboring both exocrine
and endocrine granules, indicative of acinar cells as possible
precursor cells. Similar observations were made in a parallel
study after PDL [71]. Furthermore, in order to visualize
better possible intermediate stages during acinar-to-ductal
transdifferentiation in a PDL injury model, Lardon et al.
took advantage of the fact that dexamethasone treatment
inhibits the loss of amylase from acinar cells [72]. Puta-
tive transitional cells coexpressing acinus-specific (amylase)
and duct-specific (CK20) markers were identified in vivo.
Furthermore, acinus-to-islet conversion was confirmed in
vitro after isolation of acini and identification of putative
transitional cells coexpressing acinus-specific (amylase) and
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β-cell-specific (insulin) markers. Several groups recently
performed some in vivo lineage tracing analyses using
acinus-specific promoters (amylase and elastase). Replication
of preexisting acinar cells is seen as the major mechanism
for regeneration of the acinar tissue. Moreover, acinus-
to-duct transdifferentiation has been reported to occur in
vivo, although at a very low frequency, in mouse models
for pancreatitis [73], and in a mouse model that devel-
ops insulin-positive cell-containing hyperplastic ducts in
response to the growth factor TGFα [74]. However, the same
authors also showed that the insulin positive cells adjacent
to acinus-derived ductal cells arose from preexisting insulin-
positive cells and not from acinar cells. Along the same
line, Stoffers and collaborator failed to observe any acinus-
to-β-cell transdifferentiation in adult mice under normal
conditions and after 70% pancreatectomy, PDL, or caerulein-
induced pancreatitis [75]. On the other hand, Melton et al.
reported that adenovirus-mediated coexpression of Pdx1,
Ngn3, and MafA in vivo in pancreas from adult mice
was sufficient to induce the transdifferentiation of mature
exocrine cells into β-cells that are indistinguishable from
endogenous islet β-cells in size, shape, and ultrastructure
[76]. However the question remains open whether acinar
cells or other possible precursor cells were reprogrammed in
these experiments.

In vitro, rat exocrine cells treated with dexamethasone
can convert to hepatocyte-like cells. In contrast, when
cultured in low serum medium (1%) in the presence of EGF
and LIF, rat exocrine cells can transdifferentiate to functional
β-cells [77]. In that particular study, 10% of dedifferentiated
acinar cells expressed insulin, with a total insulin content
of 40 to 90% of primary β-cells, and transplantation of
about 100,000 of these insulin-positive cells was sufficient
to revert hyperglycemia in a diabetic nude mouse model. In
an independent study, Minami et al. showed that suspension
culture in presence of EGF and nicotinamide converted 5%
of adult murine acinar cells to glucose responsive insulin-
producing cells [78]. An adenovirus mediated in vitro lineage
tracing study using the acinus-specific amylase or elastase
promoter confirmed the identity of the starting population.
In addition, acinus-to-duct transdifferentiation was shown
to occur, in response to EGF-receptor signalling, through an
intermediate nestin-positive stage in an in vitro culture of
pancreatic explants [79].

Regarding human cells, there are no data available
about a possible acinus-to-islet cell plasticity. One possible
explanation is the selective death by apoptosis of human
acinar cells when cultured in vitro. In contrast, human
ductal cells can survive, adhere to plastic culture dish, and
proliferate [80]. Nevertheless the possible acinus-to-duct
transdifferentiation suggested by others [81] cannot be ruled
out in this study.

2.5. Liver Cells. Liver and pancreas have a common embry-
ological origin, both arising from the primitive gut. There-
fore liver cells have been hypothesized to constitute a
potential cell source for β-cell generation [82].

Ferber and collaborators demonstrated that an adeno-
virus-mediated expression of the key pancreatic transcrip-
tion factor Pdx1 in mouse liver (intravenous infusion)
resulted in transdifferentiation of hepatocytes to β-cell-like
cells [83]. Pdx1 expression found in 60% of hepatocytes
resulted in a 3-fold increase of plasma insulin levels, 59%
as insulin, and 41% as proinsulin. These data indicate
that proinsulin was processed which was substantiated by
expression of the prohormone convertase 1/3. The amount
of insulin produced was sufficient to reduce hyperglycemia in
a diabetic mouse model. A similar approach was successfully
reported with adenovirus-mediated expression of Pdx1
or Ngn3 [84] and the coexpression of NeuroD1/Beta2
and betacellulin [85] in the liver. Of note, although the
overexpression of Pdx1 was able to revert the elevated
blood glucose of diabetic mice, the animals died from liver
inflammation most likely due to the exocrine-differentiating
activity of Pdx1. Interestingly Yechoor et al. showed that
gene transfer of a pancreatic key transcription factor (Ngn3
in this study) in liver leads to long-term diabetes reversal in
mice [86]. However the authors demonstrated that, although
insulin expression was transiently induced in terminally
differentiated hepatocytes, the long-term diabetes reversal
obtained in these mice was resulting from the differentiation
of hepatic progenitors able to generate islet-like clusters. The
phenomenon was described as “transdetermination,” that is,
lineage switching in lineage-determined, but not terminally
differentiated, cells.

Human adult liver cells were shown to expand in vitro
and to transdifferentiate towards an endocrine pancreatic
lineage after Pdx1 overexpression [87]. Pdx1-expressing
human liver cells were found to express insulin that
is stored in secretory granules, which are released in a
glucose-regulated manner. When transplanted under the
kidney capsule of diabetic immunodeficient mice, these
cells ameliorated hyperglycemia for prolonged periods of
time. Similar studies using human fetal progenitor liver cells
were reported [88, 89]. Since harvesting and propagating
significant numbers of primary hepatocytes from patients
with diabetes would be theoretically feasible, the liver can be
considered as an interesting extrapancreatic source for β-cell
replacement therapy.

3. Generation of β-Cells from Adult
Mesenchymal Stem Cells?

Mesenchymal stem cells (MSC) were originally identified
in bone marrow by Friedenstein in 1976 as a rare, het-
erogeneous, non hematopoietic, and multipotent stromal
population able to differentiate to mesenchymal lineages
including bone, fat, and cartilage. MSC are virtually present
in all organs, including the pancreas and the islets of
Langerhans. It is now generally accepted that the perivascular
area harbors the MSC, explaining the ubiquitous distribution
of these cells in the body [90]. Interestingly, MSC can be
obtained from live donors (and potentially from the patient
itself) and are easily expandable in vitro. Therefore, despite
the fact that their identity and their exact role in vivo have
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Table 2: Potential sources of de novo β-cells among differentiated
adult MSC: BM: bone marrow, AT: adipose tissue; UCB: umbilical
cord blood.

Rodent Human

in vitro in vivo in vitro in vivo

Pancreatic

Islet-(derived) MSC ? ? + ?

Exocrine-(derived) MSC ? ? −/+ ?

Extra-pancreatic

BM-MSC
AT-MSC
UCB-MSC

+ −/+ −/+ −

not been clearly defined yet, mesenchymal stem cells have
been envisaged for a broad range of therapeutic applications
including type 1 diabetes [91, 92]. The data of this part are
summarized in Table 2.

3.1. Islet(-Derived) MSC. We and others reported on
the expansion of MSC-like cell population from isolated
human islets: human islet-derived precursor cells (IPC)
[93–95], NIP/Nestin-positive Islet-derived Progenitors [96],
PIDM/Pancreatic Islet-Derived Mesenchymal cells [97],
PHID/Proliferating Human Islet-Derived cells [98], and
more [99, 100]. These cells are able to proliferate ex vivo and
can be passaged. Interestingly, most of the groups reported
a common characteristic, which is aggregation into clusters
ranging in sizes between 50 and 200 μm (similar range as
primary islets) under serum starvation and a subsequent
increase in expression of endocrine markers. However others
failed to reproduce these data of partial differentiation
[101, 102]. In any case, the endocrine markers remained
at very low level when compared to freshly isolated human
islets. Davani et al. reported a further capacity of IPC to
differentiate into functional β-cells that secrete human C-
peptide in response to glucose after reimplantation of 4-day-
old aggregates in mice [94].

The origin of these cells remains elusive and very
controversial. Initially Gershengorn and colleagues proposed
an Epithelial-to-Mesenchymal Transition (EMT) to occur
from human β-cells [93]. However this idea was rapidly
refuted by the same group and others after lineage tracing
experiments performed in transgenic mouse models that
failed to show any EMT of murine β-cells [103–106].
The overall conclusion of these four studies was that the
proliferative cell population derived from cultured murine
islets was not originating from β-cells, since no β-cell specific
markers were identified in these cells. Efrat and collaborators
recently developed a lineage tracing system similar to the
techniques applied in transgenic mouse models, but now
applied to human cells in vitro using lentiviral vectors [107].
The dual viral system relies on the β-cell specific expression
of the CRE recombinase in one vector and a CMV-GFP
reporter vector in another vector in which GFP expression is
restricted by a “floxed” intermediate sequence. As lentiviral

vectors integrate into the genome of the transduced cells, the
reporter gene will remain expressed in all cells originating
from the initial pool of labeled cells. In their follow-up study,
Russ et al. slightly modified the system by using a tamoxifen-
inducible CRE/ER recombinase, restricting the labeling
period to the duration of a short (overnight) tamoxifen pulse
[108]. Human β-cells were efficiently (50%) and specifically
labeled by the dual lentiviral system. This powerful technique
provided evidence that human β-cells can dedifferentiate to
an MSC-like cell population and proliferate when cultured
ex vivo, in contrast to mouse β-cells, as revealed earlier from
the transgenic mice studies [103–106]. Intriguingly, 40% of
cells exhibiting MSC markers in culture (likely to be the
cell population previously named IPC, NIP, PIDM, or PHID
by others) resulted from an EMT of β-cells. On the other
hand, several groups suggested, but never unequivocally
demonstrated, the presence of a mesenchymal stem cell
population within human islets [94, 96, 97]. In a recent study,
we investigated the presence of MSC(-like cells) in freshly
isolated human islets, and we identified a double-positive
CD90/CD105 population representing approximately 2%
of the total islet cell population. The presence of these
cells inside freshly isolated human islets was confirmed
by confocal microscopy [95]. An independent study val-
idated the presence of pancreatic MSC in the periacinar,
perivascular, and periductal space of human pancreas [109].
The functional significance of the presence of these cells
in the islets and the possible interplay between islet-MSC,
endocrine cells, and the vascular system in human islets
remain to be further clarified. Altogether these data suggest
that the MSC-like cell population derived from human
islets in culture results from subpopulations of at least
two origins: proliferation of islet-MSC and proliferation of
dedifferentiated β-cells. More studies, in particular detailed
lineage-tracing experiments will be needed to confirm this
model.

At the moment it remains unclear whether all mesenchy-
mal stem(-like) cells are equal and whether MSC originating
from islets would be more prone to differentiate toward
the endocrine lineage. Two groups determined the gene
expression profiles in human islet-derived MSC [110, 111].
Both studies confirmed the common mesenchymal character
of the population with the archetypical bone marrow-
MSC. Remarkably cultured islet-derived IPCs are different
from bone marrow-MSC (BM-MSC) in that they express
a set of islet-specific genes, although at low level. Upon
differentiation, following the rather basic differentiation
protocols developed so far for these cells, gene expression
data showed that IPCs are able to go further along the
endocrine pathways than BM-MSC.

In summary, islet-(derived) MSC could be of a valuable
therapeutic significance since they appear to retain some
genetic characteristic making them closer to endocrine
cells than other sources of MSC such as bone-marrow-
derived MSC. Further studies will be needed to verify this
hypothesis. Furthermore, the observation that human β-cells
can dedifferentiate ex vivo into a mesenchymal phenotype in
contrast to murine β-cells illustrates again the discrepancy in
plasticity of these cells between rodents and humans.
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3.2. Exocrine/Islet Depleted Tissue(-Derived) MSC. Similarly
to human islet cells cultured ex vivo, two independent
studies reported that a population of MSC(-like) cells could
be derived from human pancreatic exocrine tissue. Under
defined conditions, these cells could show some sign of
differentiation toward the endocrine lineage [112, 113].

The exact origin of these cells remains also unclear.
On the one hand, epithelial-to-mesenchymal transition
from exocrine cells has been proposed by Seeberger et
al. [114]. Along the same line, Fanjul et al. described
coexpression of ductal markers and mesenchymal markers
both in cultured human ductal-like cells in vitro and in ductal
cells in one pancreas from a nondiabetic subject and three
pancreata from patients with type 2 diabetes [115]. Shin
et al. demonstrated that the transdifferentiation capacity of
human ductal cells was reduced after EMT [116]. On the
other hand, Sordi et al. suggested that the mesenchymal stem
cell population growing out of cultured pancreatic tissue
(both endocrine and exocrine fractions were tested) would
be mostly originating from proliferating “pancreatic MSC”
that are partly derived from the bone marrow [109]. Total
bone marrow transplantations from donor GFP transgenic
mice in lethally irradiated recipient mice were performed.
Surprisingly, after 12 weeks, GFP-labeled bone-marrow-
derived cells were found to be localized preferentially in two
organs, pancreas (4.82 ± 4% of total) and lung (4.43 ± 2.3%
of total). 18.5 ± 4% of MSC derived in culture from these
pancreata were found to be GFP positive.

However once again, in absence of data on pancreatic
tissues after bone marrow transplantation in humans, we
can wonder how these results would be translatable to the
human situation. In a study of a pancreas allograft removed
8 months after transplantation, it was found that part of
pancreatic MSC expressed recipient HLA, suggesting an
extrapancreatic origin of these cells [109].

Besides their putative differentiation capacity, MSC dis-
play very interesting additional characteristics. Sordi et al.
reported that pancreatic MSC extracted from both endocrine
and exocrine tissue and cotransplanted in mice with a
minimal pancreatic islet mass facilitated the restoration of
normoglycemia and neovascularization of the islet graft
[109].

In conclusion, MSC can be derived from human exocrine
tissue but show limited capacity of differentiation towards
the endocrine pathway. Similarly to islet(-derived) MSC, the
origin and role of these cells are unclear.

3.3. Extrapancreatic Sources of MSC. Bone marrow, adipose
tissue, and umbilical cord blood are the main sources of
BM-MSC reported so far. Hess et al. reported that trans-
plantation of murine bone marrow cells in streptozotocin-
treated mice was able to reduce hyperglycemia by initiating
endogenous pancreatic regeneration. A majority of bone-
marrow-derived cells were found to be localized near ductal
and islet structures. Quantitative analysis of the pancreas
revealed a very low frequency of donor insulin-positive cells.
However the presence of donor cells was accompanied by
a rapid proliferation of recipient pancreatic β-cells and by
neogenesis of insulin-positive cells of recipient origin within

a week after transplantation. The mechanism behind this
regeneration process remains to be clarified. The authors
suggested that bone-marrow-derived endothelial cells could
be involved by secreting factors that enhance tissue repair
[117]. This model was confirmed by others [118]. Along
the same line, Lechner et al. observed no evidence for
significant transdifferentiation of labeled (GFP transgenic
mice) murine bone marrow into pancreatic β-cells in vivo
[119]. By using a mouse model for impaired bone-marrow-
derived cell mobilization (Nos3 −/− mice), Hasegawa et
al. demonstrated that homing of donor bone-marrow-
derived cells in recipient bone marrow and subsequent
mobilization into the injured periphery were required for
β-cell regeneration. Interestingly, simple bone marrow cell
infusion without preirradiation had no effects, suggesting
that injury signals are involved in triggering this process
[120]. Finally, in similar transplantation experiments, Urban
et al. revealed that murine-bone-marrow derived mesenchy-
mal stem cells cooperate with bone marrow cells since neither
bone marrow cells nor MSC transplantation was effective
alone [121]. In contrast to all these studies and using a
lineage tracing system (Ins/CRE-LoxP/EGFP), Ianus et al.
claimed that transplanted murine bone marrow cells were
able to differentiate themselves into functional β-cells [122].
Four to six weeks after transplantation from male mice
into lethally irradiated recipient female mice, recipient mice
contained Y chromosome and EGFP double-positive cells in
their pancreatic islets. Of note, β-cell specificity was verified
since neither bone marrow cells nor circulating peripheral
blood nucleated cells of donor or recipient mice had any
detectable EGFP. Cell fusion was also ruled out in this
experiment.

Regarding human cells, Prockop and colleagues evalu-
ated the competence of bone marrow MSC in a similar type
of experiment. Human bone marrow MSC were delivered
via intracardiac infusions in diabetic NOD/SCID mice.
Although rare β-cells were found to be of human origin
(i.e., BM-MSC derived), blood glucose levels were found
to be decreased after some weeks. The authors suggested
that human BM-MSC were able to home to and promote
repair of pancreatic islets and renal glomeruli in a dia-
betic mouse model [123]. In a parallel study, Sordi et al.
showed that human BM-MSC express a restricted set of
functionally active chemokine receptors (CXCR4, CX3CR1,
CXCR6, CCR1, CCR7) capable of promoting migration to
pancreatic islets [124]. Butler and collaborators studied 31
human pancreases obtained at autopsy from patients who
had received a bone marrow-derived graft (26 cases), a
peripheral blood-derived graft (4 cases), or a combination
of both peripheral blood- and bone marrow-derived stem
cells (1 case) [125]. More than 4000 islets were examined
in this relatively large cohort, and no pancreatic β-cells
were found to be derived from donor cells (including
two cases of patients with type 2 diabetes). Therefore, it
appears that in humans the bone marrow compartment does
not contribute to pancreatic β-cell mass maintenance in
healthy individuals. Nevertheless promising clinical results
on glucose metabolism were recently reported. A clinical
trial in 11 patients with type 1 diabetes was designed to
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test the safety and efficacy of intraportal coinfusion of
insulin-producing adipose tissue-derived MSC and bone
marrow cells. Differentiation of adipose tissue-derived MSC
was initiated in vitro by a 3-day culture period in a
defined medium described earlier [126]. A mean follow-
up of about two years showed significant improvements
of all clinical parameters related to diabetes (a decrease
in insulin requirements, an increase in C-peptide levels,
and absence of diabetic ketoacidosis) [127]. In a clinical
trial involving 25 patients with type 2 diabetes, Ricordi
and collaborators observed reduced insulin requirements
and significant improvements of all metabolic variables
(12-month follow-up) after an intrapancreatic infusion of
autologous bone marrow cells [128]. However no data are
available about the possible differentiation of MSC after
implantation, and it is more likely that improved glucose
metabolism is related to paracrine effects of MSC in this last
study.

In vitro, several groups reported the successful derivation
of functional β-cells from rodent bone marrow cells in the
presence or absence of serum [129] and with addition of
growth factors like nicotinamide and β-mercaptoethanol
[130] and conophylline and betacellulin-delta4 [131]. After
transplantation these cells can (partly) revert hyperglycemia
in diabetic mice. Also murine adipose tissue-derived MSC
could be efficiently converted reaching up to 48% of
cells that expressed c-peptide, following a 3-stage and 10-
day differentiation protocol involving activin A, sodium
butyrate, β-mercaptoethanol, taurine, GLP-1, nicotinamide,
and nonessential amino acids [132].

The approach is slightly different in human cells, involv-
ing the combination of defined medium and virus-mediated
ectopic expression of proendocrine transcription factors.
Karnieli et al. reported that overexpression of Pdx1 in BM-
MSC from 9 of 14 donors can trigger their differentiation to
a β-cell-like phenotype displaying about 1% of the regular
insulin content and able to control the insulin release
in a glucose-dependent manner in vitro [133]. The cells
lacked expression of Beta2/NeuroD1. However transplan-
tation into streptozotocin-treated mice resulted in further
differentiation, including induction of Beta2/NeuroD1 and
reduction of hyperglycemia. Similar results were obtained in
a parallel study [134]. Human MSC from other sources than
bone marrow were also evaluated. MSC isolated from the
Wharton’s jelly of the umbilical cord were differentiated to
islet-like cell clusters through stepwise culturing in neuron-
conditioned medium [135]. The clusters were found to
express islet-specific genes and to be glucose responsive in
vitro. Functionality was further verified after transplantation
into the liver of streptozotocin-induced diabetic rats via
laparotomy. The presence of characteristic secretory granules
was observed by electron microscopy 12 weeks after trans-
plantation.

In summary, the capacity of extrapancreatic mesenchy-
mal stem cells to differentiate to β-cells in vivo appears
to be very limited. Nevertheless, several groups reported
a successful differentiation to functional β-cell-like cells in
vitro especially from human MSC. MSC appear to display
unique migratory and secretory properties (growth factors,

cytokines) that make them attractive as “helper” cells for
tissue repair (improve engraftment, viability, function) (for
review see [92, 136]).

4. Mechanisms for Maintenance of
the Cellular Identity

A crucial aspect common to all putative cell sources will be
to uncover the mechanisms that preserve and control cell
identity in order to enable successful manipulation of adult
cell plasticity in clinical settings. Up to now, most efforts to
influence the cell identity were focused on direct gene expres-
sion (overexpression/downregulation of key transcription
factors) and growth-factor-mediated activation of specific
signaling pathways. A new era has started aiming at better
understanding the processes that regulate gene expression.
Chromatin accessibility is a determining factor blocking
or facilitating expression of specific genes. Cell identity
is regulated by epigenetic factors that tightly regulate the
activation or repression of genes including genomic DNA
methylation, histone modifications, and noncoding RNA
regulation (for review please see [137, 138]). Dhawan et
al. recently demonstrated that pancreatic β-cell identity is
maintained by DNA methylation-mediated repression of
Arx [139]. The question whether all MSC(-like cells) are
equal was recently addressed. Mutskov et al. investigated the
patterns of histone modifications over the insulin gene in
human islets and IPC (the MSC-like population derived ex
vivo from human islets) compared to HeLa and BM-MSC
[140]. Although neither IPC nor HeLa nor BM-MSC express
insulin, IPC showed significant levels of active chromatin
modifications, similarly to human islets although at a more
moderate level. The probable multiorigin of the IPC might
obscure the interpretation of these results. However these
epigenetic marks absent in the unrelated cell types (HeLa
and BM-MSC) might be part of a general mechanism
whereby tissue-derived precursor/stem cells are committed
to a distinct specification. Non-coding RNA (such as siRNA
(short interference RNA), miRNA (microRNA), and lncRNA
(long non-coding RNA)) are emerging as key players in
regulation of development [141]. Joglekar et al. demon-
strated that the miR-30 family of miRNAs contribute to the
regulation of the dedifferentiation of human fetal β-cells
through epithelial-to-mesenchymal transition by negatively
regulating the translation of mesenchymal genes [142].

Epigenetic reprogramming of cell types with shared
developmental history could be an effective strategy for
pancreatic β-cell replacement therapies. The cells may
display some intrinsic commitment to become islets even
during adulthood and might thus require fewer triggers
to differentiate/transdifferentiate towards a β-cell lineage.
Along this line, in the field of reprogramming to iPS, the
notion of epigenetic “memory” inherited from the parental
cell is coming forward. Bar-Nur et al. observed a preferential
lineage-specific differentiation in iPS derived from human
β-cells [143]. These new insights in gene regulation should
help to exploit the full potential of adult cell plasticity in
the perspective of cell replacement therapies to treat diseases
such as type 1 diabetes.
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5. Conclusions and Discussion

In conclusion, it emerges that extreme caution should be
taken when translating the findings obtained from rodent
studies to the human situation. Regarding in vivo regener-
ation investigated under physiological conditions or under
injury, it appears that β-cell replication is the predominant
mechanism occurring in mice. In humans, this process seems
to be restricted to the very early postnatal life, whereas during
adulthood, neogenesis from (a subpopulation of) ductal
and/or acinar cells seems to be responsible for the increase
of β-cell mass required in physiological situations of higher
insulin demands like obesity or pregnancy. Nevertheless,
the unanswered question remains which cell type could
be involved: progenitor cells present in the ductal area, or
fully differentiated adult cells able to transdifferentiate, or
a distinct subpopulation that is able to dedifferentiate to
a progenitor-like intermediate stage followed by rediffer-
entiation to an endocrine lineage. Remarkably, both the
animal model and the degree of destruction appear to be
key points, as the regeneration processes can be different:
β-cell mass regeneration from α cells has been observed in
models of near total ablation only. Regarding in vitro replica-
tive capacity of β-cells, human β-cells cannot efficiently
replicate, in contrast to rodent cells. However, contrary
to murine β-cells again, human β-cells can dedifferentiate
to a mesenchymal-like phenotype and proliferate. These
discrepancies between findings from human versus rodent
studies are not as unexpected as they seem, given the major
differences observed in islet cell biology field such as timing
of pancreatic developmental stages [45], islet architecture
and composition [144, 145], and islet innervation [146].
In the stem cell field, murine and human stem cells are
notoriously dissimilar. Finally, cultured human primary cells
are more prone to replicative aging than murine cells as
telomere shortening limits cell replication and leads to
senescence.

However, up to now, there is no way to accurately
evaluate the β-cell mass in humans, neither by imaging
techniques nor by physiological measurements. Studies are
limited to histological analysis performed on organs at
autopsy or after pancreatectomy generating static pictures
that could be misinterpreted, even if careful quantification
and repeated observations in different contexts can still result
in strong indications. Therefore, animal models become
essential offering access to a broad range of technologies
obviously not applicable to humans. Among others, the
recently developed genetic approaches (such as lineage
tracing systems, comprising of a tissue-specific promoter
and a (tamoxifen-)inducible recombination system and a
reporter gene) are valuable tools to follow a dynamic
process and reinforce (or sometimes challenge) earlier the-
ories suggested by more descriptive immunohistochemistry
data. Nevertheless several limitations have to be taken into
consideration: a possible leakiness of the recombination
system, the relative specificity of a given promoter that can
display some (transient) activity in nonspecific cells, and a
limited penetrance (usually less than half of the cells are
actually labeled) [147, 148]. Altogether these elements might

contribute to the discrepancies between results obtained by
different labs about the origin of β-cell regeneration for
instance, and hopefully validation of some of the models by
separate labs in different experimental contexts will clarify
the situation in a near future.

Since stimulation of human β-cells replication is still
elusive, other cell sources have been envisaged. Studies from
the last decade revealed an unexpected aspect of plasticity
from mature differentiated cells by dedifferentiation or trans-
differentiation. Of interest, it appears that regeneration does
not always require recapitulation of the embryological devel-
opment as needed for efficient differentiation of ES cells. For
instance, the recent discovery of α-to-β-cell plasticity does
not appear to correlate with any developmental process [7].
Murine and human ductal cells, rodent acinar cells (human
ones cannot be maintained in culture), and human liver cells
could be efficiently converted to functional β-cells able to
revert hyperglycemia in a diabetic mouse model. Although
the potential contribution of MSC to islet regeneration in
a physiological situation remains unclear and their origin
and function are still elusive, islet-derived mesenchymal
stem cells seem to display specific genetic and epigenetic
marks that could make them more prone to differentiation
towards the endocrine compartment than extrapancreatic
sources of MSC. This suggests that all mesenchymal stem
cells (-like cells) are not equal. In addition MSC, in particular
from humans, revealed additional properties (like homing
to injury site and secretion of favorable growth factors)
that may be of clinical use. Therefore, further investigations
will be required to determine if islet-(derived-) MSC can
be stimulated to contribute in any way to β-cell mass
regeneration. Another approach successfully tested has been
to force expression of proendocrine transcription factors in
vivo in the liver and in the exocrine tissue. However no
lineage tracing experiments have been performed in these
studies, and the origin of the newly formed β-cells needs to
be identified.

Finally, there is currently no unique optimal alternative
cell source for β-cell (re)generation. Therefore a crucial
aspect common to all putative cell sources will be to further
uncover the mechanisms that preserve and control cell
identity in order to enable successful manipulation of adult
cell plasticity for clinical application.
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Transplantation therapy for diabetes is limited by unavailability of donor organs and outcomes complicated by immunosuppressive
drug toxicity. Xenotransplantation is a strategy to overcome supply problems. Implantation of tissue obtained early during
embryogenesis is a way to reduce transplant immunogenicity. Insulin-producing cells originating from embryonic pig pancreas
obtained very early following pancreatic primordium formation (embryonic day 28 (E28)) engraft long-term in non-immune,
suppressed diabetic rats or rhesus macaques. Morphologically, similar cells originating from adult porcine islets of Langerhans
(islets) engraft in non-immune-suppressed rats or rhesus macaques previously transplanted with E28 pig pancreatic primordia.
Our data are consistent with induction of tolerance to an endocrine cell component of porcine islets induced by previous
transplantation of embryonic pig pancreas, a novel finding we designate organogenetic tolerance. The potential exists for its use to
enable the use of pigs as islet cell donors for humans with no immune suppression requirement.

1. Introduction

We have reviewed previously, for J. Transplantation, why
transplantation of embryonic pancreatic primordia to
replace endocrine pancreas function is advantageous relative
to transplantation of either pluripotent embryonic stem
(ES) cells, or of terminally differentiated (adult) organs
[1]: (1) unlike ES cells, pancreatic primordia differentiate
along defined lines without a need to steer differentiation;
(2) there is no risk of teratoma formation; (3) the growth
potential of cells within embryonic pancreas is enhanced
relative to those in the terminally differentiated organ; (4)
the cellular immune response to transplanted embryonic
pancreas is attenuated relative to that directed against the
adult organ; (5) the ability of avascular primordia to attract
a host blood supply renders them less susceptible to humoral
rejection than is donor-vascularized adult pancreas after
transplantation across a discordant xenogeneic barrier; and
(6) exocrine pancreatic tissue does not differentiate following

transplantation of embryonic pancreas, obviating inflamma-
tory complications that result from exocrine components.

Transplantation of human embryonic pancreas in human
hosts has been contemplated [2]. However, we [3–8] and
others [9–12] have focused on the use of embryonic
pancreas from the pig, a physiologically suitable donor for
humans [13, 14]. Glucose tolerance can be normalized in
streptozotocin- (STZ-) diabetic (type 1) LEW [3, 4, 7] rats
or ZDF (type 2) diabetic rats [5] within 4 weeks following
transplantation in mesentery of pig pancreatic primordia
obtained very early during embryogenesis (on embryonic
day 28 (E28)—just after the organ differentiates and prior
to the time dorsal and ventral anlagen fuse) without
host immune suppression. Rats are rendered permanently
independent of a requirement for exogenous insulin to
maintain normoglycemia. No circulating rat insulin can be
detected in STZ-treated rats. Rather, porcine insulin circu-
lates aftertransplantation of E28 pig pancreatic primordia
levels of which increase after a glucose load. Cells with beta
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cell morphology expressing insulin and porcine proinsulin
mRNA engraft in host mesentery, mesenteric lymph nodes,
liver, and pancreas aftertransplantation.

Cells originating from E28 pig pancreatic primordia
transplanted in mesentery engraft similarly in non-immune-
suppressed STZ-diabetic rhesus macaques [6, 8]. Glu-
cose tolerance can be nearly normalized in non-immune-
suppressed diabetic macaques following transplantation of
E28 pig pancreatic primordia [1]. Porcine insulin, but not
primate insulin, circulates after transplantation in macaques
[6]. Exogenous insulin requirements are reduced in trans-
planted macaques [6]. Animals have been weaned off insulin
for short periods of time, but not permanently [1]. The most
likely explanation for the differential success between rats
and macaques is that macaques weigh 20 times as much
as rats. A STZ-diabetic rat can be rendered normoglycemic
lifelong with no exogenous insulin requirement by trans-
plantation of 5–8 pig pancreatic primordia. Extrapolating,
it would take 100–200 primordia to render a diabetic
macaque independent of exogenous insulin. This would
require the sacrifice of about 10–20 pregnant sows and
multiple surgeries with the attendant complications [7].

In lieu of increasing the numbers of transplanted primor-
dia or transplant surgeries in diabetic rhesus macaques, we
embarked on a series of experiments to determine whether
porcine islets, a more easily obtainable and possibly more
robust source of insulin-producing cells, could be substituted
for animals in which embryonic pig pancreas already had
been engrafted. To this end, we implanted adult porcine
islets beneath the capsule of one kidney of rats or macaques,
that several weeks earlier had been transplanted with E28
pig pancreatic primordia in mesentery. We employed the
renal subcapsular site for islet implantation so that we could
differentiate engrafted porcine tissue originating from the
islets from tissue originating from prior mesenteric E28 pig
pancreatic transplants, that never engraft in host kidney [7,
8]. In this setting, the contralateral (nontransplanted) kidney
served as a control, as did kidneys from rats or macaques
implanted with islets without prior transplantation of E28
pig pancreatic primordia in mesentery [7, 8]. As in experi-
ments demonstrating engraftment of cells originating from
E28 pig pancreatic primordia transplanted in mesentery
of rats or macaques [3–6], we employed multiple are
techniques to ascertain whether cells from porcine islets
engrafted in kidney: immune histochemistry for insulin; in
situ hybridization specific for porcine proinsulin mRNA;
fluorescent in situ hybridization for pig X chromosomes; RT-
PCR specific for porcine proinsulin mRNA; measurement of
glucose-stimulated insulin release in vitro from implanted
kidney tissue; electron microscopy [7, 8].

Figures 1(a) and 1(b) show sections from a kidney
of a STZ-diabetic rat implanted with porcine islets fol-
lowing transplantation of E28 pig pancreatic primordia in
mesentery. Sections are stained using anti-insulin antibodies
(Figure 1(a)) or control serum (Figure 1(b)). Cells that stain
for insulin (Figure 1(a), arrows), but not with control serum
(Figure 1(b)), are present in an expanded renal subcapsular
space [7]. Figures 1(c)–1(g) show sections from a kidney
of a STZ-diabetic rhesus macaque following transplantation

PT

(a)

PT

(b)

PT

(c)

PT

(d)

PT

(e)

PT

(f)

PT
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Figure 1: Sections of the islet-implanted kidney from a rat (a,
b) or rhesus macaque (c–g) transplanted with E28 pig pancreatic
primordia in mesentery followed by porcine islets in the renal
subcapsular space stained using anti-insulin antibodies (a, c, and
e) or control antiserum (b, d); or hybridized to an antisense (f) or
sense (g) probe for porcine proinsulin mRNA. PT: proximal tubule.
Arrows: positively staining cells (a, c, and e). Scale bars 10 um
(a, b); 15 um (c, d), 7.5 um (e–g). Reproduced with permission
from the American Society for Investigative Pathology [7] and from
Organogenesis [8].

of E28 pig pancreatic primordia in mesentery and sub-
sequent implantation of islets in the kidney. Sections are
stained using anti-insulin antibodies (Figures 1(c) and
1(e)) or control serum (Figure 1(d)) or hybridized to an
antisense (Figure 1(f)) or sense (Figure 1(g)) probe specific
[6] for porcine proinsulin mRNA. As was the case in rats
(Figure 1(a)), a row of cells that stain for insulin is present
in the subcapsular space (Figure 1(c) arrow). A high-power
view of a single insulin-staining cell is shown in Figure 1(e)
(arrow). It is polygonal with a round nucleus, a beta cell
morphology [8]. No staining for insulin is observed in
sections incubated with control antiserum (Figure 1(d)). A



Journal of Transplantation 3

(a)

PT

(b)

Figure 2: Fluorescence microscopy of tissue sections originating
from (a) a normal porcine pancreas or (b) a subcapsular section
from a kidney of a rhesus macaque transplanted with embryonic pig
pancreas in mesentery and subsequently with porcine islets in that
kidney. PT: proximal tubule, arrows: delineate pig X chromosomes.
Arrowheads: renal capsule (b). Scale bar 10 um. Reproduced with
permission from Organogenesis [8].

cell in the subcapsular space to which the antisense porcine
proinsulin mRNA probe binds is shown in Figure 1(f)
(arrow). No hybridization is observed if a sense probe is
substituted for the antisense probe (Figure 1(g)).

Neither cells that stain for insulin nor cells to which the
probe for porcine proinsulin mRNA binds are present in
contralateral (nonimplanted) kidneys of STZ diabetic rats
[7] or macaques [8] in which E28 pig pancreatic primordia
were transplanted previously in mesentery or in kidneys
from STZ-diabetic rats [7] or macaques [8] into which
porcine islets are implanted without prior transplantation of
E28 pig pancreatic primordia in mesentery. Presumably, the
implanted tissue is rejected by the host [7, 8].

To provide additional evidence that cells in the kidneys
of islet-implanted rats or macaques previously transplanted
with E28 pig pancreatic primordia in mesentery are of
porcine origin, we demonstrated using fluorescent in situ
hybridization, that the cells contain pig X chromosomes
[7, 8]. Shown in Figure 2(a) are pig X chromosomes in nuclei
of cells from a normal porcine pancreas (positive control).
Figure 2(b) shows pig X chromosomes (arrows) in the nuclei
of cells in the renal subcapsular space (arrowheads) from
a STZ diabetic rhesus macaque transplanted with E28 pig
pancreatic primordia in mesentery followed by porcine islets
in kidney.

Multiple organs were excised from a STZ-diabetic
macaque transplanted with E28 pig pancreatic primordia
in mesentery and subsequently with porcine islets in the
renal subcapsular space of one kidney. Tissues were homog-
enized individually and total RNA was purified. RT-PCR
was performed using primers specific for pig or monkey
proinsulin mRNA. Products were separated by electrophore-
sis on 3% agarose gels and their identities confirmed by
sequencing in the Washington University Core Protein and
Nucleic Acid Chemistry Laboratory [8]. Results are shown
in Figure 3(a). The pig primers amplify a band of 193 bps
in RNA originating from pig pancreas, corresponding to pig
proinsulin insulin mRNA. The rhesus macaque (monkey)
primers amplify a band of 199 bps corresponding to monkey
proinsulin mRNA in monkey pancreas. Pig proinsulin
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Figure 3: RT-PCR: (a) shown left to right are DNA molecular
weights (Mr); amplification of bands using primers specific for
porcine proinsulin from 1 ug RNA extracted from pig pancreas
or from a rhesus macaque (monkey) transplanted with E28 pig
pancreatic primordia in mesentery followed by implantation of
porcine islets in the renal subcapsular space: kidney, heart, spleen,
lung, a negative control for porcine-specific primers (no RNA);
amplification of bands using primers specific for monkey proinsulin
from 1 ug of pig pancreas RNA; monkey pancreas; a second
negative control for macaque-specific primers. (b) Shown left to
right are DNA molecular weights (Mr); amplification of bands
using primers specific for porcine proinsulin from 2 ug RNA
extracted from pig pancreas or from a rhesus macaque (monkey)
implanted with porcine islets in the renal subcapsular space with no
previous transplantation of E28 pig pancreatic primordia: kidneys,
mesenteric lymph node (MLN) spleen, liver, a negative control for
porcine-specific primers (no RNA); amplification of bands using
primers specific for monkey proinsulin from 2 ug of pig pancreas
RNA; monkey pancreas and a second negative control for macaque-
specific primers. Pig primers amplify a 193 bps band. Monkey
primers amplify a 199 bps band. Reproduced with permission from
Organogenesis [8].
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mRNA is also detected in the islet-implanted monkey kidney.
Multiple organs were excised from a STZ-diabetic macaque
transplanted with porcine islets in the renal subcapsular
space of one kidney with no prior transplantation of E28 pig
pancreatic primordia in mesentery and RT-PCR performed
as above. As shown in Figure 3(b), no pig proinsulin mRNA
was detected in any monkey organ including the transplanted
kidney.

To ascertain whether cells originating from kidney-
implanted porcine islets function in rats or rhesus macaques,
we determined whether the glucose tolerance of STZ-diabetic
animals normalized partially by prior transplantation of E28
pig pancreatic primordia in mesentery was rendered normal
by subsequent islet implantation, and measured glucose-
stimulated insulin release from islet-implanted kidneys in
vitro. Rats were rendered fully glucose tolerant by subsequent
implantation of porcine islets in one kidney [7]. The glucose
tolerance of macaques normalized partially by prior trans-
plantation of E28 pig pancreatic primordia in mesentery was
not improved by subsequent implantation of islets in kidney
[8]. However, a rapid release of insulin by macaque kidney
slices was demonstrated in vitro in response to elevation of
glucose levels across the threshold for insulin release [8].

As illustrated in a representative of 3 experiments using
weight-matched tissue, no insulin could be detected at time
0 in supernatants from the implanted macaque kidney
(Figure 4(a)). However, insulin was detectable by 1 min after
increasing the glucose level in vitro. No insulin was detected
at any time in any supernatants from the nonimplanted
kidney (Figure 4(b)), or in supernatants from a kidney of
a macaque in which porcine islets were implanted without
prior transplantation of E28 pig pancreatic primordia in
mesentery [8].

Cells containing endocrine granules in an expanded
renal subcapsular space were identified in electron micro-
graphs of kidneys from rats implanted with porcine islets
following transplantation of E28 pig pancreatic primordia
in mesentery [7]. Figure 5 is an electron micrograph of the
subcapsular space from a rhesus macaque kidney into which
porcine islets were implanted following transplantation of
E28 pig pancreatic primordia in mesentery. Shown is a
cell with encapsulated granules (arrows) characteristic of
endocrine secretory granules [8].

2. Discussion

The shortage of human pancreas donor organs imposes
severe restrictions on the use of allotransplantation to treat
diabetes mellitus [15–22]. When performed, whole pancreas
transplantation requires use of potent immunosuppressive
medications that have significant complications. Newer,
more targeted immunosuppressive regimens that do not
require steroids or high-dose calcineurin inhibitors make
islet transplantation a more attractive option. However, side
effects of immune suppression that must be maintained so
long as the islet graft functions remain a source of morbidity
and even mortality [15]. Thus transplantation therapy for
diabetes trades one set of morbidities (associated with
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Figure 4: Levels of insulin (uU/mL) measured over 60 min in
vitro after addition of glucose to tissue following time 0: (a) from
a macaque kidney implanted with porcine islets following trans-
plantation of E28 pig pancreatic primordia in mesentery; (b) the
contralateral nonimplanted kidney. Reproduced with permission
from Organogenesis [8].

Figure 5: Electron micrograph of rhesus macaque kidney following
sequential transplantation of E28 pig pancreatic primordia in
mesentery and implantation of porcine islets in the kidney. Arrows:
endocrine granules. Scale bar a 2 um. Reproduced with permission
from Organogenesis [8].

diabetes and its medical treatment) for another (associated
with immune suppression).

The severity of humoral rejection effectively precludes
the use of pigs as whole pancreas organ donors for
humans. However, because they are vascularized by the
host posttransplantation, islets like other cell transplants
are not subject to humoral rejection. Porcine islets are
rejected within two weeks of transplantation in non-immune
suppressed non-human primates [8, 16–18]. Experience
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with pig to primate islet or neonatal islet transplantation
in immune suppressed non-human primates shows that
sustained insulin independence can be achieved, but only
through the use of agents that are not approved for human
use or that result in a high level of morbidity and mortality
[19–21]. Thus, the need for host immune suppression is a
barrier for pig-to-human islet xenotransplantation.

Xenotransplantation of embryonic pig pancreatic pri-
mordia in lieu of mature pig organs or porcine islets couples
the wide availability of pig organs with the immunological
advantages inherent in transplanting cellular embryonic
tissue, circumventing humoral rejection and obviating the
need for host immune suppression [1]. However, obtaining
embryonic pig pancreata is technically challenging because
surgery must be performed on multiple pregnant sows and
isolation carried out from scores of embryos to obtain
sufficient numbers of primordia. Furthermore, transplanting
pancreatic primordia in mesentery of primates is invasive,
requiring that a host laparotomy be performed on one or
more occasions. In contrast, porcine islets can be isolated in
large quantities from a single pig pancreas, and infusion of
porcine islets can be carried out via the portal vein infusion
without a laparotomy [22].

Cells from porcine islets do not survive afterimplantation
in rat or macaque kidneys without prior transplantation of
E28 pig pancreatic primordia transplantation in mesentery
[7, 8]. Whole porcine islets do not engraft in kidneys. Rather,
an endocrine (beta cell) component originating from porcine
islets does so [7, 8]. Ours is the first report describing
sustained survival of such cells following transplantation
of porcine islets in non-immune-suppressed primates. Glu-
cose tolerance in diabetic rats not fully normalized by
prior transplantation of E28 pig pancreatic primordia in
mesentery is corrected following subsequent implantation
of porcine islets in kidney [7]. In contrast, correction is
not observed following E28 pig pancreatic primordia trans-
plantation and porcine islets implantation in macaques [8];
that is, consistent with previous observations that glucose
tolerance is more difficult to correct in macaques than in
rats [6]. It is possible that the cell component, although of
sufficient mass to normalize glucose tolerance in diabetic rats
following implantation of islets [7], is insufficient following
implantation in rhesus macaques [8]. Implantation of more
islets (isolated from more than one adult pig pancreas)
in kidney or infusion of porcine islets into a site from
which insulin can act more directly on liver (the portal
vein) [22] following transplantation of E28 pig pancreatic
primordia in mesentery may be a better way to normalize
glucose tolerance. Alternatively, it may be that the mass of
engrafted cells originating from porcine islets implanted in
kidney (perhaps derived from a numerically small stem cell
component within the islets) [7, 8] is insufficient to impact
on control of circulating glucose in an animal as large as a
macaque.

Schroeder et al. [23] define transplantation tolerance as
immune unresponsiveness to the transplanted organ, but not
to other antigens in the absence of ongoing immunosup-
pression. Lewis rats transplanted with E28 pig pancreatic
primordia retain reactivity to other porcine xenoantigens

(E28 pig renal primordia are rejected [4]). Thus, our
findings are consistent with induction of specific tolerance
[23] to a cell component (either beta cells or a stem cell
component that differentiates into insulin-producing cells)
of adult porcine islets implanted in Lewis rats by previous
transplantation of E28 pig pancreatic primordia.

Engraftment of pancreatic progenitors transplanted
across a xenogeneic barrier to non-immune-suppressed
immune-sufficient hosts has been reported twice previously.
Eloy et al. described normalization of glucose posttrans-
plantation of E15, but not E18 embryonic chick pancreas
into liver of non-immune-suppressed STZ-diabetic rats [24].
Abraham et al. [25] described successful xenoengraftment in
multiple organs of human pancreatic islet-derived progen-
itor cells infused in nonimmunosuppressed mice. Neither
Eloy et al. [24] and Abraham et al. [25] nor we [3–
8] define an immunological mechanism for the finding.
Although the antigenicity of fetal tissues may be less than
that of corresponding adult tissues, animal data suggest the
reduction is not enough by itself to ensure permanent graft
survival [26]. Thus, the use of embryonic tissue (pancreas)
per se cannot explain the results.

Host immune suppression is required for successful
engraftment of embryonic pig pancreas in rodents [11] or
non-human primates [12] carried out using methodology
alternative to ours. Therefore, it is likely that one or
more factors in the methodology we employ [3–5, 7],
different from that used by others (the protocol of Tchorsh-
Yutsis et al.) [11], are critical for engraftment without
an immune suppression requirement. Such factors include
those listed in Table 1 for studies that employ rats as hosts
for pancreatic primordia. First, the developmental stage of
donor pig embryos from which primordia are obtained
impacts on the host immune response. We have shown
that E35 pig pancreatic primordia are rejected in Lewis
rats following transplantation, employing conditions under
which E28 or E29 pig pancreatic primordia are engrafted
[4]. While we have no experience transplanting E42 pig
pancreatic primordia in rats, the preferred stage for studies
described by Tchorsh-Yutsis et al. [11], we would expect
them to reject based on our experience with E35 pancreatic
primordia [4]. Second, it is likely that that incubation of
embryonic pancreas prior to transplantation with one or
more growth factors and cytokines (iron-saturated trans-
ferrin; prostaglandin E1 and vascular endothelial growth
factor; hepatocyte growth factor) [3–5, 7] alters the host
immune response. Tchorsh-Yutsis et al. do not employ
such agents [11]. Third, it is possible that hyperglycemia
in diabetic hosts [3–5, 7] impairs the immune response
to embryonic pancreas. Tchorsh-Yutsis et al. transplant
pancreatic primordia into nondiabetic rats [11]. Fourth, the
transplantation site and technique probably impacts on the
host immune response. We interpose pancreatic primordia
between sheets of mesentery [3–5, 7]. Tchorsh-Yutsis et
al. transplant into pockets of omentum and secure using
suture [11], the latter in itself likely to trigger inflammation.
We have proposed [27] that transplantation of E28 pig
pancreatic primordia in the mesentery and migration of cells
to mesenteric lymph nodes and liver recapitulates events
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Table 1: Methodology employed for transplantation of embryonic pig pancreas in immune sufficient non-immune-suppressed rats.

References [3–5, 7] Reference [11]

Developmental stage of donors E28 preferred, E29 E28, E42 preferred

Incubation prior to transplantation Growth factors & cytokines None

Diabetic status of the host Diabetic Nondiabetic

Transplantation site Interposed within mesentery Sutured in omentum

that occur during induction of oral tolerance [28–30], which
is dependent on antigen transport via afferent lymphatics
into the draining mesenteric lymph nodes [30]. In effect,
we suggest that heterotopic introduction of embryonic pig
pancreas in rat or primate mesentery coopts the function
of the gut-associated lymphoid tissues (GALT), a complex,
redundant [28–30], and phylogenetically ancient system [31,
32] of which embryonic pancreas is a part [33], that, under
normal conditions, induces peripheral tolerance to ingested
antigens in jawed vertebrates and their descendants.

Interestingly, GALT may have served similarly to prevent
an immune response to insulin-producing cells scattered
originally in the gut epithelium of primitive vertebrates
[31, 32] and has been proposed to induce tolerance or
immune suppression towards islet cell antigens during
normal embryonic development [33]. Developmentally con-
trolled lymphogenesis establishes a preferential trafficking
route from the gut to pancreatic lymph nodes, a GALT
component, in which T cells can be activated by antigens
drained from the peritoneum and the gastrointestinal tract.
Intestinal stress modifies the presentation of pancreatic self-
antigens in pancreatic lymph nodes. The convergence of
endocrine and intestinal contents at this site may explain
the link between an autoimmune pathogenesis for type
1 diabetes and environmental provocation [33, 34]. Low
doses of orally administered antigen induce antigen-specific
peripheral tolerance through active suppression of T cells
and induction of clonal anergy. High doses induce tolerance
by extrathymic deletion of antigen-reactive T cells [35].
It was proposed originally that oral tolerance depends
exclusively on antigen uptake by cells within intestinal Peyer’s
Patches [30]. However, recently it has been shown that high-
dose oral tolerance can be induced in the absence of Peyer’s
Patches so long as mesenteric lymph nodes are present [30,
36].

Harada et al. have proposed a similar coopting of oral
tolerance to explain the muted immune response in vivo
and by cells from mesenteric lymph nodes in vitro to a
colon carcinoma of BALB/c origin or a human CD80-
transfected DBA/2 mastocytoma injected into the subserosal
space of cecum in BALB/c mice relative to tumors injected
subcutaneously [37].

One way to confirm a causative link between gut
immunity and our ability to transplant E28 pig pancreatic
primordia and porcine islets in non-immune-suppressed
hosts would be to “break” the established oral tolerance
[38], using glucose control as a readout in the rat mode,
theoretically possible so long as extrathymic deletion of
antigen-reactive T cells [35] has not occurred.

In any case, we have demonstrated in two species [7, 8],
a novel finding that prior transplantation of embryonic
tissue (pancreas) enables engraftment of a cell compo-
nent from differentiated adult tissue from the same organ
(islets) transplanted subsequently, without the need for
host immune suppression, a phenomenon, the immunologic
mechanism for which remains undefined, that we term
organogenetic tolerance [27]. Applicability of the finding to
organ replacement therapy in humans awaits definition. The
potential exists for its use to enable the use of pigs as islet cell
donors for humans with a need for no immune suppression.
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Pancreatic islet transplantation is a promising option for the treatment of type 1 diabetic patients. After the successful
demonstration of the Edmonton protocol, islet transplantation has advanced significantly on several fronts, including improved
pancreas procurement and preservation systems. Since we frequently use pancreata from donors after cardiac death in Japan,we
have applied the in situ regional organ cooling system for pancreas procurement to reduce the warm ischemic time. To reduce the
apoptosis of pancreatic tissue during cold preservation, we have applied the ductal injection of preservation solution. For pancreas
preservation, we use modified Kyoto solution, which is advantageous at trypsin inhibition and less collagenase inhibition. In this
paper, we show pancreas procurement and preservation in our group for islet transplantation.

1. Introduction

Diabetes mellitus is a devastating disease, and over 200
million people are affected worldwide, thus representing
about 6% of the world population. Type 1 diabetes results
from the autoimmune-mediated destruction of insulin-
secreting β cells in the islets of Langerhans of the pancreas.
Pancreatic islet transplantation represents a viable option for
the treatment of patients with unstable type 1 diabetes mel-
litus with frequent severe hypoglycemia and hypoglycemia
unawareness [1, 2]. Recent advances in islet transplantation,
including the utilization of donors after cardiac death (DCD)
[3–6], single-donor islet transplantation [7–10], and living-
donor islet transplantation [11], were based on advanced
pancreas transport systems [9, 12, 13], improved islet isola-
tion methods [14–17], enhanced islet engraftment [18–21],
and revised immunosuppressant protocols [6, 14, 22]. One
of the most important issues affecting islet transplantation
is concerned with donor quality [23]. Several critical donor
factors have been identified, including donor age, body mass
index (BMI), cause of death, usage of vasopressor, hypoten-
sive episode, length of hospitalization, blood glucose levels,
transaminases level, creatinine levels, cold preservation time,
and procurement team [23–26]. Therefore, effective pancreas
procurement and preservation are important for successful

islet isolation and transplantation. In this paper, the current
advances in pancreas procurement and preservation for islet
transplantation in our group are described.

2. Pancreas Procurement

Pancreata from donors with brain death (DBD) are procured
using a standardized technique to minimize warm ischemia.
A preservation solution, such as the University of Wisconsin
(UW) solution, is used for in situ perfusion of the donor.
The human pancreas is excised immediately after the liver
and before the kidneys. The first and fourth portions of
the duodenum are first divided with a 55 mm linear cutter.
The attachment between the retroperitoneal portion and the
body of the pancreas is then dissected toward the spleen. The
superior surface of the pancreas is divided toward the spleen,
and the short gastric arteries and vein are dissected until the
stomach is separated from the spleen. The pancreas is then
rapidly excised en bloc together with the spleen. The spleen
and duodenum are subsequently removed on a back table,
and a cannula is inserted into the main pancreatic duct.

Currently, only a few clinical studies have reported
that islet transplantation from DCD is possible to treat
type 1 diabetes [27, 28]. Vasopressors are used for most
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Figure 1: Pancreas procurement and preservation for islet trans-
plantation. (a) In situ regional cooling system to DCD pancreata.
(b) Ductal injection of preservation solution. (c) Pancreas preser-
vation by MK solution/PFC two-layer method.

DCDs, and they tend to have hypotensive episodes, long
term hospitalization, and high levels of blood glucose,
transaminases, and creatinine which have been identified as
critical factors that affect the quality of the pancreas [23–26].
Islet transplantation from DCD is particularly important
for countries such as Japan, where the isolation of islets
from pancreata of donors who are classified as brain-dead
but whose hearts are beating is prohibited by law. We
developed the novel procurement technique in collaboration
with the kidney procurement team [29]. After confirmation
of brain death, a double-balloon catheter is inserted to
prevent ischemic damage to the human pancreas by using
an in situ regional organ cooling (ISRC) system that was
originally developed for procurement of the kidney [30].
Before cardiac arrest, a tip of the double-balloon catheter
is placed above the celiac axis in the aorta via the femoral
artery and only a few centimeters above the location used for
an ordinary nephrectomy for procurement from a DCD. A
venous catheter is also placed in the inferior vena cava via
the femoral vein for drainage of the perfusate and blood.
ISRC for the pancreas and kidney (ISRC-PK) is achieved
by pump or drip infusion (drip speed 20 mL/min) of a
hypothermic lactated ringer solution beginning immediately
after cardiac arrest and then continuing until the end of
the nephrectomy and pancreatectomy. After laparotomy, the
lesser sac is opened by dividing the gastrocolic and gastro-
hepatic ligaments to determine whether the pancreas has
uniform perfusion efficacy by means of ISRC-PK. Perfusion
of the pancreas is evaluated by the uniform color change of
the pancreas and the coldness of the pancreas surface after
laparotomy. After a visual check of the pancreas, 500 mL of
sterile crushed ice is placed on it to avoid warm ischemic
injury and then the pancreas is harvested (Figure 1(a)) [29].

The ISRC system was originally developed for the
procurement of the kidney [30], and the only modification
we made is the position of the double-balloon catheter to
ensure both pancreas and kidney protection. This ISRC

system reduced the warm ischemic time to only 3 minutes
on average [29]. We have used lactate ringer solution
instead of UW solution for perfusion. Lactate ringer solution
has a low potassium concentration and low viscosity in
comparison to UW solution. A low potassium concentra-
tion could prevent potassium-induced vasospasms while a
low viscosity helps to induce rapid perfusion. Therefore,
using lactate ringer for perfusion might be important in
ISRC.

3. Ductal Injection of Preservation Solution

We previously developed a new method for large-scale
porcine islet isolation from market-weight pigs [31], based
on a report by O’Neil et al. [32]. Although some steps of
the new method seemed technically inferior to the standard
automated method using a Ricordi chamber, islet yield per
gram for our new method was relatively higher (but not
significantly so) than that for the Ricordi method [33]. It
is possible that the advantage of the new method was the
injection of 1.0–1.5 mL/g pancreas of UW-D (UW solution
with high Na+/low K+) solution. It was also shown that islet
yields from pancreata with intraductal flush, along with col-
lagenase prior to preservation, were superior to vascular flush
[34]. We speculate that the ductal injection of a large volume
of preservation solution (1 mL/g pancreas) may improve the
islet yield. We investigated whether ductal injection (UW
and modified Kyoto (MK) solution) before pancreas storage
improves the islet yields in islet isolation using porcine
pancreata. After obtaining the pancreas, we immediately
inserted a cannula into the main pancreatic duct, infused
a large amount of preservation solution (1 mL/g pancreas)
for ductal protection, and placed the pancreas into a preser-
vation container (Figure 1(b)). The islet yield both before
and after purification was significantly higher in the ductal
injection group than in the control group. The TUNEL-
positive cells in the ductal injection group significantly
decreased in comparison to the control group. The ductal
injection of preservation solution increased the ATP level
in the pancreas tissue and reduced trypsin activity during
the digestion step. In a transplant model, ductal injection
improved the islet graft function. These findings suggest
that the ductal injection of preservation solution leads to
improved outcomes for pancreatic islet transplantation [35].
Another group also showed the ductal injection of a small
volume (0.05–0.1 mL/g) of UW solution at the time of
pancreas procurement to improve the islet yield and function
in a rodent model [36]. Based on these data, we now use
this technique for clinical islet transplantation. With this
technique, we rarely see clumping or DNA release, even using
DCD, and we never use DNase.

4. Preservation Solution

UW solution has been recognized as the gold standard
solution for organ preservation. UW solution is used exten-
sively as a cold storage solution during procurement and
transport of the pancreas prior to islet isolation. However,
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UW solution has several disadvantages: it must be stored in
the cold until use, and its short shelf life makes it expensive.
It is also highly viscous, which may complicate the initial
organ flush [37]. For islet isolation, it has been observed
that UW inhibits the collagenase digestion phase of islet
isolation, thus resulting in poor islet yields and islets of
poor viability [38, 39]. It has been reported that the com-
ponents in UW solution found to be most inhibitory were
magnesium, low Na+/high K+, hydroxyethyl starch (HES),
and adenosine. Furthermore, previous reports also indicated
that allopurinol in combination with either lactobionate
or glutathione markedly inhibited collagenase and that the
most inhibitory solution tested was a combination of three
components, raffinose, glutathione, and lactobionate [39].
We evaluated the effect of MK solution for islet isolation
[12]. Kyoto University developed the ET-Kyoto solution, and
its effectiveness in cold lung storage has been demonstrated
in clinical lung transplantation [40, 41]. It also is effective
for skin flap storage, and its clinical application is beginning
in this field [42]. MK solution is a modified ET-Kyoto
solution, in which ulinastatin is added. MK solution contains
trehalose, gluconate, and ulinastatin as distinct components.
Trehalose has a cytoprotective effect against stress, and
gluconate acts as an extracellular oncotic agent, which
prevents cells from swelling [44]. Ulinastatin is a trypsin
inhibitor and eliminates trypsin activity during pancreas
preservation [12]. Due to the chemical stability of the
effective components and other ingredients, MK solution,
but not UW solution, can be stored at room temperature
for a long period. MK solution has high Na+/low K+, and
it includes only HES at a lower concentration than UW
solution, thus suggesting a lower collagenase inhibition than
UW solution. It has also been shown that the Na+/K+ ratio,
adenosine, allopurinol, and glutathione are not essential for
the cold storage of pancreatic digest prior to islet purification
[45]. Moreover, trehalose and ulinastatin inhibit collagenase
digestion less than UW solution [12]. The high potassium
concentration in UW solution causes vasospasms and insulin
release from pancreatic β cells [46], and the high viscosity
of UW solution may thus prevent sufficient flushing and
ductal injection. In both porcine and human islet isolation,
the islet yield was significantly higher in the MK group
compared with the UW group [12, 47]. These findings
show that MK solution is a more effective cold-storage
solution in pancreas preservation for islet isolation than UW
solution.

We next compared histidine-tryptophan-ketoglutarate
(HTK) solution and MK solution for islet isolation. HTK
solution was originally developed for cardioplegia and is
being used with increasing frequency in cardiac, renal, and
hepatic transplantation [48, 49]. The protective effect of
HTK solution is based on the strong buffering capacity of
histidine. This solution has a low viscosity, easy handling
properties, and a relatively low cost. Some studies have
demonstrated similar results between UW and HTK solu-
tions for pancreas preservation, in not only experimental
animal models [43, 50, 51] but also clinical pancreas trans-
plantation [52–54]. We used HTK solution with ulinastatin
(modified HTK solution (M-HTK)) in this study because

MK solution includes ulinastatin. In porcine islet isolation,
the islet yield after purification was significantly greater in
the MK group than in the M-HTK group. The MK group
had a significantly higher ATP level in the islets than in the
M-HTK group. These data suggest that MK solution is better
for pancreas preservation before islet isolation than M-HTK
solution [55]. The M-HTK solution includes magnesium
but does not include HES, adenosine, allopurinol, lacto-
bionate, glutathione, or raffinose. There are no significant
differences between the MK and M-HTK solutions regarding
collagenase activity. Therefore, the different islet yields
after purification are not due to differences in collagenase
inhibition between these two solutions. Since a significantly
higher ATP level in islets was observed in the MK group
compared to the M-HTK group, the cytoprotective effect
such as HES and/or trehalose might be a factor in the
islet yield differences observed between the two solutions.
Another group recently reported that, compared with UW
solution, HTK solution has similar efficiency for preserving
human pancreata for subsequent islet isolation during <10 h
cold ischemia time, but prolonged cold storage resulted in a
reduced islet yield [56].

Recently, Celsior solution has been used as an alternative
solution for organ preservation. Celsior is an extracellular
solution deprived of colloid and was initially developed for
heart preservation [57]. Preliminary clinical studies showed
no differences between UW and Celsior for lung [58], liver
[59], and kidney [60] preservation. Hubert et al. recently
reported on the application of Celsior solution for in situ
perfusion of the donor before human and pig islet isolation
[61]. Their data showed the in situ perfusion of UW solution
to be superior to Celsior solution. In contrast to UW, Celsior
induced cell swelling and pancreas edema after only four
hours of cold storage. The components of Celsior solution
are in part similar to MK solution (a high-sodium/low-
potassium composition with comparatively low viscosity)
and in part similar to UW solution (including lactobionate
acid and glutathione). We next compared modified Celsior
solution (Celsior solution with HES and nafamostat mesilate,
HNC) and MK solution [47]. Since Celsior solution lacks
HES, which is an oncotic agent and protects cell swelling,
we added HES to Celsior solution in this study. We also
added nafamostat mesilate, one of the trypsin inhibitors,
to Celsior because one of the advantages of MK solution is
trypsin inhibition by ulinastatin. Nafamostat mesilate has a
higher level of trypsin inhibition than ulinastatin [62, 63].
In human islet isolation, the islet yield after purification was
significantly higher in the MK group than in the HNC group.
The HNC group had a longer phase I period (digestion
time), a higher volume of undigested tissue, and a higher
percentage of embedded islets, thus suggesting that the
solution may inhibit collagenase. However, there was no
significant difference in the ATP content in the pancreata
or in the attainability of posttransplant normoglycemia in
diabetic nude mice between the two groups, thus suggesting
that the quality of islets was similar between the two groups.
These data suggest that MK solution is better for pancreas
preservation before islet isolation than HNC solution (Tables
1 and 2).
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Table 1: Composition and other characteristics of each preserving
solution.

ET-K MK UW HNC M-HTK

Na (mmol/L) 100 100 29 100 15

K (mmol/L) 43.5 43.5 125 15 10

Mg (mmol/L) — — 5 13 4

Ca (mmol/L) — — — 0.25 0.015

Cl (mmol/L) — — — 41 50

Gluconate (mmol/L) 100 100 — — —

Phosphate (mmol/L) 25 25 25 — —

Sulfate (mmol/L) — — 5 — —

Lactobionate (mmol/L) — — 100 80 —

Raffinose (mmol/L) — — 30 — —

Trehalose (mmol/L) 120 120 — — —

Adenosine (mmol/L) — — 5 — —

Alloprinol (mmol/L) — — 1 — —

Glutathione (mmol/L) — — 3 3 —

HES (g/L) 30 30 50 30 —

Ulinastatin (×103 U/L) — 100 — — 100

Nafamostat mesilate (mg/L) — — — 20 —

Histidine (mmol/L) — — — 30 198

Mannitol (mmol/L) — — — 60 30

α-ketoglutarate (mmol/L) — — — — 1

Tryptophan (mmol/L) — — — — 2

Glutamic acid (mmol/L) — — — 20 —

Osmolality (mOsm) 366 366 320 355 310

HES: hydroxyethyl starch; ROS: reactive oxygen species; ET-K: ET-Kyoto
solution; MK: modified ET-Kyoto solution; UW: University of Wisconsin
solution; HNC: Celsior solution with HES and nafamostat mesilate; M-
HTK: modified histidine-tryptophan-ketoglutarate solution.

Table 2: Comparison between the different preservation solutions.

Comparison Superior
Human/animal

study
Reference

MK versus UW MK Porcine [12]

MK versus UW MK Human
[41] (in

discussion)

MK versus ET-K MK Rat [12]

MK versus
M-HTK

MK Porcine [43]

MK versus HNC MK Human [41]

UW: University of Wisconsin solution;MK: modified ET-Kyoto solution
(ET-Kyoto solution with ulinastatin); ET-K: ET-Kyoto solution; M-HTK:
modified histidine-tryptophan-ketoglutarate solution (HTK solution with
ulinastatin); HNC: Celsior solution with HES and nafamostat mesilate.

5. Trypsin Inhibitors in Preservation Solution

Trypsin from pancreatic acinar cells destroys islets. Previ-
ous study has shown that trypsin inhibition by Pefabloc
during human pancreas digestion improves islet yield and
reduces the fraction of embedded (trapped) islets [64],
thus suggesting that trypsin may degrade the ductules and
thus reduce the delivery of collagenase solution to tissue
around the islets. We previously reported that pancreas

Table 3: Trypsin inhibitors in ET-Kyoto solution.

Trypsin Isle yield Viability SI∗

Trypsin
inhibitors

inhibition
versus

ulinastatin
versus

ulinastatin
versus

ulinastatin

Ulinastatin ++ — — —

Pefabloc + Lower n.s. Lower

Gabexate
mesilate

+++ n.s. Lower Lower

Nafamostat
mesilate

++++ n.s. Lower n.s.

∗
Stimulation index; n.s.: not significant.

preservation using MK solution including ulinastatin, which
eliminated trypsin activity during pancreas preservation,
was superior to that using ET-Kyoto solution without the
trypsin inhibitor in a rat model [12]. Furthermore, the
advantages of MK solution are its trypsin inhibition and less
collagenase inhibition in human and porcine islet isolation
[12, 47]. Therefore, we compared ulinastatin with other
trypsin inhibitors, including Pefabloc, gabexate mesilate, and
nafamostat mesilate, in preservation solution for porcine
islet isolation [62, 63]. Trypsin inhibition is greater in ET-
Kyoto with gabexate mesilate (GK) solution and ET-Kyoto
with nafamostat mesilate (NK) solution than in MK solution.
The islet yield before purification was higher in the MK
group than in the ET-Kyoto with Pefabloc (PK) group.
Viability was higher for the MK group than for either the GK
group or the NK group. The stimulation index was higher
for the MK group than for either the PK group or the GK
group. These data suggest that MK solution was synthetically
superior to the PK, GK, or NK solutions, although trypsin
inhibition is greater in GK and NK solutions than in MK
solution (Table 3) [62, 63], possibly due to differences of
inhibitory effects of cytokines. Ulinastatin has been shown
to inhibit not only trypsin activity but also the release of
neutrophil elastase. It also downregulates transcription of
TNF mRNA, the activation of endothelial cells, and the
expression of ICAM-1 induced by endotoxin in vitro [65–
67]. The administration of ulinastatin has been shown to
decrease ischemia-reperfusion injury [68] or attenuate the
elevation in the concentrations of inflammatory cytokines
and C-reactive protein, a marker of inflammation [69], in
the transplanted small intestine.

Recently, the importance of tryptic-like activity (TLA)
obtained from Clostridium histolyticum in collagenase NB1
with neutral protease for efficient islet isolation was demon-
strated [70]. Enhancing TLA resulted in a significant
reduction of recirculation time and incrementally increased
human islet yield. The clostridial TLA and pancreatic trypsin
seemed to be different in their specificity toward islet and
nonislet pancreatic tissue because no detrimental effect on
islet viability and integrity was detected on clostridial TLA. If
trypsin inhibitors inhibit clostridial TLA as well as pancreatic
trypsin, then they may inhibit pancreas digestion. This may
explain the synthetic superiority of MK solution to PK, GK,
or NK solutions, although trypsin inhibition is greater in GK
and NK solutions than in MK solution (Figure 1(c)).
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6. Two-Layer Method

The two-layer preservation method (TLM), which uses
the concept of normobaric oxygenation comprising a cold
organ preservation solution (UW solution) with a perfluo-
rochemical (PFC) oxygen carrier solution, with the pancreas
being suspended between the two immiscible layers, has
been utilized for many clinical trials of islet transplantation
[71–74]. However, two recent large-scale studies showed
no beneficial effect of TLM, compared with UW storage,
on human islet isolation and transplantation [75, 76]. We
reevaluated the effect of TLM using three different groups:
group 1: UW simple storage; group 2: TLM performed
by multiorgan procurement teams (not specialists in islet
isolation); group 3: TLM performed by specialists in islet
isolation. There were no significant differences between
group 1 and 2, whereas islet yields were significantly higher
for group 3 compared with either groups 1 or 2. Our data
suggest that performance of TLM by experts could improve
the outcome of islet isolation and transplantation [71].

On the other hand, Papas et al. showed that the oxygen
penetration depth is about 1 mm, suggesting that pancreas
oxygenation is limited during preservation with the TLM
[77]. In other words, their data suggest that the percentage of
pancreas oxygenation by TLM depends on its thickness and
the trimming of the pancreas before preservation by TLM is
thus considered to be important for pancreas oxygenation.

7. Conclusion

ET-Kyoto with ulinastatin was the best combination for
pancreas preservation in our studies. Since one of the
advantages of MK solution is less collagenase inhibition in
islet isolation, it is also suitable for ductal injection. Based on
these data, we now use the in situ regional cooling system
for DCD pancreata, the ductal injection of preservation
solution, and pancreas preservation by MK solution during
clinical islet isolation/transplantation. The in situ regional
cooling system to DCD pancreata, ductal injection, and
preservation by MK solution is therefore considered to
be useful improvement that may help to increase organ
utilization and thereby achieve good outcomes after islet
transplantation.
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Rowiński, and M. A. Hardy, “The effect of clinical and
biochemical donor parameters on pancreatic islet isolation
yield from cadaveric organ donors,” Annals of Transplantation,
vol. 1, no. 1, pp. 59–62, 1996.

[26] Y. Zeng, M. A. Torre, T. Karrison, and J. R. Thistlethwaite,
“The correlation between donor characteristics and the suc-
cess of human islet isolation,” Transplantation, vol. 57, no. 6,
pp. 954–958, 1994.

[27] J. F. Markmann, S. Deng, N. M. Desai et al., “The use
of non-heart-beating donors for isolated pancreatic islet
transplantation,” Transplantation, vol. 75, no. 9, pp. 1423–
1429, 2003.

[28] H. A. Clayton, S. M. Swift, J. M. Turner, R. F. L. James, and P. R.
F. Bell, “Non-heart-beating organ donors: a potential source of
islets for transplantation,” Transplantation, vol. 69, no. 10, pp.
2094–2098, 2000.

[29] H. Nagata, S. Matsumoto, T. Okitsu et al., “Procurement of
the human pancreas for pancreatic islet transplantation from
marginal cadaver donors,” Transplantation, vol. 82, no. 3, pp.
327–331, 2006.

[30] M. Kato, K. Mizutani, R. Hattori et al., “In situ renal cooling
for kidney transplantation from non-heart-beating donors,”
Transplantation Proceedings, vol. 32, no. 7, pp. 1608–1610,
2000.

[31] Y. Yonekawa, S. Matsumoto, T. Okitsu et al., “Effective islet
isolation method with extremely high islet yields from adult
pigs,” Cell Transplantation, vol. 14, no. 10, pp. 757–762, 2005.

[32] J. J. O’Neil, J. P. Stegemann, D. T. Nicholson, K. A. Gagnon,
B. A. Solomon, and C. J. P. Mullon, “The isolation and
function of porcine islets from market weight pigs,” Cell
Transplantation, vol. 10, no. 3, pp. 235–246, 2001.

[33] C. Ricordi, P. E. Lacy, E. H. Finke, B. J. Olack, and D. W.
Scharp, “Automated method for isolation of human pancreatic
islets,” Diabetes, vol. 37, no. 4, pp. 413–420, 1988.

[34] S. R. Munn, D. B. Kaufman, M. J. Field, A. B. Viste, and D. E.
R. Sutherland, “Cold-storage preservation of the canine and
rat pancreas prior to islet isolation,” Transplantation, vol. 47,
no. 1, pp. 28–31, 1989.

[35] H. Noguchi, M. Ueda, S. Hayashi et al., “Ductal injection of
preservation solution increases islet yields in islet isolation and
improves islet graft function,” Cell Transplantation, vol. 17, no.
1-2, pp. 69–81, 2008.

[36] T. Sawada, I. Matsumoto, M. Nakano, N. Kirchhof, D. E.
R. Sutherland, and B. J. Hering, “Improved islet yield and
function with ductal injection of University of Wisconsin
solution before pancreas preservation,” Transplantation, vol. 5,
no. 12, pp. 1965–1969, 2003.

[37] T. Tojimbara, W. N. Wicomb, R. Garcia-Kennedy et al., “Liver
transplantation from non-heart beating donors in rats: influ-
ence of viscosity and temperature of initial flushing solutions
on graft function,” Liver Transplantation and Surgery, vol. 3,
no. 1, pp. 39–45, 1997.

[38] G. S. Robertson, D. Chadwick, S. Thirdborough et al.,
“Human islet isolation—a prospective randomized compari-
son ofpancreatic vascular perfusion with hyperosmolar citrate
or University ofWisconsin solution,” Transplantation, vol. 56,
no. 3, pp. 550–553, 1993.

[39] H. H. Contractor, P. R. V. Johnson, D. R. Chadwick, G. S. M.
Robertson, and N. J. M. London, “The effect of UW solution
and its components on the collagenase digestion of human and
porcine pancreas,” Cell Transplantation, vol. 4, no. 6, pp. 615–
619, 1995.

[40] M. Omasa, S. Hasegawa, T. Bando et al., “Application of ET-
Kyoto solution in clinical lung transplantation,” Annals of
Thoracic Surgery, vol. 77, no. 1, pp. 338–339, 2004.

[41] F. Chen, T. Fukuse, S. Hasegawa et al., “Effective application
of ET-Kyoto solution for clinical lung transplantation,” Trans-
plantation Proceedings, vol. 36, no. 9, pp. 2812–2815, 2004.

[42] S. F. Wu, Y. Suzuki, A. K. Kitahara, H. Wada, and Y. Nishimura,
“Skin flap storage with intracellular and extracellular solutions
containing trehalose,” Annals of Plastic Surgery, vol. 43, no. 3,
pp. 289–294, 1999.

[43] R. Troisi, D. Meester, C. Van Den Broecke et al., “Functional
and structural integrity of porcine pancreatic graftssub-
jected to a period of warm ischemia and cold preservation
withhistidine-tryptophan-ketoglutarate (custodiol) or Uni-
versity of Wisconsinsolution,” Transplantation, vol. 75, no. 11,
pp. 1793–1799, 2003.

[44] F. O. Belzer and J. H. Southard, “Organ preservation and
transplantation,” Progress in Clinical and Biological Research,
vol. 224, pp. 291–303, 1986.

[45] D. R. Chadwick, G. S. M. Robertson, H. H. Contractor et
al., “Storage of pancreatic digest before islet purification:
the influence of colloids and the sodium to potassium ratio
in University of Wisconsin-based preservation solutions,”
Transplantation, vol. 58, no. 1, pp. 99–104, 1994.

[46] S. Fujimoto, E. R. I. Mukai, Y. Hamamoto et al., “Prior
exposure to high glucose augments depolarization-induced
insulin release by mitigating the decline of ATP level in rat
islets,” Endocrinology, vol. 143, no. 1, pp. 213–221, 2002.

[47] H. Noguchi, B. Naziruddin, N. Onaca et al., “Comparison of
modified Celsior solution and M-Kyoto solution for pancreas
preservation in human islet isolation,” Cell Transplantation,
vol. 19, no. 6-7, pp. 751–758, 2010.

[48] H. J. Bretschneider, “Myocardial protection,” The Thoracic and
Cardiovascular Surgeon, vol. 28, no. 5, pp. 295–302, 1980.

[49] J. Erhard, R. Lange, R. Scherer et al., “Comparison of histidine-
tryptophan-ketoglutarate (HTK) solution versus University of
Wisconsin (UW) solution for organ preservation in human
liver transplantation. A prospective, randomized study,”
Transplant International, vol. 7, no. 3, pp. 177–181, 1994.

[50] U. J. Hesse, R. Troisi, B. Jacobs et al., “Cold preservation of
the porcine pancreas with histidine-tryptophan- ketoglutarate
solution,” Transplantation, vol. 66, no. 9, pp. 1137–1141, 1998.

[51] U. Leonhardt, A. Tytko, B. Exner et al., “The effect of different
solutions for organ preservation of immediate postischemic



Journal of Transplantation 7

pancreatic function in vitro,” Transplantation, vol. 55, no. 1,
pp. 11–14, 1993.

[52] S. Potdar, S. Malek, B. Eghtesad et al., “Initial experience
using histidine-tryptophan-ketoglutarate solution in clinical
pancreas transplantation,” Clinical Transplantation, vol. 18,
no. 6, pp. 661–665, 2004.

[53] M. J. Englesbe, A. Moyer, D. Y. Kim et al., “Early pancreas
transplant outcomes with histidine-tryptophan-ketoglutarate
preservation: a multicenter study,” Transplantation, vol. 82, no.
1, pp. 136–139, 2006.

[54] J. A. Fridell, A. Agarwal, M. L. Milgrom, W. C. Goggins, P.
Murdock, and M. D. Pescovitz, “Comparison of histidine-
tryptophan-ketoglutarate solution and University of Wis-
consin solution for organ preservation in clinical pancreas
transplantation,” Transplantation, vol. 77, no. 8, pp. 1304–
1306, 2004.

[55] H. Noguchi, M. Ueda, S. Hayashi et al., “Comparison
of M-Kyoto solution and histidine-tryptophan-ketoglutarate
solution with a trypsin inhibitor for pancreas preservation in
islet transplantation,” Transplantation, vol. 84, no. 5, pp. 655–
658, 2007.

[56] J. Caballero-Corbalán, H. Brandhorst, H. Malm et al., “Using
HTK for prolonged pancreas preservation prior to human islet
isolation,” The Journal of Surgical Research. In press.
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Activation of the pancreatic lineage in the liver has been suggested as a potential autologous cell replacement therapy for diabetic
patients. Transcription factors-induced liver-to-pancreas reprogramming has been demonstrated in numerous species both in
vivo and in vitro. However, human-derived liver cells capable of acquiring the alternate pancreatic repertoire have never been
characterized. It is yet unknown whether hepatic-like stem cells or rather adult liver cells give rise to insulin-producing cells.
Using an in vitro experimental system, we demonstrate that proliferating adherent human liver cells acquire mesenchymal-like
characteristics and a considerable level of cellular plasticity. However, using a lineage-tracing approach, we demonstrate that
insulin-producing cells are primarily generated in cells enriched for adult hepatic markers that coexpress both albumin and
mesenchymal markers. Taken together, our data suggest that adult human hepatic tissue retains a substantial level of developmental
plasticity, which could be exploited in regenerative medicine approaches.

1. Introduction

A cure for type 1 diabetes mellitus depends on replenishing
functional insulin-producing cells. However, the limited
supply of pancreatic islets from cadaver donors and the
need for life-long immune suppression makes pancreas or
pancreatic islet allotransplantation impractical for the vast
majority of patients. This hurdle has led to a search for
new alternate sources of insulin-producing cells or tissues
[1–3]. A challenging approach to generating surrogate β-
cells for cell replacement therapy in diabetes is the direct
reprogramming of liver cells into insulin-producing cells.

Liver and pancreatic cells share a common developmental
origin, making liver cells good candidates for manipulation
into β-like cells [4]. Both tissues may share a common
population of progenitor cells [5]. For example, cells with
properties virtually identical to those of hepatic oval cells
can also emerge in the pancreas, especially after the ablation
of acinar cells [6]. Upon transplantation, these pancreas-
derived oval cells can differentiate into functional hepa-
tocytes and bile ducts [7]. The reciprocal conversion of
rodent [8–13] and human [14–18] liver cells into pancreatic
endocrine cells by transdifferentiation or direct cellular
reprogramming has also been described. Liver cells have
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been induced to differentiate into insulin-producing cells by
ectopic expression of pancreatic transcription factors, the
best studied of which is PDX-1, a key regulator of pancreatic
development and insulin expression in adult pancreatic beta
cells [8, 10, 14, 16–19]. However, whether transcription
factor-induced reprogramming primarily occurs in “stem-
like” pluripotent cells or rather adult cells can directly give
rise to committed cells of alternate lineages is questionable
and presently analyzed.

Adult liver contains several populations of cells, includ-
ing hepatocytes, cholangiocytes, endothelial stellate cells, and
bone marrow- (BM-) derived cells [20–22]. Activation of
the pancreatic lineage in mice in vivo has been reported to
occur in several areas of the intact organ [8, 11, 23, 24].
PDX-1-induced insulin production in mouse livers in vivo
appears to occur mainly in the parenchyma of the liver
around the central veins [8, 11, 25]. On the other hand,
NEUROD1 and betacellulin-induced insulin production
occurs mainly in cells close to the hepatic capsule [24].
NGN-3 and betacellulin induce the transdetermination of
parenchymal hepatocytes and hepatic progenitor cells and
possibly endoderm-derived oval cells in periportal areas of
the liver [26].

The aim of the present study was to characterize the
human-derived liver cells capable of giving rise to insulin-
producing cells and determine whether they originate from
mature or hepatic progenitor cells. The definite character-
istics of hepatic progenitor cells which populate the adult
human organ is controversial; however, there is a wide agree-
ment that all these populations express the epithelial marker,
EpCAM [27–29]. We generated in vitro primary cultures of
liver cells derived from different human donors that already
demonstrated a capacity to reprogram along the endocrine
pancreatic and β-cell-like lineages by ectopic expression of
pancreatic transcription factors [14–16, 30]. The origin of
the induced insulin-positive cells in proliferating cultures of
adult human liver cells is not clear, because the original liver
cell morphology is altered and the cells undergo massive ded-
ifferentiation, which is further augmented by ectopic PDX-
1 expression and the reprogramming process itself [30].
Here, we characterize the cells in the adherent, proliferating
cultures derived from adult human liver and demonstrate
their mesenchymal-like characteristics. Using a genetic cell
lineage tracing for albumin, we demonstrate that the cells
coexpress both mesenchymal and adult hepatic markers, but
none of the cells express EpCAM. The mesenchymal-like
cells that originate from cells expressing albumin give rise to
insulin expression upon ectopic PDX-1 expression.

2. Material and Methods

2.1. Human Liver Cells. Adult human liver tissues were
obtained from 3 different liver transplantation surgeries
from 4–10-years-old children and 8 individuals over forty
years old. Liver tissues were used with approval from the
Committee on Clinical Investigations (institutional review
board).

Isolation of human liver cells was performed as previ-
ously described [16, 31]. Briefly, the cells were digested by

0.03% Collagenase type I (Worthington Biochemical Corp.,
NJ) and cultured in Dulbecco’s minimal essential medium
(1 gr/L glucose) supplemented with 10% FCS, 100 U/mL
penicillin, 100 μg/mL streptomycin and 250 ng/mL ampho-
tericin B (Biological Industries, Israel). The medium was
changed daily during the first three days in order to remove
nonadherent cells. Ninety percent confluent cultures were
split using trypsin-EDTA. The cells were kept at 37◦C in a
humidified atmosphere of 5% CO2 and 95% air.

2.2. Lentivirus Vector Construction and Virus Production. The
pTrip albumin promoter (410) nlsCRE DeltaU3 (ALB-Cre)
vector was generated by removing with BamHI and XhoI of
the enhanced green fluorescent protein (eGFP) coding region
from the pTrip ALB eGFP DeltaU3 vector, which contains
a fragment of the rat albumin promoter from −423 to −23
relative to the transcription start site. The resulting linearized
plasmid was blunt-ended with DNA polymerase I Klenow
fragment. The reading frame A Gateway cassette (Gateway
Conversion kit; Invitrogen) was next ligated to the blunt-
ended vector according to the manufacturer’s instructions,
generating a pTrip ALB rfa-Gateway DeltaU3 destination
vector. The nlsCRE fragment was amplified by PCR from
a plasmid [32] provided by Guilan Vodjdani (Hospital de
la Pitie′, Salpetriere, Paris) using the forward primer 5′

CACCAGATCTATGCCCAAGAAGA.
AGAGG-3′ and the reverse primer 5′-CTCGAGCTA-

ATCGCCATCTTC-3′, and the resulting PCR product was
cloned into the pENTR/D/TOPO plasmid (Invitrogen) to
generate an nls-CRE entry clone. Both destination vector
and entry clone were used for in vitro recombination
using the LR clonase II system (Invitrogen) according to
the manufacturer’s instructions. The reporter vector was
constructed as previously reported [33].

Virus particles were produced in 293T cells after
pCMVdR8.91 and pMD2.G vectors cotransfection. The
culture medium was harvested 36–48 h later.

2.3. Viral Infection. Lentiviruses infection was performed 24
hours after plating; liver cells were washed with PBS and
infected with a 1 : 1 mixture of the two viruses at multiplicity
of infection (MOI) 3 : 1 in growth media containing 8 ng/mL
polybrene overnight. The medium was then replaced with
culture medium, and the cells were refed twice a week
and split 1 : 3 once a week. The percentiles of eGFP and
DsRed2 positive cells were analyzed using a Beckman Coulter
FC500 flow cytometer or FACS Calibur, using the CellQuest
program.

Adenoviral infection of Ad-CMV-PDX-1 (1000 MOI)
was preformed as previously reported [14, 16, 30].

2.4. Animal Studies. All animals were maintained and animal
experiments were carried out under the supervision and
guidelines of the Sheba Medical center Institutional Animal
Welfare Committee (177/2002).

Cells at passage 4, were harvested, washed twice with
sterile PBS, counted, and resuspended in Matrigel (BD
Biosciences). Six-week-old female athymic nude mice were
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injected subcutaneously in both flanks with human liver
cells at density of 1 × 106 viable cells/100 μL as previously
described [34]. Five mice were used in each group. Tumor
size was measured with a linear caliper for up to 17 weeks.

2.5. Flow Cytometry. Liver-derived cells were harvested and
washed with flow cytometry buffer consisting of 1% BSA
and 0.1% sodium azide (Sigma, St. Louis, Mo,USA) in
phosphate buffered saline (Invitogen, Carlsbad, Calif,USA).
For the cell surface antigen detection, approximately 105 cells
labeled with conjugated monoclonal antibodies. Intracellular
staining was preformed using Intracellular Staining Flow
Assay Kit (Imgenex, San Diego, Calif, USA) following man-
ufacturer’s instruction. Control samples included unstained
cells, isotype antibody stained cells, and single fluorochrome-
stained cells. The antibodies used in this study are listed in
supplemental material data 1.

The cells were analyzed using a Beckman Coulter FC500
flow cytometer or FACS Calibur, using the CellQuest pro-
gram.

2.6. Cell Sorting. Three weeks after lentiviruses infection the
labeled liver-derived cells were sorted using a fluorescence-
activated cell sorter (FACS) (Aria cell sorter; Becton Dickin-
son, San Jose, Calif,USA) with a fluorescein isothiocyanate
filter (530/30 nm) for eGFP and a Pe-Texas Red filter
(610/20 nm) for DsRed2.

2.7. In Vitro Adipogenic and Osteogenic Differentiation. Fol-
lowing manufacturer’s instructions (Human Mesenchymal
Stem Cell Functional Identification Kit, R&D Systems, Min-
neapolis, Minn, USA), human liver-derived cells at passage
4 were plated on cover slips at 2,000 cells/cm2 in 6-well
tissue culture-treated plates in the presence of the adipogenic
or osteogenic supplements provided by the company. The
appropriate supplemented medium was changed twice per
week. After 14 days in culture, the adipogenic culture formed
adipogenic-like vacuoles. The plates were fixed with 4%
paraformaldehyde for 20 minutes and stained with Oil Red
O (Sigma). The osteogenic differentiation cultures were
incubated for 21 days and fixed and stained with 1% Alizarin
Red solution pH 4.1 (Sigma). The calcium deposits were
stained orange-red. Slides were imaged under a Leica DMLB
microscope using the Leica Application Suite version 2.7.1
R1 software.

2.8. RNA Isolation, RT and RT-PCR Reactions. Total RNA
was isolated, cDNA was prepared and amplified as described
previously [8, 16]. Quantitative real-time RT-PCR was
performed using ABI StepOnePlus (Applied Biosystems, Calif,
USA) as described previously [14, 16, 30]. The primer pairs
and annealing temperatures listed in supplemental material
data 2.

2.9. Immunofluorescence. Human liver cells treated were
plated on glass cover slides in six-well culture plates. Forty-
eight hours later, the cells were fixed and stained as described
previously [16]. The antibodies used in this study are listed
in supplemental material data 1.

The slides were analyzed using a fluorescent microscope
(Provis, Olympus).

2.10. Statistical Analyses. Statistical analyses were performed
using two-sample Students t-test assuming unequal vari-
ances.

3. Results

3.1. Characterization of Human Liver-Derived Cells Cultured
In Vitro . Adult human liver cells can be propagated in vitro
for roughly 20 passages; after an initial 2-week lag, the cells
proliferate at a constant rate (Figure 1(a)) [14–17]. In addi-
tion to proliferation, a gradual and partial decrease in mature
hepatic characteristics is observed [30]. A comparison of the
gene expression profiles of primary cultures of adult human
liver cells (passages 2–4), and the original intact tissues
revealed changes in the repertoire of expressed genes (Figures
1(b) and 1(c)). Human liver-derived cells in culture undergo
dedifferentiation, manifested as decreased expression of
numerous adult hepatic markers and increased expression
of immature and endodermal markers (Figure 1(b)) [30].
Previously, it was reported that hepatic dedifferentiation and
downregulation of mature hepatic markers occurs rapidly,
within 24 hours in culture [35]. Our data support that
as the reduction was detected at any time point analyzed
(P0–25 in culture). Despite the massive downregulation
of adult hepatic markers, 88 ± 6% of the liver cells in
culture maintains albumin expression and production, as
demonstrated by flow cytometry and immunofluorescence
(Figures 2(a) and 2(b)). Approximately 60% of the cells in
culture were positive for another adult hepatic marker α-
anti-trypsin (AAT) inhibitor (Figure 2(a)) though at lower
levels than in the intact organ [30]. Twenty percent of
liver cells in culture express the hepatic fetal marker alpha-
fetoprotein (AFP), but none express the hepatic progenitor
marker EpCAM or duct cell markers CA19–9 or CK19
[28, 36, 37]. Taken together, these results suggest that the
proliferating cells in culture may not represent populations
of hepatic stem cells.

Liver cells in culture expressed lower levels of the epithe-
lial marker E-CAD and higher levels of N-CAD compared
to intact liver tissues (Figures 1(c) and 2(a)). Such a switch
in cadherin expression usually characterizes an epithelial to
mesenchymal transition (EMT) process, which also occurs
to pancreatic islet cells in culture [38]. In addition to
the switch in cadherin expression levels, expression of the
transcription factors Snail and Slug was activated, which
further strengthens the notion that proliferating human liver
cells in culture may undergo an EMT process (Figure 1(c)).

To further uncover the nature and properties of liver-
derived cells in in vitro culture, we analyzed the expression
of markers that characterize mesenchymal cells. Cellular
characterization of the cells in increasing passages indicated
that most liver-derived cells in culture express several mes-
enchymal stem cell (MSC) markers, including CD105, CD90,
CD73, and CD29 (Figures 2(a) and 2(c)). Double immunos-
taining demonstrated the colocalization of hepatic and MSC
markers within the same cells (Figure 2(d)). Hematopoietic



4 Journal of Transplantation

1E + 06

1E + 08

1E + 10

1E + 12

(a)

0.001

0.01

0.1

1

10

100

ALB HDA1b GLUL SMAT5 AFP GATA4

∗
∗

Tissue

Cells

R
el

at
iv

e
le

ve
ls

∗
∗

∗

∗

(b)

1

∗

∗ ∗

E-CAD N-CAD Snail Slug

0.001

0.01

0.1

10

100

R
el

at
iv

e
le

ve
ls

Tissue

Cells

∗

(c)

Figure 1: Proliferating adult human liver cells in culture undergo hepatic dedifferentiation associated with EMT marker expression. (a)
Growth curve of adult human liver cells supplemented with exendin-4 (5 nM) [11]. (b) Quantitative RT-PCR analysis of hepatic (albumin,
ADH1b, GLUL, SMAT5, and AFP), endodermal (GATA4) and (c) EMT (E-CAD, N-CAD, Snail, and Slug) markers in primary cultures of
adult human liver cells (n = 4, P2–4) compared to intact adult human liver tissue (n = 4). The results are normalized to β-actin expression
within the same cDNA sample and presented as the relative levels of the mean ± standard deviation of primary cultures versus liver tissue.
∗P < 0.01.

marker expression was not detected in the human liver-
derived cultures (Figure 2(a)). These data suggest that liver-
derived cells in culture coexpress hepatic and general MSC
markers but may not represent a known hepatic progenitor
population, as neither CK-19 nor EpCAM expression is
detected [28, 36, 37].

3.2. Developmental Plasticity of Liver-Derived Cells in Culture.
The MSC markers present on most liver-derived cells in
culture motivated us to analyze whether the cells also
exhibit cellular plasticity. Human liver cells at passage 4
were cultured for 21 days under defined differentiation
conditions known to activate osteocytes and adipocytes
among BM-derived MSCs (Figures 2(e), 2(f), 2(g), and
2(h)). Indeed, human liver cells cultured in adipogenic
differentiation medium exhibited lipid-containing droplets
visualized by Oil Red staining (Figure 2(e)). Cells cultured in

osteogenic differentiation media developed calcium deposits
visualized by Alizarin Red staining, which is characteristic of
osteogenic differentiation (Figure 2(g)). These data indicate
that the liver-derived cells that propagate in vitro acquire
developmental plasticity, which may allow them to differ-
entiate along alternate developmental fates in response to
applied growth and differentiation conditions. The devel-
opmental plasticity these cells exhibited may provide a
partial explanation of their capacity to acquire a β-cell
phenotype in response to ectopic pancreatic transcription
factor expression.

3.3. Liver-Derived Cells Cultured In Vitro Do Not Induce
Tumors in Immune Deficient Mice In Vivo . The epithelial-
mesenchymal transition in liver has been suggested to
be related to invasiveness and metastatic potential in
mouse and human cancers [39, 40]. Moreover, BM-derived
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Figure 2: Primary adult human liver cell cultures express hepatic and mesenchymal stem-cell markers and differentiate along adipogenic
and osteogenic lineages. (a) Adult human liver cells (P1–P7, n ≥ 5) were characterized for the expression of specific surface and intracellular
markers of hepatic, hepatic progenitor, mesenchymal, and hematopoietic lineages by flow cytometry. (b–d) Double immunofluorescent
staining of human liver cells (P7) for albumin and CD90. Nuclei were stained by DAPI (blue). Original magnification ×20. (e) Liver cells at
P4 were induced to differentiate toward the adipogenic and (g) osteogenic lineages using the specific differentiation cocktails for 21 days in
culture. Control cells in regular cell culture media are shown in (f) and (h). Samples were fixed and stained with Oil Red (adipogenic lipids,
(e), (f) or Alizarin (osteogenic calcium, (g), (h)). Original magnification ×10.
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mesenchymal stem cells have been demonstrated to exhibit
tumorigenic capacity upon in vivo implantation [41–43].
Therefore, we analyzed whether the implantation of adult
human liver-derived cells potentially generates tumors in
vivo upon transplantation in immune-deficient mice. Adult
human liver-derived cells at passage 4 were injected subcu-
taneously into both flanks of nude mice (1 × 106 cells per
injection, 5 mice per group, 2 transplantations per mouse)
and tumor growth monitored weekly. Transplantation of
tumor-derived cells, such as MDA-MB 231 or Panc-1 cells,
resulted in large tumor formation 3–6 weeks after implanta-
tion [34], but none of the mice implanted with liver-derived
cells developed visible tumors over 4 months. After 17 weeks,
the mice were sacrificed and the area of injection examined.
No traces of the cells were identified in the specimens. These
data suggest that despite the cellular plasticity manifested
earlier, dedifferentiated human liver cells have mesenchymal
characteristics but may not carry a risk of uncontrolled cell
proliferation or tumor formation.

3.4. Irreversible Tracing of Albumin Expression. The adult
human-derived liver cells characterized above were reported
in the past to undergo cellular reprogramming and generate
insulin-producing cells upon ectopic expression of the
pancreatic transcription factor PDX-1 [14, 16, 17, 30].
However, because only a fraction of PDX-1 expressing cells
become insulin positive [14, 16], we sought to analyze
whether the insulin-producing cells are generated from
cells that originally express albumin or a yet unidentified
side population of stem-like cells that may be enriched
in the hepatic-derived primary cultures. Because PDX-1
turns off the hepatic repertoire of gene expression [30],
we irreversibly tagged albumin expression prior to PDX-1
treatment. Human liver cells at passages 1–3 were coinfected
by a dual lentivirus system modified from Russ et al.
[33]. This lentivirus system included the CMV-loxP-DsRed2-
loxP-eGFP (R/G) reporter [33] and an additional lentiviral
vector carrying the expression of Cre recombinase under
the control of the albumin promoter (ALB-Cre, Figure 3(a)).
R/G treatment resulted in DsRed2, but not eGFP, expression
in 84.1 ± 3.1% of cells. The albumin promoter activates
the expression of Cre recombinase only in albumin-positive
cells. Cre recombinase cleaves the “floxed” DsRed2, allowing
the constitutive expression of eGFP under the same CMV
promoter (Figure 3). The dual lentivirus system exhibited a
high level of specificity; no eGFP-positive cells were detected
in non-liver cells, such as pancreatic βTC1 cells (Figures 3(e),
3(f), and 3(g)), and Cre recombinase expression colocalized
with albumin (Figures 3(h), 3(i), 3(j), and 3(k)). Because
most adult human liver cells express albumin (88 ± 6%,
Figure 2(a)), we expected that the majority of cells infected
by both lentiviruses would have activated Cre recombinase
and become eGFP-positive. The efficiency of infection with a
single lentivirus was ∼85%, and double infection resulted in
72% eGFP-positive cells, using CMV-Cre as control. Adult
human liver cells infected with the two-lentivirus system
(R/G and ALB-Cre) resulted in 69.4 ± 7.6% eGFP-positive
cells within ten days of infection, with few cells expressing
both eGFP and DsRed2 protein (Figure 3(d)). Colabeling

with eGFP and DsRed2 likely reflects the activity of the
albumin promoter and the relatively long half-life of the
DsRed2 protein (t1/2 = 4.5 days), such that the DsRed2
protein can be detected even 1-2 weeks after the DsRed2
gene is no longer expressed [33]. Only 9.3 ± 5.4% of the
cells remained irreversibly positive for DsRed2. These cells, in
part, represent an incapability to activate albumin expression
(about 2%-3%) and/or cells infected only with the reporter
vector CMV-loxP-DsRed2-loxP-eGFP but not by the ALB-
Cre lentivirus vector.

3.5. Characterization of Cells Irreversibly Tagged for Albumin
Expression by eGFP. eGFP-labeled liver cells were separated
from DsRed2-positive cells by FACS-Sorter and cultured
separately for several passages (Figures 4(a), 4(b), 4(c),
4(e), and 4(f)). Two weeks after sorting (3 passages), less
than 3% of DsRed2-positive cells were detected among the
eGFP-positive population, the vast majority of which were
colabeled by eGFP (data not shown), suggesting a highly
purified culture of albumin-positive, eGFP-labeled cells.

The eGFP and DsRed2 populations exhibited distinct
hepatic marker expression. In addition to increased expres-
sion of the albumin gene in eGFP-positive cells (Figure 4(g)),
additional adult hepatic markers, such as ADH1b, GLUL,
and the transcription factor CEBPβ, were expressed to higher
levels compared to the DsRed2-positive cells (Figure 4(g)).
However, the expression level of the hepatic genes in eGFP-
positive cells was lower than that of cells at passage 2–
4 (Figure 1(b)), further suggesting an ongoing dedifferen-
tiation process which occurs in culture with time. The
expression of immature or progenitor markers, such as AFP
and CK19, was similarly detected in both groups (data not
shown). In contrary, the DsRed2-positive cells were enriched
for αSMA, desmin, and GFAP expression compared to the
eGFP-positive cells (Figure 4(h)). αSMA, desmin, and GFAP
are typically considered to be hepatic stellate cell markers
[44]. Although stellate cells are considered mesenchymal cells
[45], they do not usually express the mesenchymal marker
CD90. The fact that DsRed2 cells also expressed αSMA,
desmin, and GFAP but low levels of CD90 (Figure 4(i))
suggests that indeed, the DsRed2 population of cells may
include the hepatic stellate cell population. Flow cytometry
and immunofluorescence confirmed that each of the isolated
eGFP-positive cells expressed albumin, CD105, and CD90
at higher levels than DsRed2-positive cells (Figures 4(j) and
4(k) and data not shown).

3.6. Ectopic PDX-1 Expression Induces Cellular Reprogram-
ming. Next, we sought to analyze which of the two liver cell
populations preferentially support PDX-1-induced repro-
gramming, manifested as induced insulin production. eGFP-
positive cells and DsRed2-positive cells were separately
treated with Ad-PDX-1 and supplemented with soluble
factors as previously described [16]. Ectopic PDX-1 expres-
sion resulted in a significant decrease in albumin gene
expression (data not shown) [30]. However, ectopic PDX-1
expression did not affect the expression of CD105 and CD90
in the separate cultures (data not shown). Ectopic PDX-1
expression in eGFP positive cells activated the expression



Journal of Transplantation 7

ALB nIs-Cre

LoxPLoxP

CMV eGFPDsRed2

(a)

Liver

eGFP

(b)

DsRed2

(c)

Merge

(d)

βTC1

cells

eGFP

(e)

DsRed2

(f)

Merge

(g)

DsRed2

(h)

eGFP

(i)

Cre

(j)

Merge

(k)

Figure 3: Irreversible labeling for albumin expression using the dual lentivirus system (lineage tracing). (a) Schematic presentation of the
lentivirus vectors. (b–d) Adult human liver cells or (e–g) β-TC1 cells were infected with the reporter virus in combination with ALB-Cre
virus. Liver cells were imaged 10 days after infection for DsRed2 (red) or eGFP (green) autofluorescence (original magnification ×10). (h–k)
Immunostaining of adult human cells infected with both viruses for Cre (blue, (j)), eGFP (green, (i)), and DsRed2 (red, (h)). (k) Merged
image of all stainings. White arrows indicate DsRed2-positive cells. Yellow arrows indicate eGFP and Cre double positive cells. Original
magnification ×60.

of pancreatic hormones gene expression (INS, GCG, and
SST; Figure 5(a)), the expression of genes involved in β-cell
glucose sensing (GLUT-2, GK), and prohormone processing
(PC2) (Figure 5(b)). Only the expression of somatostatin was
significantly activated in DsRed2 positive cells. Moreover,
PDX-1 treatment resulted in insulin production, which
mainly colocalized with eGFP; 17.6 ± 3.5% of eGFP-positive
cells coexpressed insulin (Figures 5(c)–5(h)). In contrast,
only 3.35 ± 2.1% of DsRed2-positive cells was also positive
for insulin in response to a similar reprogramming protocol
(data not shown). Because about 28% of the DsRed2-positive
cells could have been positive for albumin but not eGFP,

the actual percentage of insulin-positive cells generated in
albumin-negative human liver cells is even lower than 3.35 ±
2.1%. Taken together, these data suggest that albumin-
positive cells represent the vast majority of liver cells that
undergo reprogramming along the pancreatic lineage.

4. Discussion

Using a genetic lineage-tracing approach, we demonstrate
for the first time that the insulin-producing cells induced
by ectopic expression of the pancreatic transcription fac-
tor PDX-1 in human liver cells mainly originate from
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Figure 4: Isolated cultures of eGFP-positive cells express hepatic markers. Adult human liver cells were infected with the reporter virus
and ALB-Cre virus. Two weeks later, eGFP-positive and DsRed2-positive cells were separated using a cell sorter. The eGFP-positive (a–c)
and DsRed2-positive (d–f) cells were separately cultured and imaged 24 hours later for eGFP ((a) and (d), green) and DsRed2 ((b) and
(e), red) fluorescence. (c and f) eGFP and DsRed2 merge images. Original magnification ×20. Quantitative RT-PCR in eGFP-positive cells
compared to DsRed2-positive cells using mRNA extracted 2 weeks after sorting of (g) hepatic (albumin, ADH1b, GLUL, and CEBPβ), (h)
stellate cell (SMA, desmin, and GFAP), and (i) mesenchymal stem cell (CD105, CD29. CD90, and CD73) marker expression. The results
were normalized to β-actin expression within the same cDNA sample and presented as the relative levels of the mean ± standard deviation
of DsRed2-positive versus eGFP-positive cells, n = 6 from 3 different cultures. ∗P < 0.01, ∗∗P < 0.05. (j) The expression of the mesenchymal
marker CD105 was analyzed in the eGFP and (k) DsRed2-positive cells by flow cytometry.
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Figure 5: Ectopic PDX-1 expression induced pancreatic differentiation mainly in eGFP positive liver cells. eGFP-positive cells and DsRed2-
positive cells were treated with Ad-PDX-1 and soluble factors for 5 days. Quantitative RT-PCR analysis of (a) pancreatic hormones (INS, GG,
and SST), and (b) β-cell specific genes (GK, GLUT2, and PC2) in eGFP-positive cells and DsRed2-positive cells (n = 2 p7–9). The results
are normalized to β-actin expression within the same cDNA sample and presented as the relative levels of the mean ± standard deviation
of PDX-1 treated cells versus control Ad-β-gal treated cells. ∗P < 0.01. (c–h) Double immunofluorescence analysis of GFP with insulin in
Ad-PDX-1 treated eGFP-positive liver cells. Original magnification ×20 (c–e) and ×60 (f–h). Five hundred cells were analyzed under the
fluorescent microscope for eGFP, DsRed2, or insulin in three different cultures.

albumin-positive cells. The proliferating adherent human
liver cells express both adult liver and mesenchymal cell
markers and possess a considerable level of developmental
plasticity (Figures 1 and 2).

Most liver-derived cells in the primary culture express
mesenchymal characteristics (Figure 2). The origin of these
hepatic MSC-like cells is not clear; they could represent
liver cells that underwent EMT, or the cells may represent a
preexisting population of stem-like cells with self-replication
capacity, which normally serve as hepatic progenitor cells.

The precise combination of markers that characterize human
hepatic progenitor cells is controversial [29]; thus, it is
complicated to completely rule out the possibility that
our culture conditions promoted the amplification of pre-
existing human hepatic stem-like cells. However, the com-
prehensive characterization of the primary culture of the
human liver-derived cells seems to favor the option that
insulin-producing cells are generated in dedifferentiated liver
cells that underwent an EMT process, meaning that such
cells, most likely, do not exist in the intact organ. This
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conclusion is based on several lines of evidence. First, 88%
of the cells in culture are not only positive for albumin,
but the albumin-positive cells also express higher levels of
other adult hepatic markers, which is not expected to occur
in pluripotent stem-like cells. Second, EpCAM is agreed
upon as being a hepatic progenitor marker and is not
expressed in our human-derived cells. Third, the only cells
in the intact adult liver with mesenchymal characteristics
are stellate cells. However, stellate cell marker expression was
low in general and occurred mainly in the albumin-negative
population, which had lower reprogramming efficiency
(Figure 4(h)). Taken together, these data may suggest that
the cells populating the majority of human liver-derived
primary culture are not residents of the intact organ that
underwent preferential proliferation. On the other hand,
our human liver-derived primary culture exhibits several
EMT characteristics, including specific mesenchymal marker
expression (Figures 1 and 2), decreased E-CAD associated
with increased N-CAD expression (Figure 1(b)), and the
activation of Snail and Slug expression, the zinc finger
transcription factors known to control the EMT process
(Figure 1(c)) [40, 46].

Epithelial to mesenchymal transition is a common
process that epithelial cells undergo upon in vitro cul-
ture [47–49]. In vivo, EMT plays a key role in mor-
phogenic changes during embryonic development, wound
healing/tissue regeneration, and neoplasia [25, 26, 30]. Sev-
eral groups have demonstrated that the process is associated
with the downregulation of epithelial gene expression and
activation of mesenchymal gene expression [47–49]. EMT
induction in vitro has been suggested in cultured thyroid
cells [50] and adult human islets upon entrance into the cell
cycle [51]. More recently, direct evidence of EMT in cultured
adult primary β-cells was demonstrated using genetic lineage
tracing [38]. The capacity of adult parenchymal liver cells to
give rise to insulin-producing cells is further strengthened
by in vivo studies. Direct administration of PDX-1 in
mice in vivo suggests that the insulin-producing cells are
primarily generated in parenchymal cells close to the central
veins [8, 11, 25]. Hepatic pericentral cells are suggested
adult, terminally differentiated, while adult hepatic stem cells
mainly reside in periportal areas of the liver and in the Canals
of Hering [22]. While these observations need to be directly
analyzed by a lineage tracing approach, they suggest that the
reprogramming process does not primarily take place in bona
fide adult hepatic stem cells.

Despite the uniform morphology of the human liver-
derived cells in vitro, the cells seem to maintain different
phenotypes with regard to albumin and the expression
of other adult hepatic markers, which may correlate with
distinct reprogramming capacity. Using irreversible lineage
tracing for albumin promoter activity, we present supporting
evidence that insulin-positive cells induced by ectopic PDX-
1 expression are preferentially generated in cells that are
originally albumin-positive (Figure 5). In a recent paper, Dan
et al. [28] isolated human hepatic progenitor cells that carry
the capacity to differentiate along multiple hepatic lineages,
including mesenchymal cells. However, these cells did not
express albumin. The colocalization of albumin expression

with mesenchymal markers suggests that the reprogramming
process of liver to pancreas does not occur in such cells but in
hepatic dedifferentiated cells [30], which undergone an EMT
process.

Because we also detected a small number of insulin-
positive cells among the DsRed2-positive cells, we can-
not rule out the possibility that nonalbumin-positive cells
present in our culture underwent reprogramming and
contributed to the insulin-producing cell population but
with lower reprogramming efficiency.

The fact that the special mesenchymal cells coexpressing
albumin do not induce tumors in immune-deficient rodents
conveys a substantial safety advantage over using other
progenitor cells in tissue engineering approaches [52, 53].
By contrast, other mesenchymal cells derived from bone
marrow have been documented in numerous studies to carry
a tumorigenic potential under similar conditions [41–43].

The data generated in this study provide a better
understanding of the nature of primary human liver cell
culture, which is capable of undergoing pancreatic transcrip-
tion factor-induced reprogramming. Further dissection of
subpopulations of cells within the liver-derived, albumin-
positive mesenchymal cells will allow us to identify the
specific characteristics of liver cells, which are predisposed
to reprogramming to allow a substantial increase in the
efficiency of the reprogramming process along the pancreatic
lineage.

5. Conclusion and Summary

The present study suggests that the insulin-producing cells
induced by ectopic expression of the pancreatic transcription
factor PDX-1 in human liver cells mainly originate from
albumin-positive cells. The proliferating adult human liver
cells in culture acquire mesenchymal characteristics and a
high level of cellular plasticity. However, while most liver cells
in culture possess mesenchymal-like characteristics, insulin
production is induced in albumin positive cells, which are
enriched for adult hepatic markers expression. Identification
and the characterization of cells prone to reprogramming
along the β-cell lineage is expected to increase the repro-
gramming efficiency. It may allow developing controlled and
reproducible reprogramming process, by overcoming the
pronounced heterogeneity of cells in the primary cultures.

Reprogramming liver to pancreas offers the access to an
abundant source of “self-tissue”. The approach obviates the
shortage in tissue availability from cadaveric donors and
the need for antirejection treatment, allowing the diabetic
patient to be the donor of his own therapeutic tissue.
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