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Abstract

Type 1 diabetes (T1D) is an autoimmune disease character-
ized by hyperglycemia following the destruction of the in-
sulin-producing beta cells of the pancreatic islets of
Langerhans by the body’s own immune system. Although
routine insulin injections can provide diabetic patients with
their daily insulin requirements, this treatment is not always
effective in maintaining normal glucose levels. A true
“cure” is considered possible only through replacement of
the beta cell mass, by pancreas transplantation, islet implan-
tation, or implantation of nonendocrine cells modified to
secrete insulin. With the recent success of islet implantation
to reverse T1D, this procedure has become a welcome
therapy for T1D patients. Unfortunately, this procedure is
hampered by the limited number of transplantation quality
pancreata available for the harvesting of islets. This short-
age has sparked great interest in finding a replacement for
organ donation, primarily the possible use of stem cell-
derived islets starting with stem cells, or alternatively the
harvesting of nonhuman islets. This review focuses on
progress with growing islets in the laboratory from stem
cells and a comparison between this developing technology
and the current use of islets harvested from nonhuman
sources.
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Introduction

iabetes mellitus refers to a group of chronic meta-
bolic diseases characterized by hyperglycemia due to
the absence of or resistance to insulin. This state may
result from defects in insulin secretion, insulin action, or
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both (Harris 1999). Type 1 diabetes (T1D"), also known as
juvenile-onset, autoimmune, or insulin-dependent diabetes,
is a common chronic disease of children and adolescents in
both Europe and North America, and an increasing problem
elsewhere. The recent implementation of new genetic
screening programs for families and newborns to identify
“high-risk” individuals has revealed an apparent increase in
the incidence of T1D worldwide.

TID is an especially insidious disease because clinical
symptoms are usually not recognized until after the patient’s
own immune system has destroyed more than 90% of the
total insulin-producing beta cells of the endocrine pancreas
(Eisenbarth 1986). Although routine insulin injections can
provide diabetic patients with their daily insulin require-
ments, blood glucose excursions are common and result in
hyperglycemic episodes. Hyperglycemia currently repre-
sents the major health problem for the diabetic patient.
When inadequately controlled, chronic hyperglycemia can
lead to microvascular complications (i.e., retinopathy and
blindness, nephropathy and renal failure, neuropathy, foot
ulcers and amputation) and/or macrovascular complications
(i.e., atherosclerotic cardiovascular, peripheral vascular, and
cerebrovascular disease). Both the Diabetes Control and
Complications Trial and the UK Prospective Diabetes Study
demonstrated a strong relation between good metabolic con-
trol and the rate/progression of complications (DCCT Re-
search Group 1993; UKPDS Group 1998). Unfortunately, it
is difficult for most patients to achieve adequate control of
hyperglycemic excursions, and attempts to maintain eugly-
cemia through intensive insulin treatment lead to increased
incidences of hypoglycemia. The lack of tight glycemic
control resulting in acute and chronic metabolic complica-
tions costs the healthcare system in the United States more
than one hundred billion dollars per year and highlights the
urgency for a cure.

A true “cure” for T1D relies on replacement of the beta
cell mass. Currently, beta cell replacement is accomplished
either by ectopancreas transplantation or islet implantation.
Pancreas organ transplantation is often successful in nor-
malizing fasting and postprandial blood glucose levels,
HbAI1C levels, as well as secretion of insulin and C-peptide

! Abbreviations used in this article: AcXR, acute cellular xenograft rejec-
tion; AhXR, acute humoral xenograft rejection; HAR, hyperacute reaction;
IPC, islet progenitor cell; IPSC/IPC, islet-producing stem cells/islet pro-
genitor cells; NOD, nonobese diabetic; PERV, procine endogenous retro-
virus; T1D, type 1 diabetes.
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in response to glucose. However, this procedure requires
long-term immunosuppression, thereby restricting it gener-
ally to patients who have end-stage renal disease and are
listed to receive a second organ transplant, or to those with
long-standing T1D who have failed insulin therapy.

Islet implantation has several notable advantages over
pancreatic organ transplantation:

1. The islets can be implanted by percutaneous catheter-
ization of the portal vein under local anesthesia, thus
relieving the patient from undergoing general anesthesia
and invasive surgery.

2. Theoretically, islets can be genetically manipulated
in vitro to resist immune attack, either by reducing
potential islet-associated antigens or by expressing
immunomodulators.

3. The islets can be encapsulated as a way to protect them
from the immune system, but still permit insulin secre-
tion (Drachenberg et al. 1999; Lanza and Chick 1997;
Scharp et al. 1994; Sutherland et al. 1996).

Currently, however, islet cell implantations also require im-
munosuppression and have been severely limited by a short-
age of implantable islets from donated cadaveric pancreata.
This shortage is underscored by the recent estimation that
mortality rates for patients waiting for pancreatic grafts or
pancreatic plus kidney grafts are 42.2 and 36.2 per 1000
patients, respectively (UNOS 2002). Interestingly, the re-
cent success using new islet implantation protocols has
popularized this intervention, a situation that no doubt has
the potential to exacerbate the shortage of implantable islets
further (Bertuzzi et al. 2003; Bretzel et al. 2001; Ricordi et
al. 2003; Ryan et al. 2001).

The possibility that stem cell-derived, in vitro-generated
islets may soon be an alternative to cadaver-derived islets
for treating diabetic patients is gaining acceptance, and has
been the topic of several recent reviews (Bonner-Weir and

Sharma 2002; Bretzel 2003; Efrat 2002; Lechner and Ha-
bener 2003; Peck et al. 2001; Peshavaria and Pang 2000;
Soria 2001). Over the past few years, several studies have
reported the production of endocrine cells, endocrine tissues
and/or islet-like clusters from embryonic stem cells, adult
stem cells isolated from the pancreas, as well as adult stem
cells from nonpancreas origins (Table 1). Although none of
these products are considered perfect yet, major advances
have been made in understanding the regulation of growth
and differentiation of beta cells and the islets of Langerhans
(reviewed in Wilson et al. 2003), thus raising hope for this
science to reach the diabetic patient in the near future.

In Vitro Generation of Islet-like Clusters
from Adult Pancreas—The Human Model

As early as the mid-1990s, Peck and coworkers presented
evidence indicating that immature, yet functional, islet-like
clusters could be grown in vitro from stem/progenitor cells
isolated from the pancreatic ducts and islets presumed to
contain epithelial stem cells from which islets of Langer-
hans are derived during embryogenesis (Cornelius et al.
1997; Peck and Cornelius 1995). The protocol that proved
most successful consisted of several sequential steps that
permitted stem cell/progenitor cell selection with subse-
quent successive growth, differentiation, and maturation of
the cultured cell populations. Today, this process has been
divided into four steps:

1. Ductal epithelial cells (in combination with islets), iso-
lated from digested pancreas, are cultured in a growth-
restrictive medium to enrich for epithelial cell
subpopulations that can form monolayers with a neuro-
endocrine cell-like phenotype (referred to as islet-
producing stem cells, or IPSCs").

2. Islet progenitor cells (referred to as IPCs') are induced
to bud from the epithelial-like monolayers.

Table 1 Stem cells capable of forming endocrine-like tissues and cells

Source of stem/

progenitor cells Differentiated tissue

References (see text)

Mouse embryo

Human embryo

Adult mouse pancreas

clusters

Adult pig pancreas Islet-like clusters

Adult human pancreas

and islet-cell clusters
Islet-cell clusters

Islet-cell clusters

Adult rat and human islets
Adult rat liver oval cells

Insulin-secreting cells, endocrine hormone-secreting
cells and islet-like clusters

Insulin-secreting cells and islet-like clusters

Endocrine hormone-secreting cells and islet-cell

Endocrine-hormone-producing cells, ductal cell buds

Kahan et al. 2003; Kim et al.
2003; Lumelsky et al. 2001;
Soria et al. 2000

Assady et al. 2001; Shiroi et
al. 2002

Cornelius et al. 1997; Ramiya
et al. 2000

Peck and Ramiya 2003

Bonner-Weir et al. 2000; Peck
et al. 2001

Zulewski et al. 2001

Yang et al. 2002
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3. Given a favorable growth medium that permits prolif-
eration of IPCs and their daughter cells, islet-like cell
clusters will form that contain various endocrine cells
in various differentiation states and that are capable
of exhibiting regulated insulin responses to glucose
challenges.

4. The islet-like structures are implanted into an in vivo
environment to promote final maturation of the islet
cells.

The three in vitro stages of growth of islet-like clusters are
presented in Figure 1A.

The establishment of islet-forming cultures from human
pancreata is highly reproducible despite variations in the
health status and quality of donated pancreata. However,
one drawback to working with human cultures is the diffi-
culty in carrying out required efficacy and toxicity studies to
determine the behavior of stem cell-derived, in vitro-
generated islets when implanted into an appropriate in vivo
environment. Thus, many aspects of using cells and tissues
grown from human stem cells must be extrapolated from
animal studies and/or studies involving implantations across
species. As a result, we turned originally to the nonobese
diabetic (NOD') mouse model of T1D (Atkinson and Leiter
1999) to investigate a number of questions that might apply
to the use of in vitro-generated islets in treating diabetic
patients.

In Vitro Generation of Islets from Adult
Pancreatic Stem Cells—The NOD
Mouse Model

We have used the NOD mouse as a model for human T1D.
In our studies, we have shown the following: the feasibility
of obtaining IPSCs from prediabetic, postdiabetic, or nor-
mal adult mice; the ability of duplicating the human IPSC/
IPC cultures by establishing stem cell cultures for the
growth of immature functional islet-like structures; and the
potential of in vitro-generated mouse islets to reverse insu-
lin-dependent diabetes when implanted into diabetic NOD
mice (Ramiya et al. 2000).

In Figure 1B, the temporal growth and differentiation of
epithelial monolayers derived from isolated mouse pancre-
atic ducts plus islets are shown, revealing the growth char-
acteristics observed with human IPSC/IPC cultures. These
monolayers contain IPSCs capable of producing immature
islet cell-like clusters that are similar (but not identical) to
the human-derived IPSC/IPC cultures. We have noted that
the immature islets maintain their structural integrity rang-
ing from a few days to several weeks, but they can easily be
dissociated into single cell suspensions that, if recultured,
start the process again. Thus, the clusters contain cells re-
taining the IPSC/IPC phenotype, including the capacity for
self-renewal, a phenomenon shown to be true for adult islets
freshly isolated from the pancreas (Zulewski et al. 2001).
Interestingly, the IPCs appear to bud from the epithelial
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cells (IPSCs), and then proliferate into the three-
dimensional cell clusters. However, mouse islet cell-like
clusters appear to be more uniform and stable than human
islet cell-like clusters. The mouse IPSC/IPC cultures have
been maintained up to 3 yr through constant expansion via
repeated serial transfers. Each subculture exhibited the abil-
ity to produce increasing numbers of islet-like structures.
Based on the number of these immature islets produced
within the secondary cultures, we calculated that between
10,000 and 15,000 pancreas equivalents were produced
within the 3 yr of growth of a single cell line from five
pancreata used for initiating the primary culture.

It is critical to note that stem cell-derived, in vitro-grown
islet-like clusters exhibit temporal gene expressions and cel-
lular organizations that mimic natural islets of Langerhans
during their organogenesis. During differentiation of cul-
tured ductal epithelial cells to islet-like clusters, the IPSC/
IPC-derived cells temporally express various endocrine
hormones and islet cell-associated factors. A comparison of
these gene expressions for mouse and human cultures, as
detected by measuring transcripts by reverse transcriptase-
polymerase chain reaction, is provided in Table 2. Included
are the genes encoding insulin I and II, insulin receptor,
hepatocyte growth factor and its receptor c-MET, glucagon,
somatostatin, glucose transporter-2, GAD-67, and insulin-
like growth factors I and II. In addition, genes related to
development and differentiation are also detected, including
those encoding Reg-1, Pdx-1, Ngn-3, Isl-1, and beta2/
neuroD. Despite detectable expression of these mRNA tran-
scripts for islet-associated genes, the cells within the islet
structures remain mostly immature. The fact that the mouse
islets generated in vitro fail to achieve full maturation be-
fore implantation into an in vivo environment is supported
by the observations that (1) many of the cells coexpressed
more than a single endocrine hormone while in culture, and
(2) insulin secretion in response to glucose challenge re-
mained minimal. However, when nicotinamide, a reagent
known to enhance proliferation and maturation of mouse
beta cells, was added to cultures of differentiating mouse
IPSCs, the number of islets increased, the islet cells exhib-
ited increased insulin synthesis, and the islet clusters re-
sponded with increased insulin secretion to glucose
challenges (Ramiya et al. 2000).

Functional Activity of Stem Cell-derived,
in Vitro-generated Islet Implants—A
Syngeneic and Allogeneic Mouse Model

One potential drawback of stem cell-derived, in vitro-grown
islets has been the inability to identify a culture condition
that permits full differentiation of the immature beta cells to
mature cells within the islet clusters. This last step has re-
quired exposure to an in vivo environment, suggesting that
in vitro environments do not simulate the in vivo environ-
ment and are missing important factors. The functional ca-
pacity of in vitro-grown, stem cell-derived mouse islets has
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