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iabetes is a devastating disease that affects
D millions of people worldwide. The major forms

of the disease are type 1 and type 2 diabetes. In
type 1 diabetes, the body’s immune system aberrantly
destroys the insulin-producing beta cells (B-cells) of
the pancreas. Type 2 diabetes, the more common
form, is characterized both by insulin resistance, a
condition in which various tissues in the body no
longer respond properly to insulin action, and by
subsequent progressive decline in B-cell function to
the point that the cells can no longer produce enough
additional insulin to overcome the insulin resistance.
Researchers are actively exploring cell replacement
therapy as a potential strategy to treat type 1 diabetes,
because patients with this disease have lost all or nearly
all B-cell function. However, if a safe and cost-effective
means for replenishing B-cells were developed, such a
treatment strategy could also be useful for the larger
population with type 2 diabetes. One of the major
challenges of cell replacement therapy is the current
insufficient supply of B-cells from human organ donors.
This article focuses on stem cells as potential sources for
deriving new [-cells.

DIABETES: A CRITICAL HEALTH ISSUE
FOR THE 21ST CENTURY

According to the International Diabetes Federation,
diabetes currently affects 7% of the world’s population
— nearly 250 million individuals worldwide." This total
is expected to rise to 380 million by 2025 as a result
of aging populations, changing lifestyles, and a recent
worldwide increase in obesity. Although projections
for increases in diabetes prevalence suggest that the
greatest percentage gains will occur in Asia and South
America,?* all nations will experience a rising disease
burden.

According to the National Diabetes Fact Sheet, which
was compiled using information from the Centers for

Disease Control and Prevention and other Federal and
non-Federal organizations, 20.8 million U.S. children
and adults have diabetes (6.2 million of whom are
currently undiagnosed).” An estimated 54 million
Americans have “pre-diabetes”, a condition defined
by blood glucose levels that are above normal but not
sufficiently high to be diagnosed as diabetes. In 2005,
1.5 million new cases of diabetes were diagnosed in
Americans aged 20 years or older.* If present trends
continue, 1 in 3 Americans (1 in 2 minorities) born in
2000 will develop diabetes in their lifetimes.

Diabetes is currently the sixth leading cause of death
in the U.S.* It is associated with numerous health
complications, including increased risk for heart disease,
stroke, kidney disease, blindness, and amputations.
In 2007, the total annual economic cost of diabetes
was estimated to be $174 billion dollars.’ Direct
medical expenditures account for the vast majority of
this total ($116 billion), although lost productivity and
other indirect costs approached nearly $58 billion. The
American Diabetes Association estimates that one out
of every 10 health care dollars currently spent in the
U.S. is used for diabetes and its complications.®

While diabetes can be managed, at present it cannot
be cured. As a result, it is a lifelong and often disabling
disease that can severely impact the quality of life
of those who are afflicted. Based on several recent
discoveries, however, researchers have begun to ask if a
new treatment approach is on the horizon — can stem
cells that are derived from adult or embryonic tissues
generate new pancreatic f-cells to replace those that
have failed or been destroyed? Cell replacement therapy
is one of many research avenues being pursued as a
potential treatment strategy for type 1 diabetes. The
strategy may also have implications for ameliorating
type 2 diabetes. One of the key obstacles to advancing
such therapy is the current inadequate supply of
cadaveric donor pancreata as a source of cells for
transplantation. Additionally, it is not currently possible
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to induce a patient’'s own cells to regenerate new
B-cells within the body. Thus, researchers are actively
investigating potential sources of new beta cells,
including different types of stem cells. This article
will focus on the various types of stem cells that are
candidates for use in pancreatic regeneration and will
discuss the challenges of using such cells as therapy
for diabetes.

DEFINING DIABETES

Diabetes results from the body’s inability to regulate
the concentration of sugar (glucose) in the blood.
Blood glucose concentration is modulated by insulin, a
hormone produced by pancreatic -cells and released
into the bloodstream to maintain homeostasis. In
healthy individuals, B-cells counteract sharp increases
in blood glucose, such as those caused by a meal,
by releasing an initial “spike” of insulin within a
few minutes of the glucose challenge. This acute
release is then followed by a more sustained release
that may last for several hours, depending on the
persistence of the elevated blood glucose concentra-
tion. The insulin release gradually tapers as the body’s
steady-state glucose concentration is reestablished.
While postprandial insulin release is stimulated by
factors other than blood glucose, the blood sugar
concentration is the major driver. When the B-cells fail
to produce enough insulin to meet regulatory needs,
however, the blood glucose concentration rises. This
elevated concentration imposes a metabolic burden
on numerous body systems, dramatically increasing
the risk of premature cardiovascular disease, stroke,
and kidney failure. Moreover, the risk for certain
diabetes-related complications increases even at
blood glucose concentrations below the threshold for
diagnosing diabetes.

At present, there is no cure for diabetes. B-cell failure
is progressive’; once the condition is manifest, full
function usually cannot be restored. Those with type 1
diabetes require daily insulin administration to survive.
Persons with type 2 diabetes must control their
elevated blood glucose levels through various means,
including diet and exercise, oral antihyperglycemic
(blood glucose-lowering) drugs, and/or daily insulin
shots. Most people who live with type 2 diabetes for a
period of time will eventually require insulin to survive.

As noted earlier, there are different forms of diabetes.
Type 1 diabetes results when a person’s immune

system mistakenly attacks and destroys the B-cells.
This type of diabetes was once referred to as “juvenile-
onset diabetes,” because it usually begins in childhood.
Type 1 diabetes accounts for 5-10% of diabetes cases,
and people with type 1 diabetes depend on daily
insulin administration to survive.

By contrast, type 2 diabetes is a metabolic disorder
that results from a decline in B-cell function combined
with insulin resistance, or the inability to use insulin
effectively in peripheral tissues such as the liver, muscles,
and fat.® Onset is associated with genetic factors and
with obesity, and type 2 diabetes disproportionately
affects certain minority groups.? Unlike type 1 diabetes,
type 2 is largely preventable. Numerous studies have
suggested that the environmental and behavioral
factors that promote obesity (e.g., a sedentary lifestyle,
a high-calorie diet) have profoundly influenced the
recent rise in the prevalence of type 2 diabetes.” This
trend suggests that type 2 diabetes will continue to be
a major health care issue.

THE CASE FOR STEM CELLS

There is great interest in developing strategies to expand
the population of functional B-cells. Possible ways to
achieve this include physically replacing the B-cell
mass via transplantation, increasing B-cell replication,
decreasing B-cell death, and deriving new B-cells from
appropriate progenitor cells.'® In 1990, physicians at
the Washington University Medical Center in St. Louis
reported the first successful transplant of donor-
supplied pancreatic islet tissue (which includes B-cells;
see below) in humans with type 1 diabetes.'"’ By the
end of the decade, many other transplants had been
reported using various protocols, including the widely-
known “Edmonton protocol” (named for the islet
transplantation researchers at the University of Alberta
in Edmonton).'*'* This protocol involves isolating islets
from the cadaveric pancreatic tissue of multiple donors
and infusing them into the recipient’s portal vein.
However, the lack of available appropriate donor tissue
and the strenuous regimen of immunosuppressive
drugs necessary to keep the body from rejecting
the transplanted tissue limit the widespread use of
this approach. Moreover, the isolation process for
islets damages the transplantable tissue; as such, 2-3
donors are required to obtain the minimal B-cell mass
sufficient for transplantation into a single recipient.'?
While these strategies continue to be improved, islet
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Figure 7.1. Insulin Production in the Human Pancreas.

The pancreas is located in the abdomen, adjacent to the duodenum (the first portion of the small intestine). A cross-section of the pancreas
shows the islet of Langerhans which is the functional unit of the endocrine pancreas. Encircled is the beta cell that synthesizes and secretes
insulin. Beta cells are located adjacent to blood vessels and can easily respond to changes in blood glucose concentration by adjusting insulin
production. Insulin facilitates uptake of glucose, the main fuel

source, into cells of tissues such as muscle.
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function declines relatively rapidly post-transplant. For
example, a long-term follow-up study of Edmonton
transplant patients indicated that less than 10% of
recipients remained insulin-independent five years
after transplant.'®

These challenges have led researchers to explore the
use of stem cells a possible therapeutic option. Type 1
diabetes is an appropriate candidate disease for stem
cell therapy, as the causative damage is localized to
a particular cell type. In theory, stem cells that can
differentiate into B-cells in response to molecular
signals in the local pancreatic environment could be
introduced into the body, where they would migrate
to the damaged tissue and differentiate as necessary
to maintain the appropriate B-cell mass. Alternately,
methods could be developed to coax stem cells
grown in the laboratory to differentiate into insulin-
producing B-cells. Once isolated from other cells, these
differentiated cells could be transplanted into a patient.
As such, stem cell therapy would directly benefit
persons with type 1 diabetes by replenishing B-cells
that are destroyed by autoimmune processes, although
it would still be necessary to mitigate the autoimmune
destruction of B-cells. The strategy would also benefit
those with type 2 diabetes to a lesser extent by
replacing failing B-cells, although the insulin resistance
in peripheral tissues would remain present. As discussed
in the following sections, however, debate continues
about potential source(s) of pancreatic stem cells.

SEARCHING FOR THE
“PANCREATIC STEM CELL”

The pancreas is a complex organ made up of many cell
types. The majority of its mass is comprised of exocrine
tissue, which contains acinar cells that secrete pancreatic
enzymes into the intestine to aid in food digestion.
Dispersed throughout this tissue are thousands of islets
of Langerhans, clusters of endocrine cells that produce
and secrete hormones into the blood to maintain
homeostasis. The insulin-producing B-cell is one type
of endocrine cell in the islet; other types include alpha
cells (o-cells), which produce glucagon, gamma cells
(y-cells), which produce pancreatic polypeptide, and
delta cells (5-cells), which produce somatostatin.

Each of these cell types arises from a precursor cell type
during the process of development. Therefore, the key
step for using stem cells to treat diabetes is to identify
the precursor cell(s) that ultimately give rise to the

-cell. However, generating these cells is more complex
than simply isolating a hypothetical “pancreatic stem
cell.” Experiments have indicated that embryonic and
adult stem cells can serve as sources of insulin-secreting
cells,'® leading researchers to explore several avenues
through which stem cells could feasibly be used to
regenerate B-cells. However, many challenges must
be addressed before a particular cell type will become
established for this approach.

The human body has inherent mechanisms to repair
damaged tissue, and these mechanisms remain active
throughout life. Thus, there is reason to speculate that
the adult pancreas may be aided by some type of
regenerative system that replaces worn-out cells and
repairs damaged tissue in response to injury. Such a
system could theoretically be supported by precursor
or stem cells, located in the endocrine pancreas or
elsewhere, which could be coaxed to differentiate
in response to select molecular or chemical stimuli.
But do these cells exist? If so, how can they be
recognized, isolated, and cultured for therapeutic use?
How quickly could they produce sufficient numbers of
[-cells to offset damage caused by diabetes processes?
Alternately, what if cells that have the capability to
regenerate B-cells exist in the body but are committed
to differentiate into some other cell type? Could
embryonic stem (ES) cell lines, which have the potential
to develop into cells from all lineages, then be derived
in vitro and be directed to differentiate into B-cells?
These questions will be explored in the following
sections, which review the types of candidate stem cells
for diabetes.

ARE ADULT PANCREATIC STEM CELLS
PRESENT IN THE PANCREAS?

Whether (-cell progenitors are present in the adult
pancreas is a controversial topic in diabetes research.
Several recent studies in rodents have indicated that
the adult pancreas contains some type of endocrine
progenitor cells that can differentiate toward B-cells.'®
However, researchers have not reached consensus
about the origin of the bona fide pancreatic stem
cell (if it exists) or the mechanism(s) by which B-cells
are regenerated.' For example, a pivotal study by
Dor and colleagues used genetic lineage tracing in
adult mice to determine how stem cells contribute to
the development of B-cells."® Their analysis indicated
that new B-cells arise from pre-existing ones, rather
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than from pluripotent stem cells, in adult mice. As
such, the authors noted that B-cells can proliferate
in vivo, thereby “cast[ing] doubt on the idea that
adult stem cells have a significant role in beta-cell
replenishment.” Soon after this report was published,
Seaberg and coworkers reported the identification
of multipotent precursor cells from the adult mouse
pancreas.' These novel cells proliferated in vitro to
form colonies that could differentiate into pancreatic
o-, B-, and d-cells as well as exocrine cells, neurons, and
glial cells. Moreover, the beta-like cells demonstrated
glucose-dependent insulin release, suggesting possible
therapeutic application to diabetes. Several subsequent
studies have also reported the existence of pancreatic
stem/precursor cells in vitro or in vivo.?>*? One recent
report suggests that such cells exist in the pancreatic
ductal lining and can be activated autonomously in
response to injury, increasing the B-cell mass through
differentiation and proliferation.?

The study of pancreatic regeneration continues to
evolve, and many claims have been made regarding cells
believed to be involved in the process. In the last decade,
reports have described various putative pancreatic stem
cells embedded in the pancreatic islets,**? pancreatic
ducts,??¢ among the exocrine acinar cells,?®?' and in
unspecified pancreatic locales'®?” in rodent models, as
well as from human adult pancreatic cell lines,”® islet
tissue,?’ and non-islet tissues discarded after islets have
been removed for transplantation.>**? These cells are
identified by the presence of one or more cell-surface
proteins, or markers, known to be associated with a
particular stem cell lineage. However, these studies
illustrate several challenges shared by all researchers
who seek to identify the “pancreatic stem cell”. First,
all potential stem cell candidates identified to date
are relatively rare; for instance, the precursor cells
identified by Seaberg are present at the rate of 1 cell
per 3,000-9,000 pancreatic cells.' Because there are
so few of these putative stem cells, they can be difficult
to identify. Additionally, the choice of marker can
select for certain stem cell populations while possibly
excluding others. Interestingly, the progenitor cells
identified in the Seaberg study lacked some known
B-cell markers such as HNF3p, yet they were able to
generate B-cells. Thus, a hypothetical experiment that
used only HNF3f as a marker for B-cell differentiation
would likely not identify this stem cell population.
Moreover, techniques used to study the pancreatic
tissue, such as the genetic lineage technique of
Dor, et.al. could possibly interfere with the generation

of new B-cells from stem or precursor cells.*?

As such, the possibility remains that B-cells could be
regenerated by differentiation of endogenous stem cells,
by proliferation of existing B-cells, or a combination of
the two mechanisms.

Further research to elucidate conditions under
which B-cells can proliferate may help to develop
new therapeutic approaches. For example, several
advances have recently been made from studies of
pregnancy and pregnancy-related diabetes (gestational
diabetes) in mice. During pregnancy, pancreatic islet
cells normally expand in number to meet increased
metabolic demands. Researchers have found that the
protein HNF4-alpha helps increase B-cell mass, and
that pregnancy-related decreases in levels of another
protein, menin, also enable B-cell proliferation.?*3*
Insights may also arise from research on another organ,
the liver. Unlike the pancreas, the liver has an inherently
high capacity for regeneration. New strategies for
inducing pancreatic islet cell growth may emerge from
knowledge of how liver cells develop from progenitor
cells during early development such that the resulting
adult organ retains substantial regenerative capacity.*®
In another research avenue, scientists are exploring
whether it may be possible to redirect adult pancreatic
cells in the body to change from their original cell type
into B-cells.

OTHER POTENTIAL SOURCES OF STEM
CELLS DERIVED FROM ADULT CELLS

Furthermore, various reports have also described
putative stem cells in the liver, spleen, central nervous
system, and bone marrow that can differentiate into
insulin-producing cells." While it is possible that
such pathways may exist, these results are currently
under debate within the research community. In
another research avenue, scientists recently reported
that differentiated cells, including adult human skin
cells, can be genetically “reprogrammed” to revert
to a pluripotent state, resembling that of embryonic
stem (ES) cells.’” The researchers refer to these cells
as induced pluripotent stem (iPS) cells. Their method
involved introducing a defined set of genes into the
differentiated cells. This approach may facilitate the
establishment of human iPS cell lines from patients
with specific diseases that could be used as research
tools. This technique, or variations of it, may also one
day allow patient-specific stem cells to be generated
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for use in stem cell-based therapies. However, the
genes used for reprogramming were introduced into
the cells using a virus-based method, which could
have adverse clinical effects. If, however, safe alternate
methods based on this research can be developed for
reprogramming cells, then iPS cells may lead to novel,
personalized therapies.

CAN EMBRYONIC STEM CELLS BE USED?

The challenges associated with identifying and isolating
adult “pancreatic stem cells” has led some researchers
to explore the use of ES cells as a source of insulin-
producing cells. Several factors make ES cells attractive
for this application.*® First, given the complexity of
pancreatic tissue, identified B-cell precursors would
likely be difficult to isolate from the adult pancreas.
If isolated, the cells would then need to be replicated
ex vivo while keeping them directed toward a B-cell
lineage. Second, protocols to grow and expand mature
B-cells in culture have met with technical challenges.
ES cells, which are pluripotent cell lines (they can give
rise to all cell types of the embryo) that can be induced
to develop into various lineages based on culture
conditions, may therefore represent a future option for
B-cell regeneration.

To date, several human ES cells lines have been
successfully derived.*®*® While these cell lines serve as
resources for exploring the mechanisms of development,
their potential use in a clinical setting is limited by
several factors, most notably ethical concerns and the
risk of teratoma development. (For a more detailed
discussion of the scientific challenges associated with
clinical application of ES cells, see Chapter 6, “Mending
a Broken Heart: Stem Cells and Cardiac Repair,” p.59).
In addition, researchers are only beginning to unlock
the myriad factors that come into play as a once-
pluripotent cell differentiates into a unipotent cell, one
that can contribute to only one mature cell type.*' For
example, several recent reports indicate that mouse*
and human*® ES cells can be successfully differentiated
into endodermal cells, the precursors of pancreatic
cells. In addition, insulin-producing cells have been
derived from mouse**** and human?® ES cells.

However, it should be noted that directed differentiation
of ES cells toward the B-cell has not been reported.
Beta cells appear relatively late during embryonic
development, suggesting that their presence involves
the temporal control of a considerable number of

genes. Moreover, the creation of patient-specific,
stem cell-derived B-cells for transplantation requires
genetic matching to lessen the immune response.
Generating immune-matched tissues requires the
therapeutic cloning of human ES cells, which has not
been accomplished to date. A fraudulent claim to the
contrary in 2005 by South Korean researcher Woo Suk
Hwang*’ ignited international controversy within the
scientific community*® and illustrated the scientific
and ethical challenges of using ES cells as a source of
transplant tissue. Despite current gaps in knowledge,
researchers recognize the potential of ES cells as
sources of specialized cells such as the B-cell, and the
study of ES cells provides insight into the processes that
govern differentiation and specialization.

CLINICAL CHALLENGES

Clearly, using stem cells to treat diabetes will require
additional knowledge, both in the laboratory and in
the clinic. This section will suggest several envisioned
approaches for stem-cell derived diabetes therapies
and discuss key considerations that must be addressed
for their successful application.

Contingent upon the development of appropriate
protocols, stem cells could theoretically be used to treat
diabetes through two approaches.”” Both strategies
would require the isolation and in vitro expansion of
a homogenous population of B-cell precursor cells
from appropriate donor tissue. Once a population of
these cells has been generated, they could either 1) be
induced to differentiate into insulin-producing cells in
vitro and then be transplanted into the diabetic patient’s
liver, or 2) be injected into the circulation along with
stem cell stimulators, with the hope that the cells will
“home in” to the injured islets and differentiate into a
permanent self-renewing B-cell population.

Because type 1 diabetes is an autoimmune disease,
controlling the autoimmune response is critical to the
success of any potential stem cell-based therapy. Type 1
diabetes is characterized by the action of B-cell-specific,
autoreactive T-cells. Even if the regenerative properties
of the pancreas remain functional, the continued
presence of these T-cells effectively counteracts
any endogenous repair and would likely decimate
populations of newly-regenerated or transplanted
insulin-producing cells. However, the autoimmune
response has been successfully averted in non-obese
diabetic mice either by using anti-T-cell antibodies to
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eliminate the majority of the autoreactive cells®® or by
transplanting bone marrow from a diabetes-resistant
donor (with a sublethal dose of irradiation) into the
diabetic animal.”'** Both strategies appear to enable
the replenishment of insulin-secreting cells and the
eventual restoration of normal blood glucose levels,
although the process requires weeks to months and
may necessitate additional therapy. Other strategies
being explored include altering the immune tolerance
through the use of monoclonal antibodies,** proteins,*
and oligonucleotides.*®

Other clinical challenges, including safety, tracking
of the stem cells, delivery of the cells to the targeted
tissue within a clinically relevant time frame (for
transplanted cells), identification of ways to promote
long-term survival and functioning of regenerated
B-cells, ease of obtaining the cells, and cost, parallel
those encountered with all applications of stem cell-
based regenerative therapy. These issues must be
addressed once the “pancreatic stem cell” population
has been identified conclusively. Given current debate
on this issue, the routine clinical application of stem-
cell based regenerative therapy for the treatment
of diabetes remains a future goal, albeit one with
great potential.

As an additional source of information, an extensive
discussion of research challenges and strategies for
achieving the goal of cell replacement therapy for
Type 1 diabetes is presented in Advances and Emerging
Opportunities in Type 1 Diabetes Research: A Strategic
Plan, available on the NIH web site at http://www2.
niddk.nih.gov/AboutNIDDK/ResearchAndPlanning/
TypelDiabetes/.

CONCLUSIONS

The results discussed in this article demonstrate the
many challenges that must be addressed before stem
cells can be used to regenerate islet tissue in persons
with diabetes. Debate continues on the identification
of the “pancreatic stem cell,” and at present it is
difficult to ascertain which cell type has the greatest
potential for diabetes therapy. Moreover, modulating
the autoimmune response in type 1 diabetes remains a
significant challenge regardless of the type of cell that
is transplanted, and it will also be important to address
the insulin resistance in type 2 diabetes, as well as
factors that contribute to obesity. However, diabetes
is a disease with a major deficiency in the functioning

of one type of cell, and there is potential of stem cells
to treat type 1 diabetes and to improve the quality of
life for those with type 2 diabetes. As researchers learn
more about the mechanisms that govern stem cell
programming, differentiation, and renewal, their ability
to identify, isolate, and culture candidate stem cells will
continue to improve. While stem cells can be currently
considered a frontier for diabetes therapy, they may
one day become its basis.
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