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Abstract

If only at a small scale, islet transplantation has suc-
cessfully addressed what ought to be the primary end-
point of any cell therapy: the functional replenishment
of damaged tissue in patients. After years of less-than-
optimal approaches to immunosuppression, recent ad-
vances consistently yield long-term graft survival rates
comparable to those of whole pancreas transplantation.
Limited organ availability is the main hurdle that stands
in the way of the widespread clinical utilization of this
pioneering intervention. Progress in stem cell research
over the past decade, coupled with our decades-long
experience with islet transplantation, is shaping the
future of cell therapies for the treatment of diabetes.
Here we review the most promising avenues of re-
search aimed at generating an inexhaustible supply of
insulin-producing cells for islet regeneration, including
the differentiation of pluripotent and multipotent stem
cells of embryonic and adult origin along the beta cell
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lineage and the direct reprogramming of non-endocrine
tissues into insulin-producing cells.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Type 1 diabetes is an autoimmune disease characterized
by the targeted destruction of the insulin-producing beta
cells within the pancreatic islets. This is a chronic condi-
tion that requires daily insulin administration to maintain
blood glucose levels within acceptable limits. However,
because of the impossibility of exogenous insulin to ac-
curately mimic islet function in the long run, diabetes
often progresses with the development of debilitating
complications, including kidney failure, blindness and
vascular degeneration. Whole pancreas transplantation
is an effective means to permanently correct hypergly-
cemia, but because of the risks inherent to any major
surgery is rarely indicated as a treatment for diabetes.
Islet transplantation is a less invasive procedure based on
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the isolation of islets from their surrounding tissue and
subsequent implantation in the recipient’s liver™. The
method entails the enzymatic and mechanical separa-
tion of the islets from the rest of the organ. Since islets
have a different density than acinar tissue, centrifugation
can be used to enrich for layers of high purity that are
infused intraportally into the liver of the patient, where
they lodge and revascularize in a matter of weeks” ",
The evolution of this technology has followed a typical
pattern of innovation in which the hype elicited by an
early milestone (the invention of the isolation method™)
ballooned with a technical achievement (the develop-
ment of an steroid-free immunosuppression protocol
that allowed for long-term graft survival'™), only to burst
with the realization that the long-term outcome was not
nearly as good as expected (only 20% of the patients
remained insulin-independent five years after the proce-
durem). As it is also commonly seen in most innovations,
a dry “trough of disillusionment” ensued, during which
researchers had to struggle with a hostile scientific and
financial environment fed by the perception that islet
transplantation was a therapeutic ¢#/-de-sac. This has been
so until very recently, when new developments (such as
reports of novel T-cell depleting strategies that prolong
graft survival and support function at rates that stand
comparison to those seen when transplanting the entire
organm) have shifted the perception again. Of course,
the expectations have now been adjusted to the reality,
and few would contend now that this therapy represents
the future treatment of choice for diabetes. However, the
advent of stem cells in the clinical arena has helped refo-
cus the goals of islet transplantation, which is now seen
as an invaluable testing ground for the next generation of
cell therapeutics rather than as the next breakthrough in
the fight against diabetes. Indeed, it is expected that stem
cell-derived insulin-producing cells will take over islets in
the near future, making this therapy available to millions
(as opposed to hundreds) of patients. It is reasonable to
expect that the transition to stem cells, if not seamless,
will be easier and faster than for other conditions for
which there is no cell therapy today. From adult and em-
bryonic stem cells to somatic tissue engineering and islet
regeneration, this review will describe the best positioned
candidates to lead this transition in the next decade.

MESENCHYMAL STEM CELLS

Mesenchymal stem cells (MSCs) are ubiquitously found
throughout the entire body. Tissues from which they can
be commonly isolated and expanded include the stroma
of the bone marrow, the adipose tissue and the umbilical
cord™. Whether or not MSCs from disparate sources are
one and the same is still subject to debate. Indeed, to be
considered MSCs they must shate a number of charac-
teristics such as adherence to plastic, capacity to differen-

tiate along the bone, cartilage and fat lineages, presence
of some sutrface markers (CD73, CD90 and CD105) and
absence of others (chiefly those of the hematopoietic
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lineage). However, some MSCs express markers of pluri-
potency (Oct4, Nanog) whereas others do not. Prolifera-
tion rates vary greatly between clones even if obtained
from the same tissue, as evidenced by a recent example
in which division rates of umbilical cord blood-derived
MSCs ranged anywhere from 36 h to nearly 9 d". To
complicate things even more, clones not only from the
same tissue, but also from the same donor, also exhibit
substantial variabilitym. While these lines of evidence
would suggest that MSCs comprehend a far too diverse
collection of cell types to make common assumptions
about their true identity and therapeutic potential, these
differences ultimately reside in epigenetic signatures that
-as shown time and again after the advent of reprogram-
ming techniques- are anything but irreversible. From this
perspective, even if some subsets of MSCs (such as those
residing in the umbilical cord blood) would appear to be
more adept than others at acquiring beta cell characteris-
tics, considerations such as the ease of procurement and
expansion or the ability to derive them from the prospec-
tive recipient (as would likely be the case when consider-
ing fat-derived MSCs) may ultimately weigh more than
their apparent developmental potential at the time of
1solation. This same consideration applies to what many
perceive as an ontological limitation of MSCs to become
pancreatic islets, since beta cells and MSCs arise from dif-
ferent embryonal germ layers. While this is true, the epi-
genetic landscape has proven in recent years to be much
more pliable than previously thought. Be it by direct
reprogramming into pancreatic endoctine tissues or by
de-differentiation followed by re-education into insulin-
producing cells, there is a growing consensus in the field
of diabetes that MSCs may after all be of more use than
that of providing a beneficial immunomodulatory[zﬂ and
pro—angiogenicm] microenvironment for other cells.

Most approaches described until now to coax MSCs
into beta-like cells are based on the sequential addition
to their culture medium of soluble factors known to
have an effect on the progression of pancreatic develop-
ment. Partial success has been reported in recent years
with MSCs derived from a wealth of different sources,
including pancreatic ductal and acinar tissues™ !t

amniotic fluid®”, umbilical cord blood and placenta
[34-37 [38,39]

[19,29-33]
b

| endometrium , and even from

40-4

bone marrow
the very islets of Langerhans[ . However, unlike for
human embryonic stem (hES) cells™™*" researchers in
the field of MSCs still have failed to define a “gold stan-
dard” method of differentiation that results in bona fide,
mature or otherwise, beta cells. Efforts may have been
dispersed by the parallel pursuit of many different MSC
sources, each one purportedly superior to the others,
with an overall lack of focus on the description of robust
protocols that may result in successful beta cell differen-
tiation from all of them. Only recently have steps been
taken to adopt the strategies developed for hES cells to
the differentiation of primitive populations of MSCs'"”.
These caveats aside, the use of MSCs seems to be solidly

ingrained in the pipeline of cell therapies diabetes. As
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mentioned eatlier, even in the unlikely case that all our ef-
forts at converting them into cells with the ability to regu-
late glucose in vivo were to fail, MSCs are known for their
ability to foster a favorable microenvironment for other
cells to engraft. They do this by secreting a plethora of
trophic agents such as nerve growth factor, basic fibro-
blast growth factor, vascular endothelial growth factor,
brain-detived neurotrophic factor, insulin-like growth fac-
tor-1, and hepatocyte growth factor™. There is no reason
why the favorable results observed when co-transplanting
islets with MSCs™¥ could not be extended to stem cell-
derived beta-like cells.

NON-MESENCHYMAL ADULT STEM
CELLS

Because of their shared provenance, hematopoietic cells
from the bone marrow and umbilical cord blood cell are
often mistaken with MSCs. Although some studies have
shown that there are multipotent stem cells in the hema-
topoietic compartment of these tissues, in most cases the
use of stromal (or mesenchymal) cells would be for non
immune-related regeneration (see above), whereas hema-
topoietic cells would be primarily used to treat immune-
related disorders. Examples of the latter are the decades-
old practice of bone marrow transplantation or the recent
attempts to reset the immunological clock of diabetes by

autologous transplantation of bone marrow-detived stem
54,55
cells

). More recently, some groups have tested the ad-
ministration of bone marrow-derived hematopoietic cells
directly into the pancreas of the subject, an approach that
has yielded promising results in type 2 diabetic patients
when combined with hyperbaric oxygen therapy”™”. Local
injection of hematopoietic stem cells has also been tested
clinically for the treatment of limb ischemia and diabetic
neuropathym. In general, the mechanism by which these
cells might exert their action is likely related to their abil-
ity to stimulate vascular regeneration (which may in turn
result in enhanced islet function when injected in the
pancreas) rather than to their direct differentiation into
beta cells.

As for potential stem/progenitor cells residing in the
pancreas, the ongoing debate about their existence is be-
yond the scope of this manuscript and has been already
reviewed in"™. Whether or not they exist and have an ac-
tive role on the physiological regeneration of the organ,
to this date the only evidence that true pancreatic pro-
genitors can be isolated and expanded i vitrd™*" is very
preliminary and needs independent confirmation. The
findings by Cardinale ez al"on stem cell populations in
the adult extrahepatic biliary tree can be propagated ex vivo
and give rise to hepatocytes, cholangiocytes or pancreatic
islets are also very promising but warrant similar caution.

EMBRYONIC STEM AND INDUCED
PLURIPOTENT STEM CELLS

Mouse embryonic stem (ES) cells have been a staple of
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developmental biology laboratories for the most part
of the thirty years since they were first isolated®**.
Their human counterparts, however, are a much more
recent addition™. When cultured according to very pre-
cise specifications, these unique cells proliferate at high
speeds (typical population doubling times are in the range
of 24-48 h) and in an indefinite manner, while retaining
the potential to differentiate into derivatives of all three
embryonic layers (endoderm, ectoderm and mesoderm).
It is not difficult to appreciate in the evolution of this
technology, as applied to human therapy, the same pat-
tern previously described for islet transplantation: (1) a
technology trigger, namely the initial characterization of
ES cells by the team of James Thomson in 1998: A field
whose main pursuit for more than two decades had been
to perfect ES cell isolation techniques from non-murine
species with the goal of generating higher animal models
of human disease, suddenly became the new, potentially
most powerful weapon to combat it; (2) The peak of
inflated expectations, coincident with the description
of what appeared to be a most simple method, easy to
translate from mouse to human cells, to obtain insulin-
producing beta cells™ (3) The trough of disillusionment,
which came about with the realization that such method
was in reality generating not beta but neuroectodermal
cells and that their purported insulin staining obeyed to
an artifactual uptake of insulin from the culture medium
rather than to its synthesis and secretion®”; (4) The slope
of enlightenment, a methodical path of research that
ended up with the unraveling of the perfect combina-
tion of factors leading to the specification of definitive
endoderm, the first and critical step along the beta cell
lineage[67’68]; and (5) The current plateau of productivity,
in which protocols that elaborate upon that initial mile-
stone™ ™ have reached the pre-clinical level™”. Nor-
moglycemia is now routinely attained when transplanting
hES cell-derived beta cell progenitors into immunodefi-
cient diabetic mice. The approach of transplanting cells
halfway their differentiation course is based on the obset-
vation that beta cells differentiate better and acquire full
functionality when allowed to mature i vivo, due to fac-
tors that remain largely unknown. The well documented
risk of tumorigenesis posed by hES cells (heightened
when transplanting non-terminally mature derivatives) is
currently being addressed as part of the strict controls
required by regulatory agencies prior to the approval of
their use in clinical trials. These include the separation of
pancreatic progenitors from the rest of the population!"”
and the also antibody-based selective ablation of tumori-
genic cells"". The leading company pushing for hES cell-
based clinical trials for diabetes (Viacyte, Inc.) comple-
ments the above strategies with that of encapsulating the
cells inside an immunoisolation device that would double
as a physical barrier to contain potential tumor-forming
escapees. In fact, if this barrier allowed for the total elim-
ination of immunosupresion in the recipient, in theory
such escapees would be recognized as allografts by the
host and thus promptly rejected.

Induced pluripotent stem (iPS) cells are a much newer
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addition to the regenerative medicine armamentarium -
one that has been saluted by many as an ethically sounder
alternative to hES cells”*””. The incredible pace at which
this field of research progresses is evidenced by the fact
that, merely four years after the first report on the simple
reprogramming technology that allowed us to make cells
“go back in time” to pluripotency without the need of
destroying human embryos> """ iPS cells have had
time not only to rise to the heights of the Pantheon of
therapeutic candidates, but also to start falling[so’gﬂ. Seen
at first as 2 combination of the best features of adult and
embryonic stem cells (pluripotency coupled to the poten-
tial for autologous isolation), it is now that we are starting
to see some worrisome signs that even the most drastic
reprogramming may leave traces of the original epigene-
tic memory of the cell®™ or cause the iPS derivates to age

85]

faster” . Much worse than that, reprogramming can also

[86-88] regardless of

induce mutations or activate oncogenes
the method used, i.e., the effect is not necessarily associ-
ated to viral insertional mutagenesis. In this context, the
successful adaptation to iPS cells of a beta cell differen-
tiation protocol originally designed for hES cells™ rep-
resents only a preliminary proof of concept that it does
not in any way get us closer than we are with hES cells to
clinical therapies. Moreover, the potential advantages of
using patient-derived iPS cells for type 1 diabetes is dubi-
ous inasmuch as, this being an autoimmune disorder, the
recipient’s immune system would be expected to swiftly
reject any neogenic beta cells derived through this means.

LATERAL REPROGRAMMING

While “vertical” reprogramming would cause a termi-

nally differentiated cell to go back in time and re-acquire
full pluripotency, the notion of lateral reprogramming is
based on the observation that the epigenetic sighature of
any differentiated cell can also be overridden in a manner
that ultimately leads to the adoption of another termi-
nally differentiated phenotype. In this sense, the older
term “transdifferentiation” might be more appropriate
to describe this type of horizontal reprogramming. As
with iPS cell reprogramming, this young field started us-
ing DNA-integrating approaches (chiefly by means of
viral vehicles), but is expected to follow the steps of the
former in the use of non-integrative methods such as
protein transduction””", episomal constructs”™, DNA
minicircles”™, synthetic mRNAs"™ and even small mol-
ecules identified through high-throughput screening[%].
Earlier attempts at using reprogramming to obtain
beta cells used the liver as a substrate. The choice of
this organ is hardly surprising, since numerous studies
confirm that liver and pancreas are susceptible of inter-
conversion under multiple experimental, physiological or
pathophysiological circumstances, including dietary de-
pletion of copper”””
administration of chemicals such as diethylnitrosamine
or dexamethasone””. In fact, fully differentiated hepato-
cytes and pancreatic beta cells share common molecular

5 spontaneous tumoral processes or
[98]
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. . [100,101]
mechanisms for glucose sensing

, with glucokinase
being a prominent marker or both. From an evolutionary
perspective, the existence of a single hepatopancreas in
many invertebrates indicates that the two organs started
as one. In vertebrates, liver and pancreas arise from
the same progenitor cell pool"”"" and their separa-
tion is dictated by signals secreted by the developing
heart"™>' """ More to the point, in adult mice and hu-
mans alike, the extrahepatic biliary tree harbors progeni-
tor cells with the ability to differentiate into hepatic and
pancreatic tissues”"' L.

The systemic delivery of the master pancreatic regula-
tor Pdx1""™" to mice was arguably the experiment that
inaugurated the field of lateral reprogramming at the
M6 The authors of those

pioneering studies reported the appearance of insulin-

beginning of the century

positive cells in the liver of the animals, in sufficient
amounts as to restore normoglycemia when the recipi-
ents were diabetic. Of even higher significance was the
ulterior finding that reprogramming was not contingent
to the ectopic expression of the gene, but persistent in
time long after the expected clearance of the adenovirus

used to deliver it!"®

. Similar results were independently
confirmed by other groups, using either Pdx1 alone or in
combination with other genes, such as NeuroD or MafA,
known to act synergistically with the former"”"". These
reports were received with a mixture of expectation (the
total liver-to-pancreas transdifferentiation described in
transgenic frogs that expressed Pdx1 under the control

of an early liver promoter“m

was nothing short of ex-
traordinary) and vague disappointment. This is because
with the exception of the above transgenic setting (which
obviously did not have any clinical applicability), none of
the other strategies had yielded cells that could unequivo-
cally be defined as true beta cells. When conducted i
vitro, transdifferentiation resulted in cells that, at best, had
a hybrid hepatocyte-beta cell phenotype and were incapa-
ble of regulating insulin secretion according to changes
in glucose concentration. And when done 7 vivo, the
observation that the inflammation elicited by the use of
adenoviruses could be as important to induce reprogram-
ming as the actual genes -if not more-, was a troubling
discovery that caused legitimate concerns about how
“clean” the strategy actually was .,

After an impasse of a few years, during which the
excitement that first welcomed the advent of this new
technology had started to wane, the impact of a recent
report’™ renewed the enthusiasm of the scientific com-
munity. The choice of genes (Pdx1, Ngn3 and MafA)
was not particularly novel, as comparable combinations
of factors had already been assayed on liver!'"'*>12b12 11
with all the aforementioned limitations. What was novel
was the use of pancreatic acinar tissue as the substrate
for reprogramming. Perhaps because of the even closer
developmental ties between the beta cells and the sur-
rounding acinar parenchyma that engulfs the islets in the
native organ, the observed transdifferentiation to beta
cells upon direct injection of these genes in the pancreas
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of recipient mice was convincing enough to reawaken ex-
citement about the clinical prospects of reprogramming,

CONCLUSION

Upon reviewing the diversity of options potentially avail-

able to us in the near future, one may get the impression
that current efforts are somewhat dispersed. Clinicians
and patient advocates alike often voice their concern that
such dispersion may stand in the way of an effective al-
location of manpower and tresources to the strategy that
has the highest translational potential. But who is to say
which strategy this is at this early stage of the game?
Indeed, based on the trends observed in the field, it is
plausible that the approach with the highest chance of
success will be a multi-pronged one, possibly involving
more than one cell type and addressing both replacement
and immunomodulation.

hES cells are well positioned from the standpoint of
the robustness of the described differentiation methods
and the heavy private and public investment bestowed
upon the team that leads these efforts. ViaCyte received
last year more than $20 million from the California Insti-
tute for Regenerative Medicine to speed up pre-clinical
studies that could lead in the very near futute to an Inves-
tigational New Drug application to the FDA. However,
unlike other prospective therapies based on the use of
adult stem cells (heavily represented in clinical trials), hES
cell-based ones still have to break ground from a regula-
tory perspective. The recent withdrawal of Geron’s phase
I clinical trials for spinal cord injury (which pioneered
the use of hES cells in the clinical arena) represents an
unfortunate turn of events that is not likely to help fos-
ter a more favorable climate for new trials. Fortunately,
(32,139 coupled with
refinements at enriching for the fraction of cells with
therapeutic potentialw’m are likely to surmount the main
concerns posed by regulatory agencies. Despite the initial
impression that iPS cell-based protocols could be largely
swapped with those designed for hES cells, develop-
ments already discussed in the relevant section urge cau-

recent advances at immunoisolation

tion about their clinical use, which, if ever realized, will
undoubtedly lag behind that of hES cells. The potential
advantage of using autologous cells for type 1 diabetes is
dubious at best and logistically impractical. In fact, even
if autoimmunity was not a consideration and we still
wanted to obtain pluripotent cells as closely matched to
the recipient as possible, an alternative is human leuko-
cyte antigen (HLA)-homozygous hES cells, which have
been derived by parthenogenesis. One of these cell lines
is reported to carry the most widespread HLLA haplotype
in North America ™",

Adult stem cells, especially those with known on-
togenic potential to become definitive endoderm, have
been remarkably difficult to identify - let alone isolate and
expand. The recent discovery of such potential popula-
BLBY 6r the islets
may open promising avenues of research,

tions in the adult extrahepatic biliary tree

themselves”
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but until these early results are validated, MSCs are likely
to keep the lion’s share of attention and funding, Easy to
derive, characterize and expand, their apparent genealogic
disconnect with the endoderm from which organs such
as the liver or the pancreas arise has not been an obstacle
for those who champion them in the context of diabetes.
Progress at developing methods to coax these cells into
insulin-producing cells, albeit slow, is starting to pick up
speed with the description of more primitive MSC popu-
lations and better differentiation methods. The burgeon-
ing field of reprogramming is also likely to have a say on
whether the developmental potential of MSCs is intrinsi-
cally limited to mesodermal lineages. Although none of
the 11 currently listed MSC-based clinical trials for the
treatment of ecither type 1 or type 2 diabetes makes use
of MSCs previously differentiated into beta-like cells ir
vitro (www.clinicaltrials.gov), their immunomodulatory
and niche-forming properties are now widely acknowl-
edged and could be the basis of both combination (such
as islets and MSCSW]) and stand-alone therapies in the
short term.

Lateral transdifferentiation, finally, may not necessat-
ily take a backseat to the above approaches, provided that
non DNA-based reprogramming techniques are refined
to the extent required for the process to be efficient. In-
deed, progtess in this direction may effectively leapfrog
years of research on stem cell differentiation, and end up
in contention to become the therapy of choice for type
1 diabetes. While ex #ivo reprogramming of acinar tissue
may not represent a viable strategy in the long run (pan-
creatic biopsies from the prospective patients would be
risky, and the use of acinar tissue from deceased donots
would present the same scarcity problems that afflict or-
gan donation in general), recent advances in “DNA-free
gene therapy”ﬂ%’m] may soon change the perception that
in vivo reprogramming of cell fate is a clinical implausibil-
ity. More so, because one commonly cited shortcoming
of these approaches -i.e., the fact that reprogramming is
seldom complete, invatiably leaving traces of the original
fate- might in fact work in our benefit if the autoimmune
response seen in type 1 diabetes is elicited only by true
beta cells, but not the reprogrammed ones. While this is
only a speculation at this point, the potential therapeutic
implications of such finding would be incommensurable.
Finally, it is necessary to emphasize that most of the ap-
proaches herein listed could also be potentially applied
not only to type 1 diabetes, but also to all types of insu-
lin-dependent conditions resulting in glycemic dysregula-
tion, including type 2 diabetes.

In the next few years, we expect to see a progressive
shift from islet transplantation to the transplantation of
hES cells in an immunoisolation setting, Parallel efforts
will be made at using MSCs and hematopoietic stem
cells for immunomodulation, which will be accompa-
nied by an emphasis on the exploration of endogenous
regeneration pathways. A cure is likely to ultimately arise
from a combination of many, if not all, of the above ap-
proaches.
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