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B Abstract

Ex-vivo generation of human insulin-producing cells is con-
sidered a promising approach to providing an abundant
source of cells for beta-cell replacement therapy in diabetes.
Expansion of adult beta-cells from the limited number of
islet donors is an attractive prospect. However, while evi-
dence supports the replicative capacity of both rodent and
human beta-cells 7z vivo, attempts at expanding these cells in
tissue culture result in loss of beta-cell phenotype, making it
difficult to track their fate during continuous propagation
and raising doubts about their therapeutic potential. Recent
lineage-tracing studies demonstrate the ability of human
beta-cells to survive and replicate to a significant degree i
vitro. Beta-cell delamination out of the normal epithelial
structute, a process that results in dedifferentiation, seems to
be required for significant in-vitro proliferation. Therefore,
ways must be found of inducing redifferentiation of the ex-

panded cells ex vivo, or of restoring their function upon
transplantation. Elucidation of the signaling pathways al-
tered during beta-cell adaptation to growth in culture may
provide clues to cell redifferentiation. In a recent study, we
found that human beta-cell dedifferentiation and entrance
into the cell cycle in vitro correlated with activation of the
Notch pathway and downregulation of the cell cycle inhibi-
tor p57. Inhibition of the Notch downstream target HES1
using short hairpin RNA reduced beta-cell dedifferentiation
and replication, suggesting a potential target for inducing cell
redifferentiation following expansion in culture. This review
critically discusses the potential for using ex-vivo beta-cell
replication and redifferentiation in cell replacement therapy
in diabetes.
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Introduction

;\ﬁgﬂ%& x-vivo development of human insulin-producing
g E cells is considered a promising approach to gen-

%_[g erating an abundant source of cells for beta-cell
replacement therapy in diabetes, which is currently lim-
ited by the shortage of organ donors. Both embryonic
and adult tissue stem cells are being extensively inves-
tigated for their potential to adopt a beta-cell-like phe-
notype following n-vitro and/ot in-vivo manipulations.
To date, however, insulin-producing cells generated
from stem cells have failed to produce high amounts
of insulin and to regulate its secretion. The need to ex-
plore these alternative cell sources was evident from
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the difficulties experienced in significantly expanding
functional human beta-cells in tissue culture. However,
work in recent years has raised new hope that these
efforts may yet prove successful.

Beta-cell replication in vivo

Indirect evidence obtained from pancreas autopsy
supports the ability of mature human beta-cells to pro-
liferate 7z vivo, both in normal tissue maintenance [1]
and in response to increasing demands for insulin,
such as in pregnancy and obesity, or following beta-cell
damage in type 1 or 2 diabetes [2]. A recent study in
children (aged from 2 weeks to 21 years), combining
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data from both abdominal tomography and pancreas
autopsy, reported that the increase in beta-cell mass in
infancy is associated with beta-cell replication [3]. Ex-
cessive beta-cell replication is responsible for hyperin-
sulinism of infancy [4].

Since it is difficult to perform studies in humans,
most of our knowledge about regulation of the beta-
cell mass is derived from rodents. The increase in beta-
cell mass in neonatal mice is largely due to beta-cell
replication [5]. Lineage-tracing studies demonstrated
that beta-cell replication is also the predominant
mechanism to account for normal beta-cell turnover in
adult mice [6, 7], as well as for islet regeneration fol-
lowing beta-cell ablation [8, 9]. Evidence suggests that
replicative capacity is not restricted to a subpopulation
of beta-cells; all mouse beta-cells seem to be equally
capable of replication [10]. Other mechanisms, in addi-
tion to beta-cell replication, may play a role in islet re-
generation, depending on the severity of damage. Xu e#
al. have recently shown that progenitor cells located in
pancreatic ducts contribute to islet recovery following
injury in adult mice [11]. This hypothesis is supported
by lineage-tracing of mouse duct cells in a pancreas in-
jury model [12].

Beta-cell replication in vitro

Differentiated cells removed from their tissue con-
text and placed in artificial conditions in tissue culture
undergo multiple changes in gene expression and adapt
to their new environment in a variety of ways. There
are few examples of primary, untransformed, differen-
tiated adult human cells which can be expanded in tis-
sue culture without loss of phenotype. Peripheral
blood leukocytes are a notable exception, probably be-
cause their /z-vivo environment does not involve per-
manent attachment. Most cells, however, establish
elaborate connections to neighboring cells and ex-
tracellular matrix (ECM) in their normal tissue loca-
tion, which play key roles in regulating their phenotype
and replication. When these connections are severed 7#
vitro, cell phenotype is altered. Intact islets can be kept
in suspension cultures for months without a significant
decline in insulin production and secretion [13]. How-
ever, under these conditions, a significant degree of
replication cannot be induced. Once attached to the
culture dish surface, cells begin to migrate out of the
islet structure and dedifferentiate within a period of
several weeks. During this time, limited beta-cell repli-
cation can be stimulated by various agents.

Growth factors (e.g. growth hormone, placental
lactogen, prolactin and glucagon-like peptide 1) and
metabolites (particularly glucose) were shown to stimu-
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late a small number of population doublings of rodent
insulin-positive cells before cell phenotype was lost
(see reference [14] for review). Attempts at culturing
adult human islet cells resulted in a similar loss of beta-
cell markers in the proliferating cells following a small
number of cell-population doublings [15-17]. In addi-
tion, these cultures underwent senescence following
>15 population doublings. In an effort to simulate the
normal cell environment better, cell aggregation and
ECM were employed. However, preservation of beta-
cell function remained limited [18]. It is difficult there-
fore to assess beta-cell proliferation 7z vitro beyond the
initial culture petiod, since the beta-cell phenotype is
lost. This loss may reflect beta-cell dedifferentiation, or
beta-cell death, accompanied by expansion of cells
from a non-beta-cell origin.

Recent genetic lineage-tracing studies in cells cul-
tured from transgenic mouse islets have made it possi-
ble, for the first time, to track the fate of mouse beta-
cells zn vitro [19-22]. These studies established that
mouse beta-cells dedifferentiated and survived for a
few weeks. Dedifferentiation was much faster (days)
when the islets were dissociated into single cells, com-
pared with culture of intact islets (weeks) [19]. How-
ever, no significant beta-cell proliferation could be de-
tected in these studies. After several weeks in culture,
the cell population was taken over by cells detived
from a non-beta-cell origin. Thus, it was concluded
that mouse beta-cells cannot proliferate iz vitro under
the culture conditions employed.

Lineage-tracing of cultured human beta-cells

To monitor the fate of cultured human beta-cells
following their dedifferentiation we developed a line-
age-tracing approach based on lentivirus vectors [23].
Using this method we found evidence for massive pro-
liferation of cells detived from human beta-cells, unlike
mouse beta-cells. Beta-cells dissociated from isolated
human islets were specifically labeled with green fluo-
rescent protein (GFP) expressed under the cytomega-
lovirus promoter. In this system, GFP expression was
blocked by a loxP-flanked DNA fragment. Removal of
the block using an insulin promoter-Cre recombinase
activated GFP expression only in beta-cells. Label-
positive, insulin-negative cells derived from beta-cells
of 15 human donors aged 17-60 were shown to prolif-
erate for a maximum of 16 population doublings (Fig-
ure 1).

We observed no age-related differences in the pro-
liferation capacity of the cells within this age range.
The approximate doubling time of dedifferentiated
beta-cells was rather long, about 7 days. The doubling
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time of the GFP-negative cells present in the same cul-
ture was similar to that of the labeled cells, as evi-
denced by the fact that the fraction of cells derived
from beta-cells remained stable throughout the culture
period (about 40%). The proliferation of cells derived
from beta-cells depended on soluble factor(s) secreted
by the non-beta-cells present in the islet cell culture, as
demonstrated by the finding that FACS-sorted GFP-
positive cells proliferated poorly unless their culture
medium was supplemented with medium conditioned
by GFP-negative cells [23].

Figure 1. In-vitro proliferation of cells derived from
human beta-cells. Isolated islets were dissociated and

infected with an insulin promoter-Cre recombinase lentivi-
rus and a reporter lentivirus containing a GFP gene down-
stream of a loxP-flanked stop fragment. Cell-specific rem-
oval of the stop fragment in beta-cells activated GFP ex-
pression. Dividing label-positive cells stained for Ki67 are
shown at passage 10 (following about 70 days in culture).

The latter finding is supported by the work of Par-
naud et al, which showed that beta-cells separated
from isolated human islets by labeling with Newport
Green failed to proliferate [24]. This was in striking
contrast to the massive replication capacity of similarly
purified adult rat beta-cells cultured under the same
conditions [24]. It should be noted, however, that Par-
naud ez al. sorted primary insulin-positive cells, while
we sorted dedifferentiated beta-cells following prolif-
eration in cell culture, making it difficult to compare
the two studies. In addition, in the absence of a marker
for dedifferentiated beta-cells, Parnaud ef 4/. were un-
able to exclude the possibility that some of the insulin-
negative cells that proliferated in their cultures were
derived from beta-cells.
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Analysis of mouse islet cells by our virus lineage-
tracing method revealed a much lower proliferation of
cells derived from mouse beta-cells, compared with
human beta-cells, under similar culture conditions [23].
These findings confirmed the results obtained with
transgenic mouse islets, and suggested that the culture
conditions were more favorable for human, compared
with mouse, beta-cell expansion.

Overall, these studies demonstrate a remarkable
species difference with respect to beta-cell prolifera-
tion 7n vitro: while rat beta-cells replicate in the absence
of support from other pancreatic cells, human dedif-
ferentiated beta-cells seem to require soluble factor(s)
released by non-beta-cells, and mouse dedifferentiated
beta-cells cannot replicate even in the mixed culture.
These findings indicate that caution is required when
extrapolating conclusions obtained from studies with
rodent beta-cells to humans.

Redifferentiation of cells expanded from hu-
man beta-cells

Our findings show that cells derived from adult
human beta-cells can be expanded in tissue culture in
sufficient numbers to provide all the cell needs for
human beta-cell replacement at the current availability
of human islet donors, provided that their lost pheno-
type can be restored. Despite studies on cell cycle
regulation in beta-cells (see references 25 and 26 for
reviews), our understanding of the relations between
beta-cell replication and expression of differentiated
functions is rather limited. It is unknown whether dif-
ferentiated beta-cells in the human pancreas must un-
dergo temporary dedifferentiation before re-entering
the cell cycle, or whether those beta-cells involved in
replication are not fully differentiated. Nevertheless, it
appears that induction of significant replication 7 vitro
requires cell delamination out of the normal epithelial
structure, a process that results in dedifferentiation.
Thus, even if beta-cell replication 7z vivo does not in-
volve dedifferentiation, the latter seems inevitable for
significant zz-vitro proliferation. 1f the beta-cell pheno-
type can not be preserved during proliferation in cul-
ture, ways must be found of inducing ex-vivo redifferen-
tiation of the expanded cells, or of restoring their func-
tion by cell re-introduction into the zz-vivo environment
upon transplantation.

A number of recent reports described ways of
achieving varying levels of redifferentiation of cells ex-
panded ex vivo from adult human islets. Gershengorn ez
al. [27] presented a protocol for expansion of adult
human islet cells up to 1012-fold. In this procedure, in-

Copyright © by the SBDR



Ex-vivo Expansion of Beta-Cell

The Review of Diabetic Studies 119

Vol. 5 (No. 2 (2008

tact islets were cultured, and cells migrating out of the
islets were propagated in a simple serum-containing
medium. The cell doubling time was about 60 h, and
their morphology resembled that of fibroblasts. The
cells were devoid of beta-cell markers. Instead they ex-
pressed a number of mesenchymal markers, such as
vimentin. Serum withdrawal from the expanded cells
resulted in a low level of insulin expression. This work
postulated that beta-cells underwent epithelium-to-
mesenchyme transition (EMT) upon entering into the
cell cycle, and a reverse mesenchyme-to-epithelium
transition (MET) following serum withdrawal. How-
ever, there was no direct evidence for these transitions.

Subsequent attempts to teproduce cell redifferen-
tiation 7z vitro in serum-free medium varied: while one
group reported successful induction of insulin mRNA
[28], another group failed to reproduce this result [29].
A study employing somewhat different culture condi-
tions also reported a redifferentiating effect of serum
withdrawal in cells expanded from adult human islets.
However the effect was inconsistent among cells from
different donors [30].

In contrast to these expansion protocols, which
cultured intact islets, our group used a protocol involv-
ing dissociation of the primary islets into a single-cell
suspension [31]. This resulted in rapid cell dedifferen-
tiation within the first week in culture, followed by in-
duction of replication in most cells. As described
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Figure 2. Proposed model for beta-cell dedifferentiation, replication, and
redifferentiation. 1. During the initial days in culture insulin expression declines,
while HES1 expression is induced. 2. HES1 induction blocks p57 expression,
induces beta cell replication, and causes further dedifferentiation. HES1 shRNA
prevents these events. 3. HES1 levels decline; cell replication continues for
about 14 additional weeks until cells senesce. 4. HES1 shRNA, along with other
effectors, may be useful in induction of cell redifferentiation following expansion.
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above, these cells differed in some of their properties
from those expanded by the Gershengorn group. Their
doubling time was longer (about 7 days) and their
overall expansion rate was lower, only <10°. These
cells were shown by lineage tracing to consist on aver-
age of about 40% cells derived from beta-cells [23]. Se-
rum-free medium failed to induce redifferentiation in
these cultures [31]. However, treatment with the EGF-
family member betacellulin restored varying levels of
insulin production and secretion in cells from different
donors, ranging from normal insulin content to no ef-
fect [31]. We failed to identify any obvious cause of
these variations, such as donor age, sex, or health
status, nor the quality of islet isolation or shipment.
Our preliminary results showed that the expanded cells
were capable of differentiation 7z zivo into insulin-
producing cells (unpublished results).

Subsequent work from the Gershengorn group
abandoned the EMT hypothesis and suggested instead
that the expanded cells, termed human Islet Progenitor
Cells (hIPC), were derived from mesenchymal stem
cells (MSC) normally present in the islets. hIPCs ex-
panded 7 vitro were shown to express MSC markers
and differentiate iz vitro into mesodermal cell types,
such as adipocytes and osteocytes [32]. The presence
of MSC in human islet preparations was supported by
another group [28]. However, the presence of MSC in
islets 7z vivo has not been confirmed, and their occur-
rence in islet cultures may re-
sult from contaminating duct
tissue [33]. While their differ-
entiation 7 vitro into insulin-
producing cells was not effi-
cient, hIPCs formed insulin-
producing cells when trans-
planted under the renal cap-
sule of immunodeficient mice
[32]. The investigators postu-
lated that these cells repre-
sented a specialized type of
MSC with a capacity to dif-
ferentiate into pancreatic en-
docrine cells.

This hypothesis was sup-
ported by the finding that the
insulin gene in these cells, al-
though not expressed, was
organized in an open chro-
matin structure [34]. Prelimi-
nary results from studies in
our laboratory using the line-
age-tracing approach showed

()
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that cells expanded from beta-cells expressed a number
of mesenchymal and MSC markers (unpublished re-
sults). These findings support the occurrence of EMT
in cultured beta-cells but do not exclude the possibility
that other cells in these cultures are generated by ex-
pansion of MSC found in the islet preparation.

Gao ¢t al. [35] presented evidence for dedifferentia-
tion of cultured human islet cells into CK19-positive
cells with a duct-cell-like phenotype. These cells could
be expanded iz vitro, although their endocrine differen-
tiation capacity was very limited. In the absence of a
rigorous lineage-tracing study, it was hard to confirm
that these cells originated from beta-cells. It is possible
that these cells were derived from duct cells contami-
nating the islet preparations. Such cells have been
shown to have a limited proliferation capacity 7 vitro
and to differentiate efficiently into insulin-producing
cells [36-38].

Signaling pathways involved in ex-vivo human
beta-cell dedifferentiation and replication

An attractive approach to identifying molecular tar-
gets for redifferentiation of cells expanded from adult
human beta-cells involves elucidation of the signaling
pathways altered during the adaptation of these cells to
growth in culture. In a recent study, we found that
human beta-cell dedifferentiation and entrance into the
cell cycle 7n witro cotrelated with activation of the
Notch pathway and dowregulation of the cell cycle in-
hibitor p57 [39]. Using lineage-labeled cells we showed
that the Notch intracellular domain (NICD) and its
downstream target HES1 appeared in the nuclei of
cells derived from beta-cells which lost insulin expres-
sion. Inhibition of HES1 upregulation using small
hairpin RNA (shRNA) resulted in higher levels of p57
in beta-cells, compared with cells treated with a non-
target ShRNA, and a diminished beta-cell proliferation
[39]. Moreover, inhibition of HES1 upregulation re-
duced beta-cell dedifferentiation, as manifested in
higher levels of insulin and the beta-cell transcription
factors PDX1 and NeuroD1, although it did not totally
prevent cell dedifferentiation. These findings suggest
that partial cell dedifferentiation is independent of
HES1 activity and cell replication. However, induction
of advanced dedifferentiation and cell replication re-
quires HES1 upregulation (Figure 2).

This interpretation is supported by the finding that
the majority of decrease in insulin mRNA in cultured

human beta-cells occurs during the first week in cul-
ture, preceding the peak in HEST mRNA levels. It is
therefore possible that loss of most of the insulin con-
tent is a precondition for beta-cell entrance into the
cell cycle zn vitro. The findings emphasize the role of
components of the Notch pathway in the transition of
quiescent beta-cells into a dedifferentiated, prolifera-
tive state iz vitro, and demonstrate a negative correla-
tion between replication and maintenance of differen-
tiated function in cultured beta-cells. These findings
suggest that significant beta-cell expansion inevitably
involves dedifferentiation and will require the devel-
opment of ways for cell redifferentiation following ex-
pansion. Components of the Notch pathway may rep-
resent molecular targets for induction of redifferentia-
tion in the expanded cells.

In a recent publication, Ikonomou ez al [40] re-
ported the involvement of activated beta-catenin sig-
naling in hIPC proliferation iz vitro. However, since the
source of these cells has not been correlated to beta-
cells, it is difficult to propose a role for beta-catenin in
the replication of dedifferentiated beta-cells by ex-
trapolating from these results.

Conclusion

While cells detived from adult human islet beta-
cells can be significantly expanded in culture, an effi-
cient method for /n-vitro redifferentiation has not yet
been identified. Nevertheless, the potential of these
cells to redifferentiate into insulin-producing cells 7z
vivo and reverse hyperglycemia is suggested by prelimi-
nary transplantation studies. It is possible that the de-
differentiated cells maintain sufficient epigenetic modi-
fications that allow them to redifferentiate if provided
with appropriate conditions. Thus, the search is on for
an efficient /n-vitro redifferentiation protocol. Alterna-
tively, if it is eventually concluded that full redifferen-
tiation of these cells can only be achieved 7 vivo, their
therapeutic potential will have to be carefully evaluated
against the risks of transplanting undifferentiated cells.
This risk is expected to be far smaller than that in-
volved in the transplantation of cells derived from em-
bryonic stem cells, since the residual replicative poten-
tial of cells derived from human islets is very limited.
Acknowledgments: This work in my laboratory is sup-
ported by the Juvenile Diabetes Research Foundation, Israel
Science Foundation, and the European Union Beta-
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