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Abstract

Recent progress on pancreatic stem/progenitor cell research has revealed that the putative multipotent
pancreatic stem/progenitor cells and/or more committed beta cell precursors may persist in the
pancreatic gland in adult life. The presence of immature pancreatic cells with stem cell-like properties
offers the possibility of stimulating their in vivo expansion and differentiation or to use their ex vivo
expanded progenies for beta cell replacement-based therapies for type 1 or 2 diabetes mellitus in
humans. In addition, the transplantation of either insulin-producing beta cells derived from
embryonic, fetal and other tissue-resident adult stem/progenitor cells or genetically modified adult
stem/progenitor cells may also constitute alternative promising therapies for treating diabetic
patients. The genetic and/or epigenetic alterations in putative pancreatic adult stem/progenitor cells
and/or their early progenies may, however, contribute to their acquisition of a dysfunctional
behaviour as well as their malignant transformation into pancreatic cancer stem/progenitor cells.
More particularly, the activation of distinct tumorigenic signalling cascades, including the hedgehog,
epidermal growth factor—epidermal growth factor receptor (EGF-EGFR) system, wingless ligand
(Wnt)/B-catenin and/or stromal cell-derived factor-1 (SDF-1)-CXC chemokine receptor 4 (CXCR4)
pathways may play a major role in the sustained growth, survival, metastasis and/or drug resistance
of pancreatic cancer stem/progenitor cells and their further differentiated progenies. The combination
of drugs that target the oncogenic elements in pancreatic cancer stem/progenitor cells and their
microenvironment, with the conventional chemotherapeutic regimens, could represent promising
therapeutic strategies. These novel targeted therapies should lead to the development of more
effective treatments of locally advanced and metastatic pancreatic cancers, which remain incurable
with current therapies.

Recent advancements in embryonic, fetal and adult pancreatic stem/progenitor cell research
have revealed that these immature cells may provide critical functions for pancreas
organogenesis as well as pancreatic regeneration after intense injury in adult life. The presence
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of multipotent adult pancreatic stem/progenitor cells (PSCs) and/or further differentiated beta
cell precursors in the ductal regions and/or within the islet compartment, respectively, is of
great therapeutic interest (fig 1).1-13 The in vivo stimulation of these poorly differentiated adult
putative PSCs or beta cell precursors within the adult pancreas, or the transplantation of their
ex vivo expanded differentiated progenies could represent potential strategies for treating type
1 or 2 diabetes mellitus as well as other pancreatic diseases such as autoimmune and chronic
pancreatitis,67101415

Diabetes mellitus type 1 and type 2 are associated with a hyperglycaemia due to the absence
or reduction of insulin production by pancreatic beta cells.”15-23 These metabolic disorders
may result in the occurrence of severe systemic complications including diabetic retinopathy,
nephropathy, heart diseases and stroke during disease progression.7 15723 More specifically,
the complete loss or gradual destruction of beta cells in the islets of Langerhans may lead to
type 1 (juvenile or insulin-dependent form) or type 2 (adult or non-insulin-dependent form)
diabetes mellitus, respectively.” 15723 Type 1 diabetes mellitus is a chronic and life-threatening
disease that generally results from the autoimmune destruction of pancreatic islet beta cells
mediated via T cells, while type 2 is associated with dysfunction of beta cells and the
development of insulin resistance in target tissues.

In spite of the possibility of transplantation (either of the whole pancreas or isolated islets of
Langerhans) for therapeutic management of diabetic patients, the availability of organ donors
suitable for transplantation as well as the immunosuppressive effect of therapeutic regimens
used as adjuvant treatments may limit their application in the clinical settings.2425 The
replacement of lost beta cells by the new functional insulin-producing beta cells in the islets
of pancreatic gland represents, then, a new alternative therapeutic strategy that could permit
improvements in the quality of life and even a cure for patients with diabetes. Among the stem/
progenitor cell sources from which mature beta cells could be derived, there are the embryonic,
fetal and adult stem/progenitor cells including putative multipotent PSCs endowed with a
potential for self-renewal.1026

Recent progress in the field of normal and malignant stem cells has also revealed the possibility
that accumulation of genetic and/or epigenetic alterations occurring in adult stem/progenitor
cells including putative PSCs and/or their early progenies, during ageing and severe injuries,
such as chronic inflammatory atrophy, may trigger their malignant transformation into cancer
stem/progenitor cells.1127°37 The cancer stem/progenitor cell concepts indicate that these
malignant and immature cancer cells and/or their early progenies with stem cell-like properties,
which may generate the bulk mass of differentiated cells, may provide critical functions in the
initiation and progression of most cancers and disease relapse.28 More specifically, the most
common form of pancreatic tumours is pancreatic ductal adenocarcinoma (PDA), which may
derive from the malignant transformation of the ductal stem/progenitor cells and/or their early
progenies into pancreatic cancer stem/progenitor cells.31740 PDA is a highly lethal disease
with a poor long-term overall 5 year survival rate (less than 5% for patients diagnosed with
locally advanced and metastatic disease stages).40742 Clinically, patients diagnosed with PDA
have a poor prognosis. Major reasons for this poor outcome is due to our inability to diagnose
PDA at an early stage because of the lack of specific symptoms and diagnostic markers, the
inaccessible location of the pancreas, and the early occurrence of metastatic spread.404143
Therefore, in the majority of patients, by the time of diagnosis, pancreatic cancer cells have
spread to the surrounding tissues/organs such as bile duct, duodenum (small intestine),
stomach, spleen, colon and liver as well as to the regional lymph nodes and more distant
metastatic sites including lungs and/or bone through the peripheral circulation (fig 2). In this
clinical setting, the treatment of patients with metastatic PDA by surgical resection,
radiotherapy and/or chemotherapy is ineffective.#44° The lack of efficacy of the therapeutic
options currently available underlines the critical importance of identifying new targets for
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diagnosing and treating aggressive and metastatic PDAs. Targeting the pancreatic cancer stem/
progenitor cells and/or their early progenies possessing the stem cell-like properties as well as
their microenvironment offers great promise in the development of new therapeutic approaches
for treating patients diagnosed with locally advanced PDAs or metastatic disease states.2836
4647 \ith regard to this, it has recently been reported that the highly tumorigenic CD133* PSC
cells isolated from PDA were more resistance than the CD133™ fraction to gemcitabine
treatmggt, whose chemotherapeutic drug is currently used in clinical settings against aggressive
PDAs.

Here we review the recent progress in the identification of specific biomarkers and the
anatomical location of embryonic, fetal and adult PSCs and their progenies. The extrinsic and
intrinsic factors that may be implicated in the regulation of their self-renewal and differentiation
abilities during development of the embryonic and fetal pancreas, and the regeneration process
of injured pancreatic tissue in adult life, are also described. Importantly, we discuss the
accumulating body of evidence suggesting the potential implications of putative PSCs and/or
their early progenies in disease development. The emphasis is on the possible functions of their
malignant counterpart, pancreatic cancer stem/progenitor cells in PDA initiation and
progression. Of clinical interest, we describe the recent progress on the development of novel
stem cell-based therapies for restoring the islet insulin-producing beta cell mass and treating
type 1 or 2 diabetes mellitus as well as the targeted therapies against the aggressive and
recurrent PDA forms.

EMBRYONIC AND FETAL DEVELOPMENT OF THE PANCREAS

In the early stage of human embryonic development, the proliferative pancreatic progenitor
cells expressing pancreatic and duodenal homeobox factor 1 (PDX-1, also known as insulin
promoter factor 1 (PF1), IDX-1 or STF-1) and cytoplasmic cytokeratin 19 (CK19) are detected
during pancreas organogenesis.48 The detection of the ductal CK19 marker in fetal beta cell
precursors appears to decrease in early fetal developing human pancreas while PDX1 remains
expressed in these cells.48 In mouse pancreas, the results from direct cell lineage tracing
through development have also indicated that the PDX-1 expressing progenitor cells can give
rise to three pancreatic cell lineages including duct, exocrine and endocrine cells during early
embryogenic stage.49 The interplay of several signalling cascades initiated by different growth
factors, including the sonic hedgehog ligand (SHH), epidermal growth factor (EGF), Notch
ligand and activin, may contribute to the regulation of the proliferation and/or differentiation
of pancreatic cell precursors during pancreas development.50°54 With regard to this, several
studies revealed that the defects in PDX-1 functions may impair the pancreas development
including the generation of morphogenesis of the pancreatic epithelium and differentiation of
pancreatic endocrine and exocrine cells.55759 In humans, mutation in the PDX-1 gene leading
to a loss of its functions has been associated with the occurrence of pancreatic agenesis and
early-onset type 2 diabetes mellitus (MODY4).5556 These observations suggest a critical role
for the PDX-1 transcription factor during pancreas development. The defects of this gene
product, which provides a major function in the regulation of beta target genes, including
insulin expression in postnatal mature beta cells, may be associated with the occurrence of
human diseases including diabetes mellitus.59 In the late phase of pregnancy, the mature and
non-proliferative islet endocrine cells near vasculature, and which are able to independently
produce the insulin, glucagon, somatostatin or pancreatic polypeptide (PP), are detected in the
human fetal islet of the pancreas.48 This event coincides with the expression of differentiated
islet cell-like markers such as prohormone convertase 1/3 (PC1/3), islet amyloid polypeptide,
chromogranin A and glucose transporter type 2 (GLUT2).48

In addition, the multipotent pancreatic progenitor cells expressing stem cell-like markers
(nestin, ABCG2 and stem cell factor (SCF) receptor (KIT) and neurogenin 3 (NGN-3)),
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epidermal growth factor receptor (EGFR), hepatocyte growth factor receptor (c-Met) and
glucagon-like peptide receptor 1 (GLP-1R) have been isolated from the human fetal pancreas.
1560762 These immature cells also express several mesenchymal stem cell (MSC)-like
markers, including CD44, CD90 and CD147. Importantly, the pancreatic progenitor cells were
able to form the islet cell-like clusters (ICCs) when cultured ex vivo and give rise to diverse
pancreatic cell lineages, including the insulin-secreting cells and reversed hyperglycaemia in
non-obese diabetic and severe combined immunodeficient (NOD-SCID) mice in vivo.15
60763 The SP cell fraction isolated from ICCs also generated the insulin-producing beta cells
in vitro.61 Moreover, analyses of the biomarkers of the ductal epithelial cells with a self-
renewal capacity isolated from human fetal ICCs have revealed that these immature cells
express nestin, PDX-1, CK7/19, proliferating cell nuclear antigen (PCNA), GLUT-2, vimentin,
CD29, CD44 and CD166.24 Hence, the commitment of the embryonic and fetal PSCs along
the endocrine cell lineages by using specific morphogenes and differentiation factors may then
constitute a promising approach for generating the beta cells for cell replacement therapies for
treating type 1 or 2 diabetes mellitus as described below in a more detailed manner.

PANCREAS-RESIDENT ADULT STEM/PROGENITOR CELLS

Accumulating experimental lines of evidence revealed that the putative multipotent PSCs that
are capable of giving arise to the pancreatic ductal epithelial cells, acinar cells and/or endocrine
beta, alpha and delta cells, also appear to persist in the postnatal stage and the adult mammalian
pancreas. In support of this, the results from some studies indicated that the putative ductal
PSCs could regenerate all the mature ductal epithelial cells, acinar and endocrine cell types
after a partial pancreatectomy in normal rodent models and diabetic animal models in vivo.>
764-68 \ore recently, data from numerous investigations have also revealed that human and
rodent mature insulin-producing islet beta cells could arise from adult PSCs.1-1369 pytative
PSCs expressing the markers of ductal epithelial cells (CK19M9"), exocrine cell lineages
(nestin) and endocrine nuclear transcription factor PDX-1 and/or more committed nestin*/
PDX-1*/CD19'°W islet cell precursors appear to be localised in the ductal regions and/or within
islet compartment, respectively (fig 1).171369 More specifically, a small subpopulation of
human PSCs expressing PDX-1 and nestin and several MSC-like markers including CD29,
CD44, CD49, CD50, CD51, CD62E, PDGFR-a, CD73(SHy), CD81 and CD105(SH3) has been
isolated in serum-free medium from adult human pancreatic duct by fluorescence-activated
cell sorting (FACS).70 These adult PSCs were able to differentiate into insulin-, glucagon- and
somatostatin-positive cells in vitro in the presence of specific growth factors.70 More recently,
the human CXCR4-positive cells expressing different stem cell-like markers including nestin,
NGN-3, Oct-4, Nanog, ABCG2, CD133 and CD117 have been isolated from the islet-depleted
pancreatic fraction.71 These immature cells were able to differentiate into the cells (which may
correspond to transit amplifying cell progenies) that formed islet-like cell clusters (ILCC) and
further acquired a beta cell-like phenotype in vitro.71 Similarly, the mouse ductal epithelial
progenitor cells expressing CD133 and c-Met also appear to possess a multilineage potential.
72 Additionally, it has been reported that the multipotent precursors from the adult mouse
pancreas co-expressing neural and pancreatic precursor markers (nestin and PDX-1), SRY-
box containing genes 2 and 3 (Sox2 and Sox3), mammalian achaete schute homolog 1 and 2
(Mash1) and NGN-3!°W can form clonal colonies. These pancreatic precursors were able to
generate distinct populations of neurons and glial cells, pancreatic endocrine beta, alpha and
delta cells, and pancreatic exocrine and stellate cells in vitro.2 The beta-like cells derived from
these multipotent precursors also displayed a glucose-dependent Ca2* responsiveness and
produced insulin.2 Importantly, a recent study has also provided additional lines of
experimental evidence that the multipotent endogenous beta cell progenitors expressing an
embryonic islet cell progenitor-like marker, NGN3 exist in ductal lining of adult mouse
pancreas.’? In particular, it has been showed that these facultative adult beta cell progenitors
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can give rise to all mature islet cell types including functional glucose responsive beta cells
following partial duct ligation.”3

Although together these observations suggests the presence of putative ductal PSCs in adult
pancreas, further studies are necessary to more precisely establish the specific stem cell-like
biomarkers that characterise the putative ductal PSCs versus their further differentiated
progenies and beta cell precursors. The establishment of anatomical localisation of putative
PSCs, and more particularly CD133* PSCs, in the human and rodent pancreatic tissues in vivo
also is essential to definite their specialised microenvironment “niche” in exocrine
compartment. With respect to this, although some observations in rodent animal models
suggest the implication of ductal PSCs in pancreas regeneration after intense injury, the
possible differences between the endocrine differentiation programme of the developing
pancreas in rodent and human underlines the significance of using the human pancreatic tissues
in further investigations. Specifically, it will be important to more precisely ascertain the
functional role provided by the putative adult human PSCs versus the more committed
progenies and islet beta cell precursors in the maintenance of the beta cell mass as well as the
intrinsic and extrinsic signals that may regulate their behaviour in homeostatic conditions and
after injuries to the pancreas in vivo. Hence, these future studies should lead to successful
strategies for in vivo stimulation or ex vivo expansion of putative human PSCs and/or beta cell
precursors and their further differentiation into functional insulin-producing beta cells that
could be translated into cell replacement therapies for treating patients with type 1 or 2 diabetes
mellitus.

STEM CELL-BASED THERAPIES FOR THE TREATMENT OF TYPE 1 OR 2
DIABETES MELLITUS
PSCs and their progenies

The in vivo stimulation of endogenous PSCs or beta-cell precursors, or the transplantation of
ex vivo expanded pancreatic insulin-producing beta cells in the host diseased recipient
constitutes a promising therapeutic approach for beta cell mass restoration (fig 1).710-12
16-22677174-76 More specifically, the stimulation of the expression of diverse growth factors
and transcription factors that provide critical functions during normal embryonic and fetal
pancreas development and beta cell neogenesis in endogenous immature PSCs or beta cell
precursors may lead to their differentiation into functional insulin-secreting beta cells in vitro
and in vivo.”10121622747778 Among these endocrine differentiation factors there are the
PDX-1, NGN-3, paired box protein-4 (PAX-4) and basic helix-loop-helix (bHLH) protein,
NeuroD, and morphogenic factors (nestin and clusterin). For instance, a recent study revealed
that the occurrence of pancreatic tissue injury may result in the formation of neogenic ductules
lined with low nestin-positive epithelial progenitor cells (designated as nestin-positive duct
stem “NPDS” cells) that may give rise to pancreatic duct cells and insulin-producing beta cells
in culture in vitro.12 The clusterin overexpression in these neogenic NPDS cells also
upregulated the PDX-1 and NGN-3 and promoted their differentiation into beta cells in vitro.
12 Importantly, the transplantation of purified pancreatic duct cells from islet-depleted human
pancreatic tissue plus stromal cell preparation also generated the insulin-producing cells in
normoglycaemic NOD/SCID mice.79 Moreover, it has also been reported that the autologous
non-myeloablative hematopoietic stem cell (HSC) transplantation in a small group of 15
patients newly diagnosed with type 1 diabetes mellitus improved the beta cell function and
induced prolonged insulin independence in the majority of treated patients.19 Altogether, these
data indicate that the in vivo stimulation of PSCs and their early progenies or the transplantation
of their ex vivo expanded beta cell-like progenies could represent an effective adjuvant
treatment for patients with diabetes mellitus and/or other diseases resulting from a severe
pancreatic tissue damage.
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Embryonic, fetal and adult stem cells from other tissue sources and their progenies

The results from numerous in vitro pre-clinical trials and beta cell-based transplantation studies
in animal models in vivo have also revealed the potential of using other sources of stem/
progenitor cells for generating insulin-producing beta cells for the treatment of type 1 or 2
diabetes mellitus.101154 76 8078% In particular, the generation of mature and functional insulin-
producing beta cell from human embryonic stem cells (ESCs) has been carried out based on
the molecular events that control the cell fate decision through a definitive endoderm and
commitment toward an endocrine beta cell-like phenotype during embryonic and fetal
development.10115481-848692 For instance, it has been observed that the induction of
NGN-3 expression in mouse ESCs may provide a critical role for their differentiation into
pancreatic cell lineages expressing the endocrine terminal differentiation markers as well as
the insulin, glucagon and somatostatin.84 Moreover, differentiation of human ESCs into
ectodermal insulin-producing beta cell-like progenitors expressing the specific markers related
to pancreatic beta cells, including nuclear transcription factors such as Foxa2, PDX-1 and Isl1,
has been performed by co-transplantation of ESCs with the dorsal pancreas from mouse
embryos.81 More recently, the functional insulin-producing beta cells have also been derived
from human ESCs by a treatment consisting of using activin A and all-trans retinoic acid (RA)
for their pancreatic differentiation into cells expressing the PDX-1 and HLXB9 followed by
their maturation in serum-free medium containing basic fibroblast growth factor (bFGF) and
nicotamide.®? The transplantation of these differentiated beta cells in nude mice induced a
stable euglycaemia, which was maintained for more than six weeks.91 Similarly, it has been
reported that human ESCs differentiation into PDX-1 positive-cells followed by their in vivo
transplantation resulted in their further maturation into pancreatic islet cells producing insulin
and glucagons.89 This event was also accompanied by reducing the hyperglycaemia and weigh
loss in diabetic mice.89

Alternatively, the stem/progenitor cells of other sources expressing the pancreas developing
markers including nestin, CK8/18, NGN-3 and/or nuclear transcription factors such as PDX-1,
PAX-4, PAX-6 and Isl-1, which are important for beta cell differentiation, might be expanded
and transdifferentiated into beta cell-like progenitors under specific culture conditions in vitro.
Among them, there are the fetal and umbilical cord blood-derived stem/progenitor cells,
placenta derived-multipotent stem cells (PDMSCs), human amniotic epithelial cells (hnAECs),
and diverse adult stem cells, including bone marrow-resident HSCs and MSCs, hepatic oval
cells (HOCs), neural stem cells (NSCs) and adipose tissue-derived stem cells (ADSCs).” 10
11151720216374808293-100 The differentiation of these stem/progenitor cells into pancreatic
insulin-producing beta cell-like progenitors has been performed in vitro by using specific
growth factors such as bFGF, SCF, EGF, gastrin, nicotinamide, betacellulin, glucagon-like
peptide-1, and/or activin A.7101115172021246374808293-100 |mportantly, the insulin-producing
cells generated from certain stem/progenitor cells were also effective at reducing the blood
glucose levels in diabetic animal models in vivo.1°638096 97 More specifically, the activation
of the HOCs by treatment of C57BL/6 mice with a diet containing 0.1% 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) for 4 weeks followed by an induction of
hyperglycaemia with streptozotocin (STZ) led to a reversal of hyperglycaemia in this in vivo
animal model.1%0 |t has been proposed that the reversal of hyperglycaemia may be due in part
to a transdifferentiation of HOCs followed by endogenous beta-cell regeneration in the
pancreas.100 Additionally, the transplantation of bone marrow-derived cells plus syngenic or
allogenic human MSCs has also been observed to promote pancreatic tissue regeneration and
restore the blood glucose and insulin at normal levels in irradiated diabetic mice models in
vivo, while the single injection was ineffective.101 On the basis of these observations, it has
been suggested that the therapeutic effects associated with this treatment type could be
mediated via a stimulation of the regeneration of endogenous insulin-secreting beta cells in the
recipient, combined with an inhibition of T cell-mediated immune response against the newly
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formed beta cells.101 Interestingly, the results from recent studies have revealed that the bone
marrow-derived MSCs engineered for expressing PDX-1 could generate the functional insulin-
producing beta cells in vitro and induce euglycaemia after transplantation into the diabetic mice
model in vivo.97102103 | spite of these significant advancements, additional in vivo studies
appear to be necessary to establish the beneficial effects of using these stem/progenitor cell
types and their further differentiated progenies to treat type 1 or 2 diabetes mellitus or other
human pancreatic diseases. In particular, it will be important to establish the effects of insulin-
producing beta cell progenitors on the restoration and normalisation of blood sugar levels after
long-term treatment in vivo.

FUNCTIONS OF PANCREATIC CANCER STEM/PROGENITOR CELLS IN PDA
PROGRESSION

Identification and characterisation of pancreatic cancer stem/progenitor cells in PDA tissues

Some recent investigations revealed that only a few cancer cells, designated as cancer stem/
progenitor cells, could drive the tumour growth and metastasis at distant sites in most
leukaemias and solid tumours including PDAs.1126736 In particular, the presence of stem/
progenitor cells expressing stem cell-like markers in normal adult pancreas, suggests that the
malignant transformation of these immature cells could contribute to the aetiolgy and
progression of certain PDA subtypes as well as the resistance to current therapeutic treatments.
In fact, ductal pancreatic cancer stem/progenitor cells as their normal counterpart within the
exocrine compartment, could give rise to the transit amplifying (TA)/intermediate cells that in
turn could generate a heterogeneous population of further differentiated PC cells expressing
the ductal epithelial, acinar and/or endocrine cell-like markers (fig 2). In support of this, a small
subpopulation of human pancreatic cancer stem/progenitor cells expressing CD133 stem cell-
like marker has recently been identified by immunohistochemical staining in pancreatic
adenocarcinoma specimens from patients.3” The isolated CD133* pancreatic cancer stem/
progenitor cells were able to give rise to the bulk mass of further differentiated CK-positive
cancer cells in serum-containing medium in vitro, and to reconstitute the patient’s original
tumour in athymic mice in vivo while CD133™ cell fraction did not induce tumour formation.
37 Interestingly, another subpopulation of tumorigenic and migrating CD133*/CXCR4*
pancreatic cancer stem/progenitor cells was also detected by immunostaining in the invasive
front of pancreatic tumour samples.3” These tumorigenic and migrating CD133*/CXCR4*
cells may correspond to a more malignant cell subpopulation than tumorigenic CD133"/
CXCR4™ cells which may have acquired a migratory phenotype during the epithelial—
mesenchymal transition (EMT) programme, and thereby be involved in invasion and
metastases to distant sites (fig 2).37 Of therapeutic interest, it has also been noticed that the
isolated subpopulation of CD133* pancreatic cancer stem/progenitor cells was more resistant
to gemcitabine than the CD133~ cell fraction.3” Moreover, another subpopulation of
multipotent CD44/CD24/epithelial specific-antigen (ESA)-positive pancreatic cancer stem/
progenitor cells endowed with a self-renewal ability has been isolated from a patient’s
pancreatic primary tumour.36 These putative pancreatic cancer stem/progenitor cells were more
tumorigenic than the CD44/CD24/ESA-negative cell fraction in animal models in vivo and
formed the tumours that phenotypically resembled the patients’ original primary neoplasm in
vivo.36 With regard to this, it has been noticed that only a proportion of CD44/CD24-positive
pancreatic cancer stem/progenitor cells co-expressed CD133 marker suggesting that the
CD133* cell fraction could correspond to a more immature pancreatic cancer stem/progenitor
cell subpopulation.3” Additionally, certain studies have also revealed that the specific gene
mutations and/or activation of growth factor cascades in pancreatic cancer cells with a ductal
and/or acinar cell-like phenotype found within the exocrine compartment could contribute to
the formation of pancreatic intraepithelial neoplasias (PanINs).31-3538 1047106 These PanINs
may progress into PDASs constituted by a heterogeneous pancreatic cancer cell population. For
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instance, it has been reported that the endogenous expression of mutated K-Ras (G12D) in a
population of pancreatic exocrine progenitors characterised by the expression of nestin resulted
in the formation of PanINs in a mouse model in vivo.31 Moreover, the hedgehog signalling

pathway can also cooperate with activated K-Ras to promote PDA development in vivo.33735

Hence, together these recent observations suggest the possible implication of immature
CD133* pancreatic cancer stem/progenitor cells and/or their early progenies in triggering
certain PDA subtypes. Additional studies are necessary, however, in order to establish the other
stem cell-like markers and oncogenic signalling elements that are frequently expressed by
putative pancreatic cancer stem/progenitor cells versus their further differentiated progenies
during PDA aetiolgy and progression. In particular, it will be important to assign the
hierarchical cell lineage organisation of pancreatic cancer stem/progenitor cells and their early
progenies endowed with the tumorigenic and/or migrating properties as well as the oncogenic
events that may contribute to their acquisition of a more malignant behaviour during EMT
programme and transition to the invasive and metastatic disease stages.

Identification and characterisation of pancreatic cancer stem/progenitor cells in well-
established pancreatic cancer cell lines

The results from FACS analyses and characterisation of biomarkers detected in well-
established human pancreatic cancer cell lines have also indicated that certain lines may contain
a small cell subpopulation expressing the stem cell-like markers.28 1077109 A side population
(SP), which is generally associated with the high expression of ATP-binding cassette (ABC)
multidrug transporters such as breast cancer resistant protein-1 (BCRP-1/ABCG2), has notably
been detected by Hoechst dye exclusion technique in certain tumorigenic pancreatic cancer
epithelial cell lines established from patients’ pancreatic adenocarcinomas. Among these
human pancreatic cancer cell lines habouring a SP subpopulation, there are the poorly
differentiated CD18 cells derived from HPAF-2 cell line and PANC-1 cell line.28107-109 The
data from RT-PCR and FACS analyses have also indicated that the poorly differentiated
PancTul and moderately differentiated A818-6 cells co-expressed the high levels of ABCG2
and CD133 markers, while the CD133 surface antigen was undetectable or expressed at a very
low level in other pancreatic cancer cell lines such as PANC-1, PANC-89 and Colo-357.109
Moreover, expression of tumorigenic (CD133*/CXCR4") and migrating (CD133*/CXCR4™)
cell marker(s) has also been detected by FACS in diverse pancreatic cancer cells lines including
BXPC3, MIA PaCa-2 and highly metastatic L3.6pl cells while ASPC1 cancer cells only
expressed significant levels of CD133 marker.3” These observations indicate that these
pancreatic cancer cell lines may contain a small cell subpopulation with stem cell-like
properties which could be more resistant to chemotherapeutic drug treatment. In support of
this assumption, it has been reported that a PANC-1 cell subpopulation overexpressing CD44,
lymphocyte antigen 6 complex (LY6E) and tumour-associated calcium signal transducer 1
(TACSTD1) markers could be propagated under form spheres in a clonal colony-forming
assay.110 This PANC-1 cell subpopulation also showed the ability to exclude the Hoechst
33342 dye.110 More recently, it has also been reported that the SP cells isolated from a parental
PANC-1 cell line, which expressed high levels of ABC multidrug efflux pumps, ABCG2 and
ABCB1 were more resistant to gemcitabine treatment than the non-SP cell fraction.111
Moreover, orthotopic implantation of isolated 103 CD133* L3.6pl cells into the pancreas of
mice resulted in the tumour formation in vivo while 106 CD133~ L3.6pl cells did not induce
tumour development. Importantly, it has also been observed that CD133* L3.6pl cells were
more resistant to gemcitabine treatment as compared to CD133™ L3.6pl cells in vitro and an
enrichment of the CD133" L3.6pl cell fraction in the total tumour cell mass also occurred after
gemcitabine treatment relative to the control in mice in vivo.3”
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In addition, the morphological pattern analyses of different human pancreatic cancer cell-
derived xenografts have also indicated that they can generate tumours constituted of pancreatic
cancer cells expressing distinct stem cell-like and differentiation markers.112°115 More
specifically, a decrease of CK7/19 markers concomitant with an increase of CK8/18 and
vimentin was observed depending on the cell line phenotype as follows: ductal (YAPC), ductal/
solid (DAN-G and CAPAN-1) and solid (PANC-1 and MIA PaCa-2.115 The CK7-positive
ductal phenotype (YAPC and DAN-G cell line) was also associated with PDX-1 expression,
whereas the CK8-positive solid phenotype was related to the hedgehog signalling element
(SHH/hedgehog-patched receptor (PTCH)) expression.115 Moreover, CK20 and nuclear f3-
catenin expression was mainly linked to a ductal phenotype. Additionally, the PDX-1
transcription factor has also been detected in patients’ adenocarcinoma tissue specimens by
immunohistochemical analyses, and it has been proposed that PDX-1-positive pancreatic
cancer cells (which may correspond to the putative pancreatic cancer stem/progenitor cells)
could possess a higher potential for malignancy compared to PDX-1-negative cells.116
Similarly, it has also been reported that the embryonic stem cell-like marker PAX-6 was
expressed in primary tumour specimens from PDA patients and pancreatic cancer cell lines,
and its downregulation could be associated with the cancer cell differentiation.117 Importantly,
the immunocytochemical analyses of individual CK-positive pancreatic cancer cells
disseminated to bone marrow has also indicated that their presence may constitute a predictive
factor associated with a reduced overall survival for the patients with PDA.118

Altogether, these investigations suggest that the immature pancreatic cancer stem/progenitor
cells and their progenies found in malignant pancreatic tissues and well-established pancreatic
cancer cell lines can express the stem cell-like markers (CD133) as well as duct epithelial
(CKs), exocrine (nestin) and/or endocrine (PDX-1) cell markers like the putative pancreatic
duct stem/progenitor cells found in the exocrine compartment in the normal pancreas. These
tumorigenic and/or metastatic pancreatic cancer stem/progenitor cells and their early progenies
may then contribute to tumour formation and metastases to distant sites as well as the
intratumoral cellular heterogeneity. Based on this assumption, it is likely that the treatment
resistance and recurrence of PDA may be due, at least in part, to the persistence of pancreatic
cancer stem/progenitor cells with stem cell-like properties including their high expression
levels of drug efflux pumps as observed for other aggressive cancer types. Hence, these recent
advances emphasise the critical importance of also targeting the tumorigenic and migrating
pancreatic cancer stem/progenitor cells and their local microenvironment to eradicate these
cancer-initiating cells that may provide critical functions in PDA initiation and progression to
the metastatic stages, treatment resistance and disease relapse.

NOVEL THERAPIES TARGETING PANCREATIC CANCER STEM/
PROGENITOR CELLS AND THEIR MICROENVIRONMENT

Although tumour surgical resection, radiotherapy and chemotherapy, alone or in combination,
may represent a potential curative treatment for the patients diagnosed with localised PDA at
an early stage, the rapid progression to metastatic, recurrent and lethal disease states underlines
the urgent need to develop new therapeutic regimen options.40™4° The combination of
cytotoxic agents that are able to block distinct tumorigenic cascades activated in pancreatic
cancer stem/progenitor cells and their further differentiated progenies during PDA initiation
and progression represents a new promising strategy for treating patients who have aggressive
PDA. More particularly, these targeted therapies could be used in combination with current
clinical chemotherapeutic drug regimens such as gemcitabine and/or 5-flurouracil (5-FU) for
overcoming drug resistance and improving the efficacy of treatments for the patients with
locally advanced and/or metastatic PDAs (fig 3).4143119120 With regard to this, the intrinsic
and acquired resistance of pancreatic cancer cells to gemcitabine treatment has been associated
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with multiple factors including changes in gemcitabine transport and metabolism as well as
the expression and/or activity of distinct signalling elements implicated in the cytotoxic
response induced by this chemotherapeutic drug.41121-134 Among the molecular mechanisms
of gemcitabine resistance, there are an enhanced expression of ABC multidrug transporters,
tissue transglutaminase (TG2), ribonucleotide reductase M1 and M2 (RRM1 and RRM2)
subunit, glutathione-S-transferase, heat shock protein 27 and anti-apoptotic and survival factors
such as Bcl-2, Bel-xL and nuclear factor-kappaB (NF-kB).4112271241261271307134
Moreover, a reduced expression of tensin homologue deleted on chromosome 10 (PTEN)
concomitant with a phosphatidylinositol-3’ kinase (PI3K)/Akt activation, and downregulating
pro-apoptotic effector, caspase 3 may also contribute to resistance of pancreatic cancer cells
to gemcitabine treatment in certain PDA subtypes.124126135 Therefore, the targeting of these
deregulated signalling elements that may contribute to the intrinsic and/or acquired resistance
of pancreatic cancer cells including pancreatic cancer stem/progenitor cells to conventional
gemcitabine-based clinical treatments is of great therapeutic interest (fig 3). In support of this,
numerous investigations have revealed the beneficial therapeutic effect to inhibit the expression
and/or activity of Bcl-2, Bel-xL, TG2, NF-xB and/or focal adhesion kinase (FAK)/PI3K/Akt
signalling elements for inducing growth inhibition and apoptotic death of pancreatic cancer
cells and improving the response to gemcitabine treatment,41122124127130-132134 Eor jnstance,
it has been reported that the over-expression of TG2 may occur in the majority of PDA tumours
and cell lines and contribute to gemcitabine resistance by inhibiting PTEN and inducing a
constitutive activation of FAK/PI13K/Akt and NF-«xB signalling pathways.124136137
Importantly, it has also been observed that the inhibition of endogenous TG2 by small
interfering RNA significantly enhanced the tumour growth inhibitory and anti-metastatic
effects induced by gemcitabine on orthotopically implanted Panc-226 cells in an animal model
in vivo.124 Additionally, reduced expression of gemcitabine transporters including human
equilibrative nucleoside transporter (nENT1) and/or deoxycytidine kinase (dCK), which is the
enzyme that catalyses the first limiting step of phosphorylation involved in the transformation
of the prodrug gemcitabine into its active metabolites, may also influence its inhibitory effect
on DNA repair in certain cancer cell types (fig 3).41121125128129 Thys the development of
new gemcitabine derivatives such as a phospholipid gemcitabine conjugate could represent
another potential strategy for overcoming the treatment resistance for certain subtypes of
patients with PDA characterised by a decreased expression of nucleoside transporters and/or
dCK.41 138

In addition, targeting distinct tumorigenic signalling pathways, which may provide critical
roles for the sustained growth, survival, invasion and/or metastasis of pancreatic cancer cells,
including pancreatic cancer stem/progenitor cells during the EMT process and PDA
progression into metastatic stages as well as disease relapse, also represents a potential
therapeutic approach for improving the efficacy of current clinical chemotherapies (fig 3).34
3541105106119120139-150 Among these oncogenic targets there are the hedgehog, EGFR, Wnt/
B-catenin, Notch, c-Met, integrin, SDF-1-CXCR4 and mucins 1 and 4 cascades and diverse
signalling elements (K-Ras, Pl3K/Akt, NF-«xB, cyclooxygenase-2 (COX-2) and snail). With
regard to this, numerous in vitro and in vivo investigations and clinical trials have revealed the
beneficial effects of using the specific inhibitors of hedgehog (cyclopamine) and/or EGFR
(erlotinib or gefitinib), alone or in combination therapies with gemcitabine for inducing
apoptotic death, inhibiting tumour growth and counteracting the metastases of pancreatic
cancer cells.3541119120 Importantly, it has also been noticed that cyclopamine may
preferentially reduce pancreatic cancer cells expressing high levels of a stem cell-like marker,
aldehyde dehydrogenase, suggesting its potential cytotoxic effect on the immature tumour-
initiating cells.3® The inhibition of the SDF-1/CXCR4 axis by using the non-peptidic antagonist
of CXCR4, AMD3100, also reduced tumour metastasis established by the migrating
CD133*/CXCR4* L3.6pl cell fraction orthotopically injected into athymic mice.37 This
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observation indicates that this treatment type could be effective in counteracting the
dissemination of pancreatic tumour-initiating cells.

On the other hand, several lines of evidence have also revealed that the acquisition of a more
malignant phenotype and migratory potential by cancer progenitor cells including pancreatic
cancer-initiating cells, and more particularly during the EMT programme, may also be
influenced by the changes occurring in their local microenvironment (fig 2).2830414346115
1517154 Therefore, targeting tumour stromal cells, including activated myofibroblasts, stellate
cells and bone marrow-derived endothelial progenitor cells (EPCs) that may promote PDA
progression and treatment resistance, may also represent a potential adjuvant strategy for
treating the aggressive and metastatic PDAs.283041151152 1557157 In support of this, the use
of pharmacological agents, including antibodies and specific or dual tyrosine kinase inhibitors
targeting the vascular endothelial factor receptor (VEGFR) (SU5416), the VEGFR/EGFR
(AEE788, PTK 787 and PKI 166), and/or the platelet-derived growth factor (PDGFR) (ST1571
or AX102), alone or in combination therapies with other drugs such as gemcitabine, has been
reported to inhibit angiogenesis, tumour growth and/or the metastatic spread of pancreatic
cancer cells in animal models in vivo.41154 156 158160

Taken together, these observations underline the importance of eradicating the total pancreatic
cancer cell mass, including the highly tumorigenic and/or migrating pancreatic cancer stem/

progenitor cells, in order to counteract disease progression and relapse, and thereby improve
the current therapies against metastatic and recurrent PDA forms.

CONCLUSIONS AND FUTURE RESEARCH

Recent progress in research on normal and malignant pancreatic stem/progenitor cells indicates
their potential implications in the maintenance of tissue homeostatic state under physiological
conditions as well as in the development of pancreatic disorders such as aggressive and
recurrent PDAs. These recent advancements support the feasibility of stimulating these
immature cells or more committed beta cell precursors in vivo or to transplant their further
differentiated progenies after their ex vivo expansion for the beta cell replacement therapies
for treating type 1 or 2 diabetes mellitus. Moreover, embryonic, fetal, placental and adult stem/
cell progenitors resident in other adult tissues may also constitute alternative sources of beta
cells for treating patients who have diabetes. In addition, the molecular targeting of the
pancreatic cancer stem/progenitor cells and/or their early progenies endowed with a self-
renewal potential and their local microenvironment may also constitute a promising approach
for improving the current clinical treatments against aggressive and recurrent PDAs.

Further research is necessary to more precisely establish the gene expression patterns of normal
and malignant pancreatic stem/progenitor cell progenies and putative beta cell precursors
versus their differentiated progenies in order to identify the specific biomarker patterns as well
as the molecular mechanisms that may regulate their biological behaviour in vivo and/or after
their ex vivo expansion. The identification of the specific intrinsic factors that govern the
decision between the self-renewal versus differentiation of normal and malignant pancreatic
stem/progenitor cells as well as the influence of the extracellular signals from their local
microenvironment “niche” on their behaviour is notably of immense interest for the design of
new therapeutic strategies. These future studies should lead to the identification of specific
growth factors, cytokines and/or chemokines and host cells that control the expansion and
commitment of these immature cells into the specific differentiated pancreatic cell lineages in
physiological and pathological conditions. Further characterisation of cancer cells with stem
cell-like properties isolated from PDA tissue specimens of patients at different early and late
stages or established pancreatic cell lines is also necessary to establish new in vitro and in vivo
cell models more relevant to pancreas carcinogenesis and disease progression. These new cell
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models could be used to estimate the cytotoxic effects of drugs such as hedgehog and EGFR
inhibitors on the SP cell fraction or pancreatic cancer stem/progenitor cells with the stem cell-
like properties isolated from PDA specimens or well-established pancreatic cancer cell lines
is also of therapeutic interest. Hence, the establishment of the specific properties of normal
versus malignant pancreatic stem/progenitor cells is essential for the successful formulation of
stem cellbased therapeutic approaches that could be translated into treatment and even a cure
for diabetes patients as well as the patients with locally advanced and metastatic PDAs, which
remain incurable with the current conventional therapies in the clinics.
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Figure 1.

Schematic representation of the pancreatic gland showing the anatomical localisation of
putative pancreatic stem/progenitor cells (PSCs) and beta cell precursors, and stem-cell based
therapies for type 1 or 2 diabetes mellitus. The scheme shows the localisation of putative
pancreatic stem/progenitor cells within the ductal structure, exocrine acini and putative beta
cell precursors found in a region near or within the endocrine islets of Langerhans. The
complete loss or gradual destruction of islet beta cells in type 1 or 2 diabetes mellitus,
respectively, and stem cell-based therapies for the beta cell replacement are also illustrated.
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Figure 2.

Proposed model of the molecular events associated with the pancreatic duct epithelium
regeneration via putative adult pancreatic stem/progenitor cells (PSCs) after tissue injury and
cancer initiation and progression through their malignant transformation. This scheme shows
the asymmetric division of adult pancreatic duct stem/progenitor cells into transit-amplifying
(TA)/intermediate cells expressing the epithelial, acinar and/or endocrine-like markers. Inturn,
TA cells may regenerate the bulk mass of further differentiated pancreatic epithelial cells within
the exocrine compartment during pancreatic tissue repair after severe injury. Moreover, the
possibility that TA cells may also give rise through environment-mediated populational
asymmetry to the exocrine acinar and/or endocrine cell precursors is also indicated. The
malignant transformation of putative pancreatic duct stem/progenitor cells into tumorigenic
and migrating pancreatic cancer stem/progenitor cells, which may be induced through the
sustained activation of distinct tumorigenic cascades such as hedgehog, epidermal growth
factor receptor (EGFR) and wingless ligand (Wnt/p-catenin) during cancer progression, and
more particularly during the epithelial-mesenchymal transition (EMT) programme is also
illustrated. EPC, endothelial progenitor cell.
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Figure 3.

Scheme showing the novel therapeutic strategies against locally advanced and/or metastatic
pancreatic ductal adenocarcinomas (PDAS) by targeting different oncogenic cascades
signalling elements in pancreatic cancer cells. The cytotoxic agents acting as the potent
inhibitors of the tumorigenic cascades including the selective inhibitors of the epidermal
growth factor—epidermal growth factor receptor (EGF-EGFR) system (gefitinib, erlotinib and
Cl11033), smoothened hedgehog signalling element (cyclopamine), Notch (y-secretase
inhibitor), ATP-binding cassette (ABC) multidrug transporter inhibitor, CXC chemokine
receptor 4 (CXCR4) antagonist and monoclonal antibody (mAb) directed against CXCR4,
mucin, integrin or Wnt ligand are also indicated. Moreover, growth inhibitory and apoptotic
effects induced by the current chemotherapeutic drug, gemcitabine, are illustrated. CDK,
cyclin-dependent kinase; Cyt ¢, cytochrome c, Fzd, frizzled receptor; MAPKSs, mitogen-
activated protein kinases; MEK, extracellular signal-related kinase kinase; MMPs, matrix
metalloproteinases; NBD, nucleotide binding domain; SMO, smoothened; uPA, urokinase
plasminogen activator; VEGF, vascular epidermal growth factor; Wnt, wingless ligand.
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