
Biochimica et Biophysica Acta 1855 (2015) 61–82

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbacan
Review
Pancreatic ductal adenocarcinoma: From genetics to biology to
radiobiology to oncoimmunology and all the way back to the clinic
Emmanouil Fokas a,⁎, Eric O'Neill a, Alex Gordon-Weeks b, Somnath Mukherjee a,
W. Gillies McKenna a, Ruth J. Muschel a

a Department of Oncology, Oxford Institute for Radiation Oncology, Oxford University, Oxford, UK
b Nuffield Department of Surgical Sciences, University of Oxford, Oxford, UK
⁎ Corresponding author at: Department of Oncology, O
Oxford OX3 7DQ, UK. Tel.: +44 1865 225832; fax: +44 1

E-mail address: emmanouil.fokas@oncology.ox.ac.uk (

http://dx.doi.org/10.1016/j.bbcan.2014.12.001
0304-419X/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 26 October 2014
Received in revised form 1 December 2014
Accepted 3 December 2014
Available online 7 December 2014

Keywords:
Pancreatic cancer
Genetics
Biology
Chemotherapy
Radiobiology
Oncoimmunology
Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death. Despite improvements in
the clinical management, the prognosis of PDAC remains dismal. In the present comprehensive review, we will
examine the knowledge of PDAC genetics and the new insights into human genome sequencing and clonal evo-
lution. Additionally, the biology and the role of the stroma in tumour progression and response to treatment will
be presented. Furthermore, we will describe the evidence on tumour chemoresistance and radioresistance and
will provide an overview on the recent advances in PDAC metabolism and circulating tumour cells. Next, we
will explore the characteristics and merits of the different mouse models of PDAC. The inflammatory milieu
and the immunosuppressive microenvironment mediate tumour initiation and treatment failure. Hence, we
will also review the inflammatory and immune escaping mechanisms and the new immunotherapies tested in
PDAC. A better understanding of the different mechanisms of tumour formation and progression will help us
to identify the best targets for testing in future clinical studies of PDAC.
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1. Introduction

Pancreatic cancer constitutes the fourth leading cause of cancermor-
tality. Pancreatic ductal adenocarcinoma (PDAC) is the most frequent
histological type and is characterised by a dismal prognosis with a 5-
year survival rate of 5% [1,2]. The American Cancer Society has reported
43,920 new cases of PDAC in the US in 2012. The majority of patients
are diagnosed at a late stage due to the lack of diagnostic symptoms in
the early stage disease [1]. Despite the advent of new agents, the clinical
outcome of patients with PDAC remains poor. Hence, there is an urgent
need for a better understanding of the biological phenotype of this
deadly disease. In the present article, we comprehensively review the
current literature on genetics, biology, radiobiology,mousemodels, me-
tabolism, circulating tumour cells and oncoimmunology as well as the
implications of the findings for the management of patients with PDAC.

2. Genetics of pancreatic ductal adenocarcinoma

PDAC is characterised by genetic alterations that induce tumouri-
genesis that determine the disease phenotype. Genetic mutations
occur commonly in patients with PDAC and preinvasive lesions, such
as pancreatic intraepithelial neoplasia (PaIN), exhibit mutations that
are similar to those found in advanced disease [3]. Also, somepancreatic
cancers present familial inheritance [4]. Importantly, the disease pheno-
type can be closely recapitulated using genetically-engineered mouse
models (GEMMs) with conditional modification of the expression of
genes involved in PDAC formation and progression, such as Kras and
p53 [5]. These data support thenotion that PDAChas a genetic aetiology.

2.1. Preinvasive lesions

Pancreatic intraepithelial neoplasia (PanIN), intraductal papillary
mucinous neoplasms (IPMNs) and mucinous cystadenomas (MCNs)
are the three main preinvasive lesions that have been identified in the
pancreas [3]. PanIN likely emerges from the Her1-positive stem cell-
like cells found at the acini–ductal epithelium junction or themature ac-
inar cells [6]. PanIN has three different stages of progression before it
gives rise to PDAC [7,8]. These are PanIN-1, PanIN-2 and PanIN-3, de-
pending on the degree of cytological atypia of the duct lining cells.
PanIN-1 presents minimal atypia with mucinous differentiation of the
ductal cells, whereas PanIn-3 has marked atypia and essentially
represents a carcinoma in-situ [7,8]. IPMNs stem from the mucin-
producing main pancreatic duct or its branches and have cystic mor-
phology. MCNs present an ovarian-like stromal content and have a mu-
cinous epithelial lining. The majority of PDACs arise from PanINs,
whereas IPMN- or MCN-induced PDAC only occurs sporadically.

2.2. Telomeres in pancreatic ductal adenocarcinoma

Telomeres are DNA–protein complexes that cap the chromosome
ends and are made of tandem repeats of the 5′-TTAGGG-3′ sequence
[9]. They have evolved by eukaryotic organisms to solve the problem
of DNA end-protection. Shortening of the telomeric DNA at chromo-
some ends limits the lifespan of human cells and short telomeres acti-
vate the DNA damage response (DDR).

Activation of telomerase that is responsible for telomeric DNA syn-
thesis is essential in cancer cell immortalization and cancer progression
[9]. Patients with PanIN have abnormally shortened telomeres com-
pared to the ductal epithelium of normal pancreas [10]. Also, patients
with PDAC often have activation of telomerase expression and telomere
dysfunction [11,12].

2.3. Pancreatic development and genetic alterations in pancreatic ductal
adenocarcinoma

Early pancreatic development is mediated by Pdx1 and Ptf1a genes
in conjunction with the Sonic Hedgehog (Shh) and Notch signalling
pathways. The pancreatic homeobox transcription factor Pdx1 is medi-
ated by the Shh repression and is expressed in the nascent pancreatic
bud. The Pdx1 promoter has been used in GEMMs to direct transgene
expression at the bud stage [13]. Ptf1a is a basic helix–loop–helix
(bHLH) transcription factor present in acinar cell nuclei that is required
for the development of the pancreas. Ptf1 is involved in the activation of
the gene promoters that encode the secretory digestive enzymes and in
pancreatic tissue development [14]. In addition, nestin, an exocrine
pancreas progenitor marker and Mist1 are involved in early organ
formation [15–19]. All four genes have been used as promoter in the
development of GEMMs of PDAC. Two common pathways involved
in pancreatic organogenesis and development are the Shh and Notch
signalling pathways [6,20]. Preclinical evidence has suggested involve-
ment of both pathways in initiation of PanIN and tumour growth. Shh
is not expressed in normal adult pancreas but aberrant signalling has
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been reported in more invasive stages. Also, Shh contributes to the for-
mation of desmoplasia. Similarly, Notchpromotes the formation of early
PanIN lesions via TGF-a signalling [6,20].

PDAC is a genetic disease induced by mutations in oncogenes and
tumour suppressor genes that lead to tumour formation and disease
formation. Ductal reprogramming of the acinar and insulin-positive en-
docrine cells occurs before transformation of normal tissue to pancreatic
intraepithelial neoplasia (PanIN). Together with aberrant expression of
master switch genes, such as ZIP4, these genetic alterations gradually
accumulate throughout the stages of PDAC development staring from
PanIN [21].

Kras (v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog) onco-
gene mutation occurs in 95% of patients with PDAC [22]. It is an early
initiation event in PDAC tumourigenesis leading to cell proliferation, dif-
ferentiation and survival. Kras encodes a ~21 kDa small GTPase, which
cycles between GTP-bound active and GDP-bound inactive states [22].
Mutations of KRAS found in human PDAC include point mutations
at codon G12, G13 and Q61 that impair intrinsic GTPase activity of the
KRAS protein. This leads to activation of Kras downstream pathway
that drives tumour progression. Mutations in Kras gene are already en-
countered at the PanIN lesions, being the earliest genetic alteration that
promotes formation of PDAC [23].

Tumour suppressor genes such as cyclin-dependent kinase inhibitor
2A (CDKN2A/p16INK4A), tumour protein p53 (TP53), mothers against
decapentaplegic homolog 4 (SMAD4/DPC4), serine/threonine–protein
kinase 11 (LKB1/STK11) and the breast cancer 2 early onset gene
(BRCA2) are involved in PDAC formation [24]. CDKN2A, also known as
p16 or INK4A, is a tumour suppressor gene that inhibits cell cycle pro-
gression through the G1-S checkpoint. CDKN2A is inactivated in 90%
of patients with PDAC and is found in PanIN-2 precursor lesions [25].
Loss of function occurs by either homozygous deletion, intragenicmuta-
tion or epigenetic silencing by promoter methylation [26]. Germline
mutation in CDKN2A is associated with both Familial Atypical Mole-
Malignant Melanoma (FAMMM) syndrome and PDAC [27].

The p53 protein is a master regulator of genome integrity and plays an
important role in regulation of cell cycle, such as G1-S checkpoint, G2-M
arrest and induction of apoptosis [28]. p19ARF leads to p53 stabilization
by preventing MDM2-dependent proteolysis. In PDAC, defects in p53 tu-
mour suppressor function occur commonly due to p19ARF loss and mis-
sense mutation within the DNA-binding domain of [29]. Loss of p53
function is found on chromosome 17p and occurs via an intragenic muta-
tionwith loss of the second allele [28]. Approximately 50%–75% of patients
with PDAC have p53 loss, whereas gene mutations are found as early as
PanIN-3 lesions [30]. Sansom and colleagues have shown that Trp53 loss
or mutation permits growth of Kras-mutated cells and promotes progres-
sion of premalignant lesions to PDAC through failed growth arrest and se-
nescence [31]. Of note, mutant p53(R172H) correlated with increased
metastases, both in a mouse model of PDAC and in human specimens.

SMAD4, also known as the deleted in pancreatic carcinoma 4 gene
(DPC4), is found on chromosome 18q21 [32]. SMAD4 deficiency can
inhibit TGF-β-induced cell cycle arrest and migration, contributing to
tumour formation [33]. SMAD4 inactivation occurs by either homozy-
gous deletion (30%) or by intragenic mutations and loss of the second
allele (25%) and it is found as early as PanIN-3 lesions [34]. The John
Hopkins group conducted a rapid autopsy in 76 patients with PDAC
[35]. From those, 30% had a locally destructive disease and 70% distant
metastases. Loss ormutation of SMAD4 correlatedwith distantmetasta-
ses (p= 0.007), indicating that this marker could be potentially used to
stratify patients for more aggressive local or systemic treatment [35].
The same group examined 79matched primary andmetastatic samples
for mutations in KRAS, CDKN2A, and TP53 and expression of CDKN2A,
TP53, and SMAD4. Interestingly, only 39% of patients presented alter-
ations in all 4 genes. Themajority of patients with SMAD4 loss in prima-
ry tumours also had coexistent TP53 alterations. In contrast, TP53
alterations occurred in patients with both SMAD4-wild type and loss
(approximately 1:1). Multivariate analysis showed that the number of
driver gene alterationswas an independent prognostic factor for overall
survival (p = 0.046) [35]. Finally, BRCA2 tumour suppressor gene mu-
tation is associated with familial breast and ovarian cancer but it only
occurs in 1–2% of patients with PDAC [36].

2.4. Sequencing of human samples of pancreatic ductal adenocarcinoma

An importantmulticentre study performed exome sequencing to in-
vestigate the genetic and molecular alterations in 24 human PDAC [37].
In that work, 20.661 protein coding genes that represented 99.6% of
the coding genome were studied. Copy number gains or deletion were
also assessed by copy number chips. In total, 31 of 69 gene sets were
identified and were grouped into 12 core signalling pathways with dis-
tinct functions in tumour formation and growth [37]. These included
apoptosis, DNA damage control, G1/S phase transition, Shh, homophilic
cell adhesion, signalling of integrins, c-Jun, Wnt/Notch, TGF-b, Kras
and other GTPases. Although the genes that showed alteration in any
given PDAC varied widely within the individual pathways, notably
only one gene member of each pathway was altered in any given
tumour. This is an important finding indicating that using the core path-
ways instead of large number of genes might aid to the better under-
standing of the mechanisms of tumour formation in PDAC [37].
Recently, Biankin et al. conducted exome sequencing in 142 patients
with Stage I and II PDAC [38]. In total, 2016 non-silent mutations and
1628 copy-number variations were detected. Also, 16 known and
novel mutated genes and somatic aberrations in SLIT/ROBO axon guid-
ance signalling were described [38].

2.5. Clonal evolution in pancreatic ductal adenocarcinoma

There is a progressively increasing interest in investigating the clonal
evolution in PDAC. The cancer genome data of seven patients with PDAC
and their matched metastases were examined [39]. The genetic profile of
the surgically resected tumours and their matched metastases were com-
paredwith each other. Intriguingly, analysis of the genetic features showed
that the total number of genetic alterations and the spectrum of the muta-
tions were similar. These tumours had approximately 61 mutations, the
majority of which were missense mutations that lacked predictive value
with regard to tumourigenesis [39]. This study indicated that the genetic al-
terations observed in patients with advanced disease are comparable to
those seen in the primary tumour resection samples.

To gain further understanding, a comparative lesion sequencing was
conductedusing the samples of these sevenpatients [39]. Two types ofmu-
tations were identified. The first group includedmutations that were com-
monly shared in both the primary tumour and their matched metastastic
samples and were called “founder”mutations. The authors hypothesized
that foundermutationsmust have occurred already at the PanIN precursor
lesions and must be present in the majority of the cells within the tumour
mass, mediating tumour formation. Indeed, these included mutations in
driver genes, including Kras, CDKN2A, p53 and SMAD4 but also other can-
didate cancer genes (CAN) according to their mutation frequencies and
types. The second group includedmutations thatwere only found in a sub-
set of tumour samples from each patient. These “progressor” mutations
likely represent genetic alterations that occurred after founder mutations
due to clonal evolution of the parental clone [39].

Altogether, there are three main differences between founder and
progressor mutations. First, there is quantitative difference i.e. signifi-
cantly more founder mutations were detected compared to progressor
mutations and were contained within the parental cancer clone. Sec-
ond, the majority of key mutations that highly determine tumour ag-
gressiveness, such as Kras, were included in the founder mutations.
Third, most of founder mutations were actually homozygous mutations
and hence the majority of alterations that lead to genomic instability
and drive cancer growth are harboured by theparental clones. Campbell
et al. conducted parallel paired-end sequencing in 13 patientswith pan-
creatic cancer to explore clonal relationships among metastases [40].
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They found that themajority of genetic alterations and rearrangements
occurred early, long before the development of metastatic dissemina-
tion. Indeed, fold-back inversions occurred early in tumourigenesis
and likely constitute crucial drivers of tumour progression.

Computational analyses of genome sequencing data estimated the
time between tumour initiation and formation of macroscopic metasta-
ses [39]. This mathematical model included published data on the rate
of cellular proliferation of both normal and malignant pancreatic cell
lines as well as passenger mutation rates. Remarkably, the time from
tumour initiation to the birth of the parental cancer clonewas estimated
to be almost 12 years. According to this model, the parental clone is
not sufficient for the development of metastatic spread and addi-
tional subclones develop over an additional period of approximately
7 years. Finally, the time from metastatic dissemination of the
subclone(s) until the patient's death is approximately 2.7 years. This is
a crucial finding and indicates that developingmethods of early tumour
detectionmight provide awindow of opportunity formedical interven-
tion before the development of metastatic disease. A similar model has
been generated to predict the optimal therapeutic window for adminis-
tration of anticancer therapies in PDAC and showed that chemothera-
peutic agents that efficiently reduced the growth rate of cells earlier in
the course of treatment result in superior treatment outcome [41].
2.6. Genetic subtypes of pancreatic ductal adenocarcinoma

Hanahan and colleagues examined the transcriptional profile of
PDAC samples and also human and murine PDAC cell lines. The array
datasets revealed three molecular subtypes of PDAC, based on the
gene signatures: classical, quasimesenchymal and exocrine-like [42].
The classical subtypemainly expressed genes associatedwith cell adhe-
sion and also epithelial genes, whereas the quasimesenchymal subtype
demonstrated expression of genes encountered in mesenchymal cells.
Finally, the exocrine-like subgroup exhibited expression of genes
involved in the regulation of digestive enzymes. Of note, the classical
subtype was associated with significantly better survival than the
quasimesenchymal or exocrine-like group in patients that underwent
surgical resection in multivariate analysis (p = 0.038). Notably,
quasimesenchymal cells showed better response to gemcitabine as
compared with the classical phenotype. The latter was more sensitive
to erlotinib, indicating that the survival of Kras-dependent PDAC cells
depends on EGFR, at least in part [42]. These data provided important
insight as they could help stratifying patients to different therapies ac-
cording to their genetic signature.
3. Mouse models in pancreatic ductal adenocarcinoma

Several models of PDAC, including xenograft, orthotopic and
GEMMs, have been used to study the biology of the disease. Below we
discuss the different mouse models, their main characteristics and the
differences between the human and mouse phenotype.
3.1. Subcutaneous mouse model

The subcutaneous tumourmodel has been used extensively in PDAC
research [43]. It is relatively inexpensive and permits direct tumour
growth assessment. However, highly relevant to PDAC, it fails to recapit-
ulate the histopathological features of the human pancreatic tumour.
Additionally, immunodeficient mice do not allow the study of the
tumour cell-host immune response interaction that appears to play a
key role in tumour growth and progression in patients with PDAC.
Last but not least, in contrast to the orthotopic or GEMM, xenograft tu-
mourmodels rarely develop distantmetastases that commonly occur in
patients with PDAC [43].
3.2. Orthotopic xenograft model

The orthotopic model has been increasingly used during the last de-
cade. It resembles more closely the human PDAC pathophysiology and
in contrast to the xenograft mode, it results in the frequent develop-
ment of distant metastases. Nevertheless, the majority of the models
have used immunodeficient mice that lack immune cells, a critical com-
ponent in tumour development and metastatic spread [44,45].

Several methods have been tested to develop orthotopic PDAC
mouse models. Some groups have employed direct injection of PDAC
cells into the pancreas, either body or tail following surgical operation.
Although relatively simple, it can be associated with increased risk of
complications, such as infection, abdominal bleeding, disruption of pan-
creatic capsule and intraabdominal tumour cell spillage and peritoneal
spread [44,45]. Additionally, injection into the main pancreatic duct
has been reported using green or red fluorescent protein (GFP/RFP)-
tagged cells into the pancreas to enable visualization and monitoring
of tumour growth and metastatic spread [46]. An alternative method,
ultrasound-guided injection into the pancreas, appears to be feasible
and safe, allowing faster injection times and shorter recovery time
[47]. A fluorescence-guided orthotopic tumour implantation using a tu-
mour fragment from subcutaneous xenograft has been demonstrated
[48]. Even though more traumatic, the tumour take and growth rates
in nude mice were excellent using this technique and tumours closely
resemble the histological features of the human disease. An alternative,
less invasive option to surgical tumour implantation directly into the
pancreas is wrapping the pancreas around the tumour xenograft but
its validity remains to be defined [49]. The orthotopic model has been
previously used to examine tumour recurrence, perineural invasion
and the role of pancreatic cancer stem cells [45].

3.3. Genetically engineered mouse models

GEMMs including transgenic mouse models, gene knock-in and
knock-out models, and conditional/inducible models have been used
extensively during the last decade to study the biology of PDAC.

3.4. Transgenic mouse models

Transgenicmice enable probing of gene function and allowmonitor-
ing the effects of genetic alterations experimentally. Pancreas consti-
tuted one of the first organs to be studied using transgenic tumour
induction through the recognition of tissue-specific promoter elements
in the elastase I locus [50]. The elastase promoter was used to examine
the impact of Kras oncogene activation in Ela-KrasG12D mice that pre-
sented precancerous morphological changes that failed to develop to
PDAC [50]. More advanced models demonstrated the key role of Kras
in tumour initiation and progression. Ela-1-myc was created following
insertion of the c-Myc gene via SV40-Tag under the regulation of the
elastase promoter and resulted in the formation of acinar and acinar–
ductal carcinomas with a high degree of ductal metaplasia [51]. In a dif-
ferentmodel, the elastase-1-TGF-a construct exhibited a high amount of
fibrosis associated with tubular complexes formed by cells with mixed
ductal–acinar phenotype [52]. Interestingly, mice older than 1 year of
age demonstrated loss of the acinar phenotype and preservation of
the ductal-likemorphology. Lewis et al. used a different approach byde-
livering the oncogene-bearing avian retroviruses to the mouse model
that expressed the receptor TVA (receptor for avian leukosis sarcoma
virus subgroup A (ALSV-A)) [53]. Insertion of either themouse polyoma
virusmiddle Y antigen (PyMT) encoding ALSV-A-based RCAS vectors or
C-MYC to elastase-tv-a transgenic INK4a/ARF null mice resulted into
pancreatic tumour formation [53].

PDX1 is amarker for pancreatic progenitor cells that has been impli-
cated in the formation of PDAC and its loss is associatedwith pancreatic
agenesis [16]. PDX1 and its promoter has been explored for genetic ma-
nipulation in transgenic mice to prevent expression of transforming
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oncogenes in the embryonic stage and target specific cell groups within
the pancreas [54]. The PDX-Shhmice have been used to study the effect
of Shh pathway [17]. This model develops tubular structures of both
PanIN-1 and PanIN-2 and exhibits mutations of both Kras and HER-2/
neu oncogenes. The main disadvantage of the transgenic mouse model
is the relatively low efficiency when inserting foreign DNA into the
host genome using microinjection. In addition, in transgenic mice, two
wild-type alleles are positioned at the transgene integration site,where-
as the human tumour genome contains one wild-type and one mutant
allele [55].

3.5. Knock-in and knock-out mouse models

To create the knock-in and knock-out mouse models, the endoge-
nous genomic sequence is modified by either inserting or deleting the
gene at a specific locus. Embryonic stem cell-based techniques are
used to insert the transgene in its native chromosomal location. To
study the role of Kras, Tuveson et al. created the Mist1-KrasG12D/+
mice by targeting the expression of KrasG12D to the MIST1 locus [56].
MIST1 is expressed at early stages of pancreatic exocrine development
and these mice exhibited acinar–ductal metaplasia and hyperplasia. In-
sertion of a concomitant Trp53+/− mutation led to the formation of
PDAC and liver metastases [56].

3.6. Conditional knock-in and knock-out models

For conditional knock-in and knock-out mouse models, a silencing
transcriptional element is inserted between the promoter and the
gene of interest to avoid universal expression during embryogenesis
and early postnatal development. The gene of interest is activated in a
tissue-specific manner and themost popularmethod is Cre–Lox recom-
bination [57]. This permits temporal and spatial control of Kras expres-
sion, enabling transcriptional control of the mutant Kras allele by the
endogenous Kras promoter. Crossing mice expressing a Cre-activated
KrasG12D allele with mice expressing Cre recombinase in pancreatic
tissue resulted in the formation of the endogenous KrasG12D model
that presents PanIN lesions during the first weeks of life [5]. Deletions
of INK4a/ARF or TP53 alone did not show tumourigenesis, but mice
formed aggressive PDAC by 7–12 weeks with shorter latency and me-
tastasis formation following combination with Kras [5]. In a different
model, Carriere and colleagues used the Nestin-Cre; LSL-KrasG12D to
better elucidate the origin of PDAC [19]. This model exhibited PanIN
that was similar to the Pdx1-Cre; LSL-KrasG12D model, indicating that
PDAC might derive from Nestin-expressing cells.

The KrasG12D; Tgfbr2 knockout model has been created to exam-
ine the effect of the suppressor TFG-β [58]. Tgfbr2 knockout led to
blockade of the TGF-β signalling pathway and the pancreas demonstrat-
ed PanIN-like lesions and extensive desmoplasia that almost completely
substituted pancreatic tissue by 6–7 weeks of age. The morphology
following blockade of TGF-β by knocking out SMAD4 closely resembled
intraductal papillary mucinous neoplasm (IPMN) or mucinous cystic
neoplasm (MCN) pre-cancer lesions that are considered to be less ag-
gressive than PanIN [58].

Crossing CLEG2 transgenic mice with Pdx1-Cre mice has been used
to create the Pdx1-Cre; CLEG2 conditional knockin mouse model to
investigate the role of the SHH signalling pathway [59]. This model
develops pancreatic tumours that fail to resemble PDAC histological
characteristics. Intriguingly, crossing Pdx1-Cre; CLEG2 mice with the
LSL-KrasG12D mouse model led to PanIN-2 and PanIN-3 lesions that
failed to progress to PDAC. In this model, Hedgehog ligand expression
was aberrant [59]. A similar model has been developed to assess the
role of the Notch signalling pathway in PDAC [60]. Crossing Notch-1
transgene, Rosa26NIC, along into Kras and Pdx1-CreERT transgenes
was used to generate the Pdx1-CreERT; LSL-KrasG12D; R26-Notch
mouse model. The latter was characterised by the rapid development
PaIN of acinar origin. Ling and colleagues studied the NF-κB pathway
by generating the Pdx1-Cre; KrasLSL-G12D; IKK2/βF/F and Pdx1-Cre;
KrasLSL-G12D; Ink4a/ArfF/F; IKK2/βF/F mouse models. These exhibited
inactivation of the pancreas-target IKK2/β that inhibits NF-κB signalling.
IKK2/β/NF-κB was activated by KrasG12D through the IL-1α/p62 axis,
whereas mice failed to develop PDAC, highlighting the importance of
NF-κB in tumourigenesis [61].

3.7. Inducible transgenic mouse models

A major challenge when using transgenic method is that the trans-
genic rather than the native promoter regulates the transgene expres-
sion. To avoid early expression, an inducible promoter is inserted to
enable activation of the transgene when needed. For that purpose,
two systems, the tamoxifen-inducible Cre-ER and the tetracycline-
inducible Tet-ON/OFF have been employed [62,63]. Inactivation of the
studied gene occurs via binding of the chimeric Cre protein to HSP90.
The Pdx1-CreERT; LSL-Kras mouse models only PanIN without PDAC
formation following tamoxifen binding [2]. In a recent study, Ji et al. cre-
ated a novel PDAC mouse model by inserting KrasG12V after the CAG
promoter, and after a loxp-GFP-loxp cassette (cLGL-KrasG12V) [64].
Kras upregulation in acinar cells led to PanIN, cystic papillary carcinoma
and PDAC. Interestingly, higher level of Kras activity was associated
with chronic pancreatitis-like features, such as inflammation and fibro-
sis, which can promote genetic instability and tumour progression. This
work showed the impact of high level of Kras activation in promoting
transformation of PanIN to PDAC [64].

3.8. Patient-derived xenograft mouse model

There is an increasingly accumulated interest in developing patient-
derived xenografts (PDXs) of PDAC [65]. Following surgery of human
PDAC, a resected tumour specimen is implanted in immunodeficient
mice, usually the non-obese diabetic (NOD)/severe combined immuno-
deficiency (SCID) mouse. This model lacks functional T and B cells
and also harbours additional deficiencies in natural killer cells (NKs)
that permit tumour establishment from a very low number of tumour
cells. PDXs recapitulate closely human tumour histopathology, includ-
ing the formation of stroma, and preserve tumour heterogeneity,
providing a more reliable platform for the study of human PDAC com-
pared to other xenograft models [45,65]. Hidalgo and colleagues im-
planted 94 resected specimens of PDAC of which 61% presented
successful engraftment [66]. Interestingly, SMAD4 inactivation correlat-
ed with better engraftment rate, faster growth and higher metastatic
gene expression signature that predicted for worse response of patients
to chemotherapy and unfavourable outcome [66].

4. The stroma of pancreatic ductal adenocarcinoma

Desmoplasia is a prominent characteristic of PDAC characterised
by extensive stroma that constitutes approximately 80% to 90% of the
tumour volume [67,68]. Desmoplasia results from the significant over-
production of extracellular matrix (ECM) proteins and extensive prolif-
eration of myofibroblast-like cells called pancreatic stellate cells (PSCs)
[67,69–71]. The stellate cell-mediated alterations in the stromal cell
proliferation and the deposition of ECM components result in increased
stiffness, solid stress and interstitial fluid pressure. These common fea-
tures contribute to the overall tissue heterogeneity, impaired delivery
of oxygen and nutrients, resulting in chemo- and radioresistance and
tumour progression. The presence of extensive matrix component in
stroma cells has been associated with poor outcome in PDAC [72,73].
Genetic alterations, including oncogene and tumour suppressor gene
mutationshave been reported in both the tumour epithelial and stromal
compartments [74]. Interestingly, normal stroma appears to prevent or
even delay tumour growth, whereas abnormal stromal components fa-
cilitate tumour progression [75].
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4.1. Components of the stroma

The desmoplastic stroma is composed of pancreatic stellate cells
(PSCs), ECM, fibroblasts, macrophages, blood vessels, pericytes, lym-
phatic vessels, bone marrow-derived cells (BMDCs) and stem cell-like
cells and also inflammatory cells [76–79]. The mechanisms of stroma
formation remain unclear. Pancreatic cancer cells produce several mod-
ulating growth factors that can alter the adjacent stroma to facilitate
tumour progression. These factors can act in a paracrine manner to in-
duce an inflammatory response and activation of PSCs, fibroblasts
smooth muscle cells and adipocytes [76,80]. These lead to the release
of cytokines, pro-tumourigenic growth factors and proteases that form
a positive feedback interaction loop to activate both cancer cells and
the surrounding stromal to enhance tumour growth.

Currently, there is a poor understanding of the precise origin of stro-
mal cells. Although stromal cellsmight stem from thenormal pancreatic
tissue stroma, cancer cells might be an alternative source of stroma fol-
lowing epithelial–mesenchymal transition (EMT) [81]. In addition, stro-
ma might derive from BMDCs. Interestingly, in a model of chronic
pancreatitis, BMDCs contributed to the formation of PSCs [82,83]. More-
over, BMDCs and stem-like cells have the ability to differentiate into dif-
ferent stroma cell subtypes [82]. Proinflammatory and immune cells
enable immune escape that, in conjunction with proangiogenic and
profibrotic factors, contribute to increased desmoplasia [84]. Chronic
pancreatitis constitutes a major risk factor for the development of
PDAC and it is associated with a 7.2 fold increase in the incidence of
the disease [85]. Additionally, it is characterised by extensive organ fi-
brosis and shares many histopathological and molecular similarities
with PDAC, including identical stromal composition [85,86]. Chronic
pancreatic inflammation, as induced by smoking and diabetes can lead
to fibrosis and scarring of pancreatic acini [87]. Exposure of tumour
and stromal cells to high insulin levels is correlated with increased
mitogenesis and stromal proliferation.

4.2. Growth factors

Several growth factors secreted by cancer cells regulate the prolifer-
ation and survival of stromal cells. These include TGF-β, Shh, Wnt
signalling, secreted protein acidic and rich in cysteine (SPARC), PDGF,
FGF, IGF-1, EGF. NGFs, HGF/Met, COX-2, MMPs, neurotrophins, and
EGF. This crosstalk between cancer cells and stromal cells contributes
to tumour angiogenesis, invasion and metastasis.

4.3. TGF-β

TGF-β mediates epithelial cell growth and formation of ECM
proteins and is commonly upregulated in patients with PDAC, being
expressed predominantly in the stroma [88]. TGF-β promotes survival
of cancer cells and contributes to resistance to chemotherapy and radio-
therapy [89,90]. It exerts a paracrine effect inmodulating the stroma via
stimulation of angiogenesis, expression of ECM proteins and immuno-
suppression [91,92]. Transfection of pancreatic cancer cells with TGF-β
induced a rich stromal reaction following orthotopic pancreatic tumour
cell implantation in a nude mouse mode [91]. Furthermore, TGF-β pro-
moted EMT resulting in increased fibrogenesis in TGF-β-producing
human PDAC cell lines [93].

4.4. The extracellular matrix

The ECM provides mechanical support and adherence of cells and
facilitates cell–cell contact and communication. Collagens, glycos-
amminoglycans, glycoproteins, growth factors and proteoglycans,
SPARC, tenascin C, periostin, and thrombospondin are components of
the ECM. Alterations in the expression of ECM components modulate
tumour cell invasiveness and metastastic potential [76–79]. Fibroblast
activation protein (FAP)-α can alter the morphology of fibronectin to
enhance the invasive potential of PDAC cells [94]. Collagens I, III and
fibronectin constitute important components of PDAC stroma and alter-
ations in collagen expression can increase tumour cell proliferation,
migration and survival [95]. Importantly, adherence of PDAC cells to
ECM components, such as collagen, laminin and fibronectin decreases
response to chemotherapy in PDAC [96]. Glycosaminoglycans, like
hyaluronic acid, contribute to vascular collapse and decreased drug pen-
etrability in PDAC [97]. Recent studies have attempted to deplete
hyaluronic acid using the enzyme hyalorunidase. The addition of this
enzyme to gemcitabine enhanced its intratumoural concentration and
improved survival in GEMMs bearing PDAC [98]. This study supported
the crucial role of stroma in mediating chemoresistance in PDAC. Also,
the nerve fibres and release nerve growth factors (NGFs) enhance tu-
mour growth and spread [99,100].

4.5. Pancreatic stellate cells

PSCs resemble fibroblast cells and express various adhesion mole-
cules, such as α-smooth muscle actin (α-SMA), vimentin, and desmin
[101]. They contain vitamin-A-storing lipid droplets in the cytoplasm,
a unique characteristic that is not found in either normal smoothmuscle
cells or fibroblasts [102]. Under normal conditions, PSCs comprise only
3–4% of the normal pancreas volume [102]. PSCs are the master regula-
tors of desmoplasia in PDAC and the main source of ECM in pancreatic
fibrosis. Several studies have shown that PSCs enhance tumour inva-
siveness and aggressiveness [78,103]. Intriguingly, PSCs have been
found in distantmetastases, indicating that PSCsmightmigrate simulta-
neously or even in association with pancreatic cancer cells to form a
favourable microenvironment and enable distant metastatic spread
[104].

Culturing PDAC cells using conditioned media from PSCs led to up-
regulation of the β-galactoside-binding protein galectin-3 in PSCs
[105]. PSCs produce several factors including transforming growth fac-
tor β (TGF-β), platelet-derived growth factor (PDGF), fibroblast growth
factor (FGF), tumour necrosis factor α (TNF-α), interleukin (IL)-1 and
IL-6, activin A, matrix metalloproteinases (MMPs), tissue inhibitor of
metalloproteinases (TIMPs) and cyclooxygenase-2 (COX-2), vascular
endothelial growth factor (VEGFA) and collagen I and reactive oxygen
species [106–112]. These profibrogenic molecules augment PSC activa-
tion and enhance secretion of ECMcomponents via activation of various
signalling pathways, such as themitogen-activated protein kinase [111,
112]. In consequence, these autocrine loops increase deposition of fi-
brotic tissue, resulting in excessive desmoplasia in PDAC [113].

4.6. Fibroblasts

Fibroblasts play a key role in the pancreatic cancer formation and
growth [114]. They are involved in epithelial differentiation, production
of ECM proteins as well as inflammation and wound healing [115].
Fibroblasts express α-SMA, vimentin, desmin and fibroblast activation
protein (FAP) [116]. Accumulating evidences suggests that cancer-
associated fibroblasts (CAFs) interact closely with tumour cells in
PDAC through various factors, such as TGF-β and PDGF [116]. Further-
more, CAFs secrete stromal-cell-derived factor 1 (SDF-1) that results
in the release of serine proteases andMMPs and increased tumour inva-
siveness [117,118]. Similarly, production of hepatocyte growth factor
(HGF) and insulin-like growth factor 1 (IGF1) by CAFs promotes tumour
cell proliferation and migration [116,119]. Co-culture of CAFs with
human PDAC cells enhanced their invasiveness [120]. Moreover, com-
parison of gene expression between humanpancreatic CAFs and normal
pancreatic fibroblasts revealed upregulation of the Hedgehog receptor
Smoothened only in CAFs, whereas co-culture of human PDAC cells
that express Hedgehog with fibroblasts resulted in Gli activation in fi-
broblasts [121,122]. Also, co-culture of CAFs with human PDAC cells
augmented tumour cell survival via upregulation of COX-2 in both cell
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types [120]. These data support the role of CAFs in promoting tumour
cell survival and metastastic spread in PDAC.
4.7. Developmental pathway aberrations

4.7.1. Sonic Hedgehog pathway
The Shh signalling pathway is involved in the development of nor-

mal pancreatic tissue [20]. The Shh ligands and Smo are expressed in
up to 70% of human PDAC tumours but not in normal pancreas [123].
Shh contributes to early and late tumourigenesis and promotes cell mi-
gration and invasion [17,124]. It also increases desmoplasia by modify-
ing the differentiation of PSCs and fibroblasts [125,126]. Indeed,
treatment with Shh enhanced α-SMA expression in fibroblasts and up-
regulated collagen I and fibronectin in a xenograft mouse model [125,
126]. Moreover, Shh enhances tumour growth via a paracrine mecha-
nism, whereby tumour cell-secreted Shh induces hedgehog-target
genes in the surrounding stromal tissue [124].
4.7.2. Wnt pathway
Wnt constitutes one of the major signal transduction pathways

involved in pancreas organogenesis [127]. It utilises β-catenin depen-
dent (canonical) and β-catenin independent (noncanonical) signals to
regulate cell phenotype differentiation, proliferation and migration.
AberrantWnt signalling has been implicated in the development of var-
ious cancers but its role in PDAC remains ambiguous [127]. Pancreas-
specific Wnt/β-catenin activation via CTNNB1 mutations led to the
formation of pseudopapillary tumours but not PanIN or PDAC in a trans-
genic mouse model [128]. Similarly, the p48-Cre; Cttnb1exon3/+; LSL-
KrasG12Dmousemodel that carries both aKrasG12Dmutation and aβ-
catenin stabilizing mutation developed an intraductal tubular-like
tumour but not PanIN or PDAC, indicating that Wnt can, under certain
circumstances, impair Kras-mediated oncogenesis [129]. This possibly
occurs via acinar cell regeneration in response to the Kras-mediated
acinar-to-ductal metaplasia [129].

However, the seminal genomic sequencing study by Jones et al. re-
vealed that one of the 12 core pathways that present genetic alterations
in PDAC is theWnt pathway (Fig. 1) [37]. Also, epigenomic studies have
shown that Wnt pathway genes, such asWNT5A, WNT7A, andWNT9A,
FZD9, SOX1, SOX7, SOX14, and SOX17 are targets of hypermethylation
in PDAC [130]. Additionally, a recent genemicroarraywork demonstrat-
ed increased expression of the Wnt transcriptional activation target
AXIN2 in 15 out of 26 PDAC samples as compared to normal pancreatic
tissue [131].

In contrast to early-stage PanIN lesions, late stage PanIN exhibit pos-
itive nuclearβ-catenin expression in the LSL-Krasmousemodel and nu-
clear and/or cytoplasmic β-catenin is expressed in up to 65% of human
PDAC samples [132–136]. Blockade of Wnt/signalling by β-catenin
shRNA or dominant-negative LEF1 impaired PDAC growth in-vitro
[136]. Furthermore, β-catenin expression increased upon co-culture of
PDAC cells with immortalized pancreatic stellate cells [135]. Kocher
and colleagues showed that treatment with all-trans retinoic acid
(ATRA) induced pancreatic stellate cell quiescence and attenuated
paracrine-mediatedWnt signalling activity through increased secretion
of frizzled related protein in the KPCmousemodel of PDAC [137]. ATRA
increased apoptosis and inhibited tumour growth in the KPC mouse
model [137].

Cumulatively, the above findings indicate that aberrant Wnt signal-
ling occurs in PDAC. However, in contrast to other tumour types, such as
colorectal cancer, the role of the pathway in PDAC initiation and
progression is more diverse. Indeed, the impact of Wnt signalling
deregulation on PDAC pathogenesis appears to be time-dependent. In-
deed, aberration of the pathway at early stages appears to oppose
Kras-mediate tumourigenesis, whereas aberrant signalling in already-
developed PDAC appears to promote tumour progression.
4.8. Depletion of stroma: recent unexpected findings

Although the protumourigenic role of the stromahas been described
in numerous previous studies, until recently there were only limited
options for depleting stromal elements. The Fearon group has previous-
ly identified FAP as a key stroma subset [138]. Elimination of FAP-
expressing cells in a PDAC xenograft model using a KPC cell line en-
hanced immunological control of tumour growth [138]. In that study,
mice had been previously immunized using non-Tg and diphtheria
toxin receptor (DTR) Tg recipients with a mesothelin peptide and
were later treated with the diphtheria toxin (DTX) to deplete FAP-
positive cells The Fearon group also used the same method to assess
the impact of depletion of FAP-expressing cells in normal tissues [139].
Intriguingly, experimental ablation of these cells caused extensive loss
of muscle mass and reduction of haematopoiesis, resulting in cachexia
and anaemia. Notably, elimination of FAP-expressing cells strengthened
response to T-cell checkpoint therapy [140]. Indeed, FAP-expressing CAF
were themain source of the chemokine CXCL12 thatwasmainly located
in pancreatic cancer cells. Blockade of the CXCL12/CXCR4 axis using
AMD3100 resulted in intratumoural T-cell infiltration and remarkable
tumour regression when combined with an anti-PD-L1 inhibitor [140].
These data underline the crucial role of FAP in promoting immune eva-
sion and tumour progression in PDAC.

Hingorani and colleagues identified hyaluronan as a key primary
determinant of the stromal barrier in PDAC [141]. Enzymatic depletion
of hyalyronan using the drug PEGPH20 decreased interstitial fluid
pressure, improved vascular functionality and gemcitabine delivery
and increased survival in a GEMM of PDAC. Although the findings of
this novel approach of stromal targeting were encouraging, two recent
studies examined in detail the impact of depleting the stroma using dif-
ferent strategies and reported unexpected findings in GEMMs of PDAC
[142,143]. In the first study, the authors used transgenic mice of PDAC
to deplete aSMA+ myofibroblasts [142]. Surprisingly, depletion of
these cells resulted in more aggressive, undifferentiated tumours that
were characterised by increase in hypoxia, EMT and cancer stem cell
numbers. These tumours had increased infiltration by FOXP3+ Tregs
indicating an immunosuppressive environment. Immunohistochemical
analysis of resected human PDAC samples showed that patients with
high number of aSMA-expressing myofibroblasts had significantly
better survival compared to patients with low amount of stroma. In-
triguingly, depletion of aSMA+myofibroblasts resulted in enhanced tu-
mour response to anti-CTLA4 but not gemcitabine [142]. In a similar
study, transgenic mice were generated to target the Shh [143]. Knock-
out of Shh decreased the stromal content and also resulted in more ag-
gressive, undifferentiated PDAC tumours with increased vessel density.
Interestingly, targeting VEGFR increased survival in these mice [143].
Altogether, these two studies reported completely unexpected findings
and provided novel insight on the protective role of the stroma against
tumour progression. The phenotypic alterations observed after stromal
depletion highlighted the remarkable plasticity of the PDAC cells.

4.9. Special drug delivery system

PDAC constitutes a characteristic example of abnormal tumour
microenvironment characterised by a chaotic vascular morphology
with low vessel density, immature, leaky, collapsed vessels that result
in hypoxia and poor delivery of chemotherapy agents [144,145]. Vascu-
lar endothelial growth factor (VEGF), the master regulator of tumour
angiogenesis, is commonly upregulated in PDAC and is correlated with
poor disease outcome [146]. Preclinical work has demonstrated that in-
hibition of VEGF receptor reduced growth and angiogenesis in PDAC
[147]. In addition, blockade of VEGF receptor enhanced the cytotoxic ef-
fect of gemcitabine resulting in decreased tumour growth andmetasta-
sis in-vivo [148].

However, targeting the VEGF pathway using novel agents have
failed to produce a survival benefit in the clinical setting [149]. Huber



Fig. 1.Ahuman pancreatic ductal adenocarcinoma (PDAC) contains an average of 63 genetic alterations. These have been assigned to a core set of 12major signalling pathways as revealed
by global genomic analyses of 20.735 genes in 24 human PDAC samples [37]. The incidence of alterations in these 12 pathways is as follows: Kras— 100%, TGF-β— 100%, Sonic Hedgehog
signalling — 100%, Wnt/Notch signalling — 100%, G1/S-phase transition regulation — 100%, apoptosis — 100%, c-Jun N-terminal kinase signalling — 96%, invasion — 92%, DNA damage
control — 83%, homophilic cell adhesion — 79%, small GTPase Ras-independent signalling — 79% and integrin signalling— 67%.
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and colleagues examined the angiogenic switch in PDAC using gene
microarrays [150]. By comparing gene expression between PDAC with
chronic pancreatitis samples, they discovered that the peroxisome
proliferative-activated receptor delta (PPARδ) played a key role in
promoting aberrant angiogenesis. PPARδ overexpressionwas associated
with a more aggressive malignant phenotype characterised by in-
creased recurrence and metastatic spread [150]. Special drug delivery
systems, such as nab-paclitaxel, have been created to facilitate better
drug penetrability into the tumour mass [151,152]. Nab-paclitaxel is a
drug designed to bind to paclitaxel to albumin nano-particles to im-
prove tumour penetrability. In a phase I/II trial, Von Hoff and colleagues
demonstrated improved overall survival in patients with metastatic
PDAC following addition of nab-paclitaxel to gemcitabine, with a re-
sponse rate of 48%. Importantly, SPARC expression in the surrounding
stroma, but not in the intraepithelial compartment, predicted for im-
proved outcome [151,152]. A preclinical study demonstrated the
stroma-depleting ability of nab-paclitaxel [153]. In that work, addition
of nab-paclitaxel significantly decreased the amount of desmoplasia
and increased gemcitabine penetrability by 2.8-fold [153]. Tuveson
and colleagues had previously demonstrated that nab-paclitaxel in-
creases the intratumoural concentration of gemcitabine in GEMMs of
PDAC by blocking cytidine deaminase, a key gemcitabine metabolizing
enzyme [154]. This effect was induced through the enhanced produc-
tion of reactive oxygen species by nab-paclitaxel. Interestingly, SPARC-
deficiency reduced intratumoural concentrations of nab-paclitaxel in a
SPARC-deficient GEMM of PDAC [155].

5. Chemoresistance and radioresistance

Patients with PDAC commonly receive chemotherapy, either in a cu-
rative or palliative intent [156–158]. However, despite the advent of
new agents, such as nab-paclitaxel and the small improvement using
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multiagent regimens, such as FOLFIRINOX, the majority of patients
with PDAC respond poorly to chemotherapy [156]. Several reasons
could be responsible for this outcome. First, patients with PDAC often
have a deficient vascular network that, in conjunction to the extensive
desmoplasia, impairs effective drug delivery to tumour cells [72,80]. In
that context, Tuveson and colleagues have recently demonstrated that
paracrine hedgehog signalling is directly involved in the interplay
between tumour and stromal cells, contributing to treatment failure
[126]. Indeed, the addition of a Shh inhibitor resulted in increased
vascular density and increased the penetrability of gemcitabine that
led to tumour regression. However, this effect was only temporary
and tumours shortly after presented increased stromal amount and
hypovascularity, indicating that PDAC can evade inhibition of this
pathway [126]. Second, cancer cells that developed resistance to
gemcitabine had acquired an EMT phenotype, characterised by growth
of pseudopodia, spindle-like shape, decreased E-cadherin and increased
vimentin expression in associationwith upregulation of Notch-2 and its
ligand, Jagged-1 [159,160]. These data are consistent with the notion
that Notch signalling pathway directly mediates the acquisition of the
EMT and cancer stem-like-cell phenotype. Notch signalling suppression
resulted in partial reversal of the EMT phenotype with mesenchymal–
epithelial transition (MET) and downregulation of vimentin, Slug,
Snail and ZEB1 [160].

Third, antiapoptotic mechanisms can decrease chemotherapy effica-
cy. In an elegant study by Neese et al., blockade of cytidine deaminase
resulted in increased levels of gemcitabine in murine PDAC tumours
but, unexpectedly, this increase failed to delay tumour regrowth [161].
On the other side, inhibition of the connective tissue growth factor by
FG-30190 enhanced cell killing without increasing intratumoural pene-
trability by gemcitabine. This effect was associated with a downregula-
tion of the X-linked inhibitor of apoptosis protein (XIAP), a factor
known to mediate chemotherapy resistance [161]. Notably, a recent
study indicated that YAP was upregulated in human PDAC, whereas
YAP deletion prevented the progression of preneoplastic lesions to
PDAC [162]. YAP functioned downstream of the Kras-MAPK pathway
and was necessary for Kras-mediated proliferation of pancreatic cancer
[162].

Fourth, PDAC cells often have deregulated cellular transport proteins
that can compromise uptake of chemotherapy agents by tumour cells.
The human equilibrative nucleoside transporter 1 (hENT1) is the prima-
ry transport protein that facilitates bidirectional transport of pyrimidine
nucleosides, including gemcitabine, into cancer cells [163]. Several
clinical reports have indicated that hENT1 is a predictive marker for
pancreatic cancer patients treated with gemcitabine [164]. The expres-
sion of hENT-1 protein varies widely in human PDAC and patients
with strong hENT-1 intratumoural expression presented better out-
come, most likely due to differential gemcitabine uptake. Greenhalf
et al. recently assessed thepredictive value of hENT-1 in patients treated
as part of the European Study Group for Pancreatic Cancer (ESPAC)-3
phase 3, randomized controlled trial that compared the outcome be-
tween adjuvant gemcitabine and 5-FU after resection of PDAC [165].
In line topreviousfindings, patientswith low/absent hENT-1 expression
had worse outcome after gemcitabine chemotherapy and the authors
suggested that these patients should be treated with 5-FU or other
agents [165].

Additionally, the SCALOP phase II trial compared capecitabine-
with gemcitabine-based radiotherapy after 12 weeks of induction
chemotherapy in patients with locally advanced PDAC. The median
overall survival favoured capecitabine over gemcitabine (15.2 months
vs 13.4 months; p = 0.012) and the gemcitabine group was associated
with significantly higher toxicity [166]. Although this important study
suggested that capecitabine might be a better option for treating
PDAC with radiotherapy, the reasons for this outcome remain unclear
[158]. Jodrell and colleagues examined the effect of capecitabine and
gemcitabine in preclinical models of PDAC. Capecitabine-induced
tumour growth delay was comparable to gemcitabine but their
combinationwas associated with increased gastrointestinal toxicity. In-
triguingly, in contrast to gemcitabine that is characterised by impaired
delivery due to the desmoplastic stroma in in situ KPC tumours [167],
the concentrations of 5-FU were equivalent in both the KPC allograft
and the in situ tumours after treatment with capecitabine [168]. This
important observation indicated that oral dosing might, through ex-
tended systemic exposure, result inmore sustained delivery and satura-
tion in tissue compartments.

Although there is controversywith regard to the role of radiotherapy
in PDAC, it becomes increasingly recognised that even patients with
borderline resectable or primarily resectable tumours need multimodal
treatment including chemotherapy and/or radiotherapy to enhance re-
sectability and decrease local recurrence [169–171]. Functional imaging
and modern planning methods have the potential to further improve
the accuracy of radiotherapy and facilitate dose escalation to improve
local control [172–174].

Regarding the biological response to radiotherapy, co-culture of
cancer cells with irradiated pancreatic fibroblasts increased the inva-
siveness and aggressiveness of PDAC cells [175]. In that work, culturing
of tumour cells using conditioned media from irradiated fibroblasts led
to phosphorylation and activation of c-Met and MAPK. In a different
study by Brunner and colleagues, PSCs conferred radioprotection to tu-
mour cells and increased their growth both in vitro and in vivo [176].
The same group has previously demonstrated that patients with non-
resectable PDAC and high stromal SPARC expression had significantly
worse survival after chemoradiation compared to patients with low
SPARC expression [177]. This occurred in a β1-integrin-dependent
manner as targeting integrin significantly improved response to radio-
therapy. In a similar study, PSCs conferred a cancer stemcell-like pheno-
type to PDAC cells, upregulated the expression of several EMT markers
and increased their radioresistance that was reversed by a TGFβ
neutralizing antibody [90]. A recent work showed that the ataxia-
telangiectasia group D-associated gene (ATDC) protein is commonly
expressed in human samples of PDAC and confers radioresistance
following ATM-mediated phosphorylation by the MAPKAP kinase 2
[178]. In addition, Li et al. examined the role of CD44, a surface marker
for tumour-initiating cells, in PDAC. CD44 overexpression predicted
for worse survival in patients with PDAC, whereas blockade of CD44
using an antibody reduced tumour growth, metastatic spread and re-
currence following irradiation in a mouse model of PDAC [179]. This ef-
fect was mediated by stem cell genes, such as Nanog, Sox-2 and Rex-1,
and the signal transducer and activator of transcription 3 (STAT3)
[179]. Wei et al. performed an siRNA library screen to discover novel
radiosensitizers in PDAC cells [180]. Inhibition of PPP2R1A, a scaffolding
subunit of protein phosphatase 2A (PP2A) resulted in radiosen-
sitisation of PDAC cells in-vitro and in-vivo by altering CDC25C/CDK1
and inhibiting homologous recombination repair [180]. Our group
recently examined the potential of ATM-Rad3-related (ATR) inhibi-
tion in sensitising PDAC cells to radiation. Blockade of ATR using two
novel inhibitors, VE-821 and VE-822, resulted in profound radio- and
chemoradiosensitisation of PDAC cells with minimal toxicity in normal
cells and a murine abdominal irradiation model [181,182]. Similar
radiosensitisation studies have been reported byMorgan and colleagues
following combination of radiation with Chk1 inhibitors in PDAC cells
and xenograft models [183,184].

Moreover, immunohistochemical analysis of hypoxia inducible
factor-1alpha (HIF-1alpha) expression in n = 48 samples of human
PDAC revealed nuclear and stromal HIF-1alpha expression in 88% and
43%, respectively [185]. Blockade of HIF-1alpha by the novel agent PX-
478 reduced vascular volume fraction and permeability and enhanced
the response of PDAC xenografts to radiation and chemoradiation
[185]. Furthermore, targeting EGFR using the inhibitors cetuximab and
erlotinib blocked phosphorylation of Akt and EGFR and enhanced
gemcitabine-based chemosensitisation in a xenograft mouse model of
PDAC [186]. The human immunodeficiency virus protease inhibitors
can sensitize tumours to irradiation by blocking Akt signalling [187]. A
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phase I trial testing the combination of nelfinavir and gemcitabine/
cisplatin-based chemoradiotherapy in n = 12 patients with locally ad-
vanced PDAC showed promising results as 5 of the 9 patients that re-
ceived PET-CT presented complete response, whereas the toxicity was
acceptable [188].

An elegant study by Klug et al. showed that low-dose irradiation
(LDI) can improve vascular morphology and facilitate, either directly,
or following ex-vivo transfer, a CD8+ T-cell-mediated rejection of
pancreatic cancer in different mouse models [189]. In that report, LDI-
mediated reprogramming of macrophage differentiation was mediated
by the inducible nitrogen oxide synthase (iNOS) and led to endothelial
activation and expression of cytotoxic chemokines as well as suppres-
sion of proangiogenic and immunosuppressive factors. Examination of
human samples of PDAC from patients that received preoperative che-
moradiotherapy revealed increased numbers of iNOS+ macrophages
and CD8+ T cells, and improved vascular morphology [189]. Altogeth-
er, this important work highlighted the potential of radiotherapy in en-
hancing the effect of immunotherapies.

6. Pancreatic ductal adenocarcinoma metabolism

PDAC is characterised by alteredmetabolism that facilitates survival
of malignant cells in conditions of nutrient and oxygen deprivation. Tu-
mours present a close link between oncogenic addiction and alterations
inmetabolic cascades [190], whereby Kras activation appears to orches-
trate the metabolic reprogramming in PDAC. Otto Warburg observed
that, even under normoxia, cancer cells predominantly utilize aerobic
glycolysis rather thanmitochondrial oxidative phosphorylation of pyru-
vate as an energy source [191–193]. Several enzymes of the glycolytic
pathway are overexpressed in PDAC, including lactate dehydrogenase
A and B (LDHA, LDHB), hexokinase 2 (HK2), pyruvate dehydrogenase
kinase isozyme 1 (PDK1), pyruvate kinasemuscle (PKM), glucose trans-
porter 1 (GLUT1) andmonocarboxylate transporters 1 and 4 (MCT1 and
MCT4) [194–198]. Hypoxia led to the glycolytic switch of PDAC cells to
lactate production and the activation of hexosamine biosynthesis to
promote tumour growth [194]. Blockade of LDHA by siRNA or the
novel inhibitor FX11 impaired glycolysis, reduced ATP production, in-
duced oxidative stress and suppressed tumour growth in a mouse
model of PDAC [199]. Goldberg et al. combined farnesylthiosalicylic
acid (FTS), an inhibitor of Ras, with the glucose analogue 2-deoxy-D-
glucose (2-DG) that blocks glycolysis, in a xenograft model of PDAC.
The two drugs additively blocked proliferation, whereas a synergistic
apoptotic effect and tumour growth delay was observed [200].

In a recent elegant study, DePinho and colleagues conducted
transcriptomic and metabolomic analysis using a Kras mouse model of
PDAC [201]. Importantly, Kras activation promoted uptake of glucose
and shunting into glycolysis, hexosamine and pentose phosphate path-
way (PPP) biosynthesis. Kras augmented ribose biogenesis through the
nonoxidative arm of PPP, whereas its inactivation led to rapid tumour
regression. Interestingly, inactivation of Kras did not alter the glucose
flux into the oxidative arm of the PPP and the TCA cycle. The results of
that study were unexpected as, in contrast to the current notion that
generation of non-oxidative mediators is coupled with the generation
of oxidative mediators, it showed that Kras bypasses the oxidative
NADPH biosynthesis and is connected to the nonoxidative PPP phase
and DNA biosynthesis [201].

Glutamine is an important source of carbon for the TCA and also
provides nitrogen for the generation of amino acids, nucleotides and
nicotinamide. Glutamine is converted to α-ketoglutarate, either via
oxidative deamination that is catalyzed by the glutamate dehydroge-
nase (GLUD1), or though transamination by transaminases [193]. Son
et al. revealed that PDAC cells use a non-canonical glutamine (Gln)
metabolism pathway to convert glutamine-derived aspartate into oxa-
loacetate [202]. In turn, oxaloacetate can generate malate and pyruvate
to increase NADPH levels and maintain the cellular redox state via
generation of reduced glutathione. This metabolic reprograming was
regulated by Kras, whereas blockade of the genes along this metabolic
pathway resulted in tumour regression [202]. Viale et al. recently dem-
onstrated that Kras inactivation does not eliminate all cells in PDAC
[203]. Indeed, a subpopulation of dormant PDAC cells survived and
were characterised by more active mitochondrial respiration, impaired
glycolysis, activated autophagy and decreased dependence on glycoly-
sis. Importantly, blockade of oxidative phosphorylation efficiently
blocked the spherogenic and tumourigenic potential of PDAC cells,
highlighting the combination of Kras and oxidative phosphorylation in-
hibition as a promising method to avoid tumour recurrence following
regrowth of these dormant cell subpopulation [203].

Autophagy (otherwise known as macroautophagy) is a catabolic
process of cytoplasmic organelles andmacromolecule degradation. Par-
adoxically, autophagy can have both pro- and antitumourigenic role in
cancer progression [204]. In PDAC, Kimmelan and colleagues have
shown that autophagy is required for the growth of xenografts and
GEMMs, as genetic (ATG5 depletion) or pharmacologic (chloroquine)
blockade of autophagy suppressed tumour growth via decreased oxida-
tive phosphorylation, and reactive oxygen species production that en-
hanced DNA damage [205]. However, Ryan and colleagues recently
raised concerns regarding the role of autophagy in PDAC [206]. In that
work, deletion of the key autophagy mediators Atg5 and Atg7 demon-
strated accumulation of low-grade PanIN, whereas tumour progression
to PDAC was suppressed. Remarkably, Kras-driven tumours with p53
deficiency presented accelerated tumour growth following genetic au-
tophagy loss and targeting of autophagy using hydroxychloroquine
[206]. Due to the findings on autophagy inhibition in mice with homo-
zygous Trp53 deletion, the Kimmelman group employed a Trp53 LOH
mouse model and patient-derived xenografts with either p53 wild
type or loss. Autophagy blockade resulted in tumour growth suppres-
sion, independently of the p53 status [207]. These contradictory reports
could be attributed to the differentmousemodels used and hencemore
research is needed to better elucidate the impact of autophagy inhibi-
tion in PDAC.

7. Circulating tumour cells in pancreatic ductal adenocarcinoma

PDAC is characterised by frequent and early dissemination of the
disease. PDAC commonly develops metastases to the liver, lung and
skeletal system, indicating that PDAC cells have the ability to intravasate
and spread through the circulation to distant organs. Circulating tumour
cells (CTCs) are cells that have detached from the primary tumour and
entered the blood circulation [208,209]. CTCs have been described in
several tumour types. CTCs enter the circulation either by direct cancer
cell shedding from the primary tumour or via the active process of EMT.
Interestingly, disparities between CTCs, primary tumours cells and cells
from distant metastases have been described and heterogeneity has
been observed among the CTCs' population [208,209]. This could be at-
tributed to themode of CTCs' dissemination (passive vs active). In addi-
tion, CTCs can originate from both the primary tumour and distant
metastases that could also contribute to the heterogeneity of the CTCs'
population. Remarkably, it has been estimated that as few as 0.01% of
CTCs survive to give rise to distant metastases, as most of CTCs die.

Although several methods have been developed for the detection of
CTCs, themost common technique involves theuse of immunomagnetic
enrichment of CTCs expressing EpCAM in combinationwith immunocy-
tochemical labelling of CD45+ leukocytes and epithelial cells, such as
cytokeratins 8, 18 and 19 (CK 8, 18 and 19) [208,209]. The first study
on CTCs in PDAC was reported by Chausovsky and colleagues [210]. In
that work, cytokeratin 20 mRNA was used to detect CTCs in 28 patients
with PDAC. Nested RT-PCR revealed detection of CK20 in 79% of pa-
tients. Since then, several groups have investigated the presence of
CTCs in peripheral blood of patients with PDAC and correlated the find-
ingswith the clinical outcome. In a large study, Soeth et al. examined the
prognostic role of CK20-positive CTCs in bone marrow and blood from
172 patients with PDAC that received resection at various stages of the
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disease (Stages I–IV) [211]. CTCs were detected in 33% of patients with
CK20-positive cells in blood samples and correlated with significantly
worse overall survival (17.9 months vs 26.1 months; p= 0.05). In a co-
hort of 20 patients that received curative resection for pancreatic cancer,
Mataki et al. examined the prognostic value of CTCs by obtaining blood
at the baseline and then every 3 months post-operatively [212]. Nested
RT-PCR for carcinoembryonic antigen (CEA) mRNA expression revealed
CEAmRNA-positivity in six (30%) patients during follow-up analysis, of
which five presented early disease recurrence (p= 0.007). By using the
CellSearch system to study CTCs in 26 patients with PDAC, Kurihara
et al. showed that eleven (42%) patients had CTCs in peripheral blood
that correlated with significantly reduced overall survival (p b 0.001)
[213]. In a similar work, Albuquerque et al. used qRT-PCR for several
markers, including CK19, MUC1, EpCAM, CEACAM5 and BIRC5 to detect
CTCs in 34 patients with PDAC [214]. In total, 16 (47.1%) patients
showed positivity for at least one marker that was correlated with sig-
nificantly worse progression-free survival (p = 0.01). The recent
LAP07 multicenter randomized study assessed the outcome of patients
after treatment using induction chemotherapy followed by chemora-
diotherapy [215]. Analysis of a subgroup of patients (n = 79) revealed
CTCs in 5% and 9% before and 2 months after treatment, respectively.
CTCs-positivity correlated with worse overall survival in multivariate
analysis (p = 0.01) [215].

Interestingly, some studies have failed to detect a prognostic role for
CTCs in PDAC. In a large study in 105 patients with PDAC, CTCs were
found in 3 patients with resectable tumours (9%) and in 24 patients
with unresectable tumours (33%) [216]. However, CTCs failed to dem-
onstrate prognostic significance for disease progression (p= 0.08). Ser-
geant et al. used qRT-PCR to analyse EpCAM in blood and peritoneal
cavity samples from 40 and 8 patients with resectable and unresectable
PDAC, respectively [217]. Interestingly, surgery resulted in increased
EpCAM-positive CTCs in peripheral blood samples that decreased
1 day after surgical resection. EpCAM was positive in 10 (25%) and 27
(67.5%) patients preoperatively and immediate after surgery, respec-
tively (p b 0.0001), whereas CTCs were found in only 23.5% six weeks
postoperatively. However, CTCs failed to predict for either cancer-
specific survival (p = 0.17) or disease-free survival (p = 0.28).

Several issues need to be addressed before routine implementation
of CTCs in diagnosis and management of patients with PDAC. First, the
heterogeneity observed in CTCs poses a major challenge [218]. It cur-
rently remains unclear whether and at which stage of the disease
CTCs stem from the primary tumour and/or overt metastases. Second,
the potential of CTCs in detecting early disease in PDAC remains to be
validated. In an elegant study, Rhim et al. showed that pancreatic cancer
cells with a mesenchymal phenotype and stem cell properties had
spread into circulation and the liver already before the formation of
the primary pancreatic tumour but clinical evidence is currently lacking
[219]. Third, the potential of CTCs to guide therapy in PDAC remains to
be confirmed [220]. CTC genotyping and phenotyping and analysis of
circulating DNA have been recently explored in blood samples from pa-
tients with PDAC [221] but there is currently lack of information on the
CTCs' genetic alterations following conventional chemotherapy and
radiotherapy.

8. Inflammation in pancreatic ductal adenocarcinoma

Tumour progression from PanIN to invasive PDAC is associated with
changes in the inflammatory micromileu. Tumour-associated macro-
phage (TAMs) infiltration increases early in PDAC formation, whereas
neutrophils are abundant in PanIN lesions, being sporadic in invasive
PDAC. TAMs have also high phenotype plasticity and can be either
anti-tumourigenic (M1) or pro-tumourigenic (M2) TAMs that enhance
angiogenesis and suppress adaptive immunity [222]. The switch from
the M1 to the M2-phenotype is achieved by polarization in response
to various signals, such as the cytokines IL-10 and TGF-β that stem
from tumour and immune cells [222]. Varying quantities of T cells
are present within both PanINs and PDAC [223,224]. Clark et al. showed
that human PDAC is increasingly infiltrated by T regulatory cells (Tregs)
and Th2 cells, over the course of disease progression from preinvasive
lesions to PDAC, whereas cytotoxic T lymphocytes (CTL) decreased
over time [224]. MDSCs constitute immature myeloid cells that sup-
press both innate and adaptive immunity by promoting cysteine se-
questration, arginase overexpression, increased formation of reactive
oxygen species and secretion of TGF-β [225]. These result in blocking
of T and NK cell function. In preinvasive lesions, effector T cells were
scarce and MDSCs were abundant. This close correlation between the
presence of MDSCs and the absence of tumour-infiltrating effector T
cells highlights the progressive accumulation of immunosuppressive
cells in PDAC [223,224].

Neutrophils are recruited into tissues by CXCR2-mediated chemo-
kine signalling and have the ability to remodel the tumour microenvi-
ronment. Fridlender et al. demonstrated that neutrophils show
plasticity in PDAC [226]. Indeed, inhibition of TGF-β was associated
with an anti-tumour neutrophil phenotype called N1-neutrophils
[226]. PDAC exhibited strong infiltration by immunosuppressive
MDSCs that can differentiate into macrophages and neutrophils. Inter-
estingly, there is evidence that MDSCs of splenic origin can differentiate
into a pro-tumourigenic neutrophil phenotype called N2-neutrophils.
Kras oncogene activation stimulated granulocyte macrophage-colony
stimulating factor (GM-CSF) that attracted MDSCs and suppressed
CTL functionality, promoting tumour growth. Blockade of GM-CSF
preventedMDSCs recruitment to the tumourmicromileu and facilitated
inhibition of tumour growth by infiltrating CTL cells. Conversely, CTL
depletion rescued tumour growth [227,228]. In addition, neutrophils
activated, via production of reactive oxygen species, the NF-κB signal-
ling pathway to induce an inflammatory response and enhance PDAC
growth [229].

Improved outcome has been described in patients with high infiltra-
tion of CD8+ cytotoxic T cells. In line with this finding, strong tumour
infiltration by CD8+ T cells predicted for better outcome in patients
with PDAC, whereas CD8+ T cells could be detected both in the circula-
tion and bone marrow of these patients [230]. Conversely, progression
of precursor lesions to PDAC was correlated with decrease in the num-
ber of CD8+ effector cells, impaired function of circulating CD8+ T
cells and increase in Tregs tumour infiltration [231,232].

Paradoxically, blockade of the Toll-like receptor 4 (TLR4) signalling
promoted dendritic cell-mediated recruitment of T helper 2 (Th2)
CD4+ cells thatwas associatedwith increased pancreatic inflammation
and tumour progression [233]. PDAC presented increased expression of
the Toll-like receptor 7 (TLR7) compared to normal pancreas. TLR7
ligation led to activation of the STAT3 and NF-κB pathways that
increased tumour growth in amurine PDACmodel [234]. Mice deficient
in TLR7 in their inflammatory cells did not show tumourigenesis,
whereas TLR7 inhibition protected against tumourigenesis [234].
Furthermore, STAT3 often upregulated in PDAC and experimental stud-
ies in GEMMs with Kras activation showed STAT3 activation after
pancreatitis-induced damage to the pancreatic acini [235,236]. STAT3
deletion resulted in decreased infiltration by CD45+ cells and down-
regulation of cytokines, including IL-6, and decreased inflammation-
induced formation of PanIN. Notably, IL-6wasmainly expressed in infil-
trating macrophages and serum IL-6 levels were significantly increased
in patients with PDAC [235,236].

A recent elegant work revealed that Kras activation upregulated IL-
17 receptors on PanIN cells and promoted immune cell infiltration and
acceleration of PanIN to PDAC formation [237]. Blockade of the IL-17 sig-
nalling prevented PanIN formation and progression to PDAC. Further-
more, a large PDAC cell line screening study revealed increased
sensitivity of STAT3-expressing cells to a JAK2 inhibitor [238].

NF-κB contributes to PDAC formation by inducing a chronic inflam-
matory reaction. Stimulation of NF-κB by TNF-a resulted in activation
of several molecules, including IL-6, cyclin D1 and c-Myc. NF-κB pro-
moted the release of Shh by TAMs [239]. Activation of NF-κB occurred
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in response to IL-1a release from tumour cells to promote invasion and
formation of livermetastases [240]. This phenomenonwasmediated by
the IKK2/β andwas reversed after NF-κB blockade in an orthotopic Kras
mutated PDAC model. Similarly, genetic inactivation of NF-κB in a
GEMM model prevented formation of PDAC over a period of 1 year
[61]. Thiswas associatedwith lack of the inflammatory infiltrate typical-
ly seen inNF-κB activated GEMM(Pdx1-Cre; KrasG12D/+; IKK2/Bfl/) of
PDAC, including infiltration by macrophages and neutrophils.

CXC chemokines display pleiotropic effects in mediating immune
response, angiogenesis, and metastases and deregulation of CXC
chemokines occurs in late-stage PDAC [241,242]. The CXCR2 ligand,
CXCL5, is overexpressed in patients with PDAC and is significantly cor-
related with advanced disease stage and poor outcome [241,242].
CXCR2-knockout mice harbouring PDAC presented impaired recruit-
ment of endothelial progenitor cells from bone marrow that resulted
in decreased angiogenesis and tumour growth. Hiraoka et al. showed
that the chemokine (C-X-C motif) ligand 17 (CXCL17) mediated
intratumoural infiltration of immature dendritic cells, while the inter-
cellular adhesion molecule (ICAM2) facilitated CD8+ cell-mediated
cytotoxicity and tumour cell killing [231]. Interestingly, during
tumourigenesis progression fromprecursor lesions to PDAC, downregu-
lation of CXCL17 and ICAM2 tempered immune response that led to
immune tolerance [231]. Furthermore, blockade of TGF-β receptor II in
a mutant Kras mouse model resulted in an aggressive disease pheno-
type with increased secretion of CXCL1 and CXCL5 ligands [241]. Of
note, CXCR2 expression was higher in stromal fibroblasts compared to
epithelial cells, whereas signalling attenuation using a CXCR2 inhibitor
decreased vessel density and improved survival in tumour-bearing
mice.

9. Immune therapy in pancreatic ductal adenocarcinoma

During the last decade, there has been a progressively increased in-
terest in studying the therapeutic potential of immune therapy in PDAC
[243]. The concept of cancer immunoediting has added to the better un-
derstanding of how the host immune systemdetermines tumour fate in
three distinct phases, by sculpting the immunogenicity of cancers [244].
During the first phase, elimination, transformed cells are destroyed by a
competent immune system. Both the innate and the adaptive immune
system protect against tumourigenesis and identify and kill cancer
cells using cancer immunosurveillance. For that purpose, the orchestra-
tion of the antitumour immune response by various types of immune
cells, such as cytotoxic CD8 T cells, T helper-1 (Th1) cells, NK cells, ma-
ture dendritic cells (DCs) and activated pro-inflammatorymacrophages
(M1) is crucial. In the second phase, sporadic cancer cells that have
managed to evade immune destruction enter equilibriumwhere editing
occurs. Finally, in the third phase of escape, malignancies present a
highly immunosuppressive microenvironment that promotes tumour
progression, whereby tumour cells high-jack the immune system
[244]. Indeed, the interference with MHC class I peptide presentation
in conjunction with the activation of tolerance-inducing molecules
and cytokines, including PD-L1, IL-10, TGF-beta, VEGF, to name a few,
result in recruitment of Tregs,MDSC, TAMs and fibroblasts aswell as ac-
quirement of a T helper cell type 2 phenotype (Th2) [245]. These lead to
immune suppression and enable growth of PDAC. Belowwe discuss the
function of the different immune cells that mediate tumour progression
in PDAC and the evidence on the different immune therapies used in
PDAC.

9.1. Tregs

T-regulatory cells (Tregs) are FOXP3 + CD4 + CD25+ cells [246].
Under normal circumstances, Tregs are essential for the prevention of
auto-immune disease, via expression of CTLA-4 and secretion of TGF-b
and IL-10. In malignancies, Tregs lead infiltrate tumours at increased
numbers and lead to immunosuppression [246]. In human PDAC,
increased numbers of Tregs in the tumour and the circulation are asso-
ciated with increased risk of disease recurrence after surgery [232,247].

9.2. Dendritic cells

Dendritic cells (DCs) are key regulators of the anti-tumour immune
response [248]. Similarly to macrophages, they are member of the
antigen-presenting cell (APC) family and express MHC class II. Under
normal conditions, this enables presentation of antigenic peptides to
CD4+ T cells. Through internalization and degradation of tumour anti-
gens, they facilitate their presentation, via MHC class I and II molecules,
to CD4+ and CD8+ T cells, respectively [248]. In malignancies, includ-
ing PDAC, DC maturation and survival are compromised [249]. Also, the
presence of DCs in the tumour mass or in the blood circulation predicts
for improved survival in patientswith PDAC [250]. However, other stud-
ies have suggested that DCs might have a protumourigenic effect. For
example, Ochi et al. recently demonstrated that DCs mediated the
protumourigenic impact of MyD88 blockade to activate pancreatic
antigen-restricted Th2-deviated CD4+ T cells and accelerated the tran-
sition from pancreatitis to PDAC [233].

9.3. Natural killer cells

Natural killer (NK) cells and natural killer T (NKT) cells constitute
subsets of lymphocytes that present functional and phenotypical
similarities [243,251]. Through the secretion of cytokines, such as
interferon-γ (IFN-γ), they participate in adaptive antitumour immune
response. In PDAC, NK cell activity is decreased and the levels of the
NK cell activating receptor NKG2D are reduced, whereas increased
levels of NK cells in blood circulation is correlated with better outcome
in the clinical setting [252,253].

9.4. T cell activation

Activation of T cells involves a series of complex immune ligand–
receptor interactions [254]. Stimulation of CD8+ and CD4+ T cells oc-
curs via APC-mediated presentation of antigenic peptides on MHC class
I and II molecules, respectively, to the T cell receptor (TCR). Activation
of T cells requires the presence of co-stimulatory receptors, including
CD40, CD28, OX40 and 4-1BB. This activation is inhibited by receptors
such as CTLA-A and programmed death 1 (PD-1) that are expressed on
the surface of T cells. This inhibition of T cells occurs via binding to their
corresponding ligands CD80/CD86 and PD-L1/PD-L2, respectively [254].

PD-1 is often overexpressed in PDAC and impairs CTL infiltration,
leading to tumour growth and poor outcome [255,256]. In contrast,
high expression of CD40 and CD40L in tumour cells predicts for good
prognosis in patients with PDAC [257]. Similarly, the presence of the
immune inhibitor ligand B7-H33 is associated with improved prognosis
in PDAC. CD40 is amember of the tumour necrosis factor (TNF) receptor
superfamily member and plays a key role in T-cell-dependent anti-
tumour immunity [258]. In a seminal study by Vonderheide and col-
leagues, addition of a CD40 agonist antibody to gemcitabine resulted
in tumour regression in some patients with surgically incurable PDAC
[259]. Preclinical work by the same group surprisingly showed that tu-
mour regression required macrophages but not T-cells or gemcitabine
to induce regression in a GEMMof PDAC. Tumours exhibited rapid infil-
tration by CD40-activated tumouricidal macrophages that led to stro-
mal depletion [259]. A recent phase I trial in n = 22 patients with
advanced PDAC using the CD40 agonist CP-870,893 in combination
with gemcitabine showed good tolerance and led to antitumour activi-
ty [260].

9.5. Blockade of immune checkpoints

Tumours resist immune attack by expressing ligands that engage in-
hibitory receptors and compromise T-cell functions. Several preclinical
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and clinical studies have indicated that blockade of immune check-
points can significantly augment antitumour immunity. Strategies
targeting these checkpoints include inhibitors of the receptor–ligand
interaction on T-cells and tumours, such as blocking monoclonal anti-
bodies to cytotoxic T-lymphocyte associated protein-4 (CTLA-4) and
the programmed cell death 1/programmed cell death 1 ligand 1 (PD-
1/PD-L1) receptor/ligand pair [261]. Treatment of 14 patients with
PDAC with a novel anti-PD-L1 antibody showed no response in any of
the patients [262]. Similarly, in a phase II trial in 27 patients with locally
advanced or metastatic PDAC, the anti-CTLA-4 agent ipilimumab was
ineffective as no response was observed [263].

The DeNardo group has shown that targeting TAMs and monocytes
by blocking the myeloid cell receptors colony-stimulating factor-1
receptor (CSF1R) or chemokine (C-C motif) receptor 2 (CCR2) reduced
tumour-initiating cells (TIC) in pancreatic tumours, inhibitedmetastatic
spread and increased tumour infiltration by cytotoxic CD8+T-cells that
enhanced response to chemotherapy in different mouse models of
PDAC [264,265]. The same group demonstrated that CSF1R blockade
upregulated PD-L1 and CTLA4 that can limit its therapeutic potential
[266]. Notably, combination of CSF1R blockade with PD1 and CTLA4 an-
tagonists led to tumour regression, even in large tumours in a mouse
model of PDAC, indicating the potential of combining inhibitors of my-
eloid cell recruitment with T cell checkpoint inhibitors.

9.6. Soluble immunosuppressive factors

Indoleamine 2,3-dioxygenase (IDO) catabolizes tryptophan into
kynurenin and is upregulated in PDAC [267,268]. Tryptophan is neces-
sary for T cell activation and its depletion led to impaired T cell function
thatwas paralleled by stimulation of Tregs development. Another group
of soluble immunosuppressors, galectins, were found to be upregulated
in PDAC [269]. They induced IL-10 production in Tregs and promoted a
Th2 cytokine profile. Although Galectin-1 is expressed in both tumour
and stellate cells in PDAC and has been correlated with advanced dis-
ease stage, its predictive value remains unclear as increased expression
of Galectin-1 has been reported in PDAC patientswith long-termsurviv-
al [269,270].

9.7. Anticancer vaccines in pancreatic ductal adenocarcinoma

During the last decade, therehas been an intensive effort towards the
development of novel vaccine therapies for cancer (Table 1) [271–273].
Vaccine therapy includes the administration of compounds that contain
a tumour-expressing antigen. The purpose is to activate and multiply
dormant tumour-specific T cells and/or to strengthen the natural ability
of immune cells to recognize and destroy malignant cells. Several
tumour antigens haven been proposed for the development of vaccines
in PDAC. These include mutated proteins that are only present in PDAC
cells, such as the mutated Kras oncogene, or proteins that are over-
expressed in tumour tissues, including mesothelin, MUC-1, CEA,
Wilms tumour gene (WT-1) and VEGF-R. Methods of administration in-
clude peptide fragments, whole proteins, DNA or RNA.

The first peptide-based vaccine tested in clinical studies usedmutat-
ed Kras as a target [274]. Kras is a promising target as its mutant form is
only expressed in tumour but not normal cells that offers tumour selec-
tivity to the vaccine therapy. In a phase I/II trial, vaccination using mu-
tated Kras led to immune response in 2 out of 5 patients [275]. In a
similar phase I/II trial usingKras-derived synthetic peptides in combina-
tion with GM-CSF in 48 patients with advanced PDAC, peptide-specific
immunoresponse was observed in 58% of cases, whereas responders
to vaccination showed a significantly increased median survival com-
pared to non-responders (148 vs 61 days; p=0.0002) [276]. In a differ-
ent study, a 21-mer epitope that encompassed the patient-specific Kras
mutation was administered monthly for in total 3 months in patients
with PDAC following surgical resection [277]. Intradermal GM-CSF
was administered as well. The median survival was 20.3 months and
the vaccine was well-tolerated.

Weden et al. reported the 10-year follow-up data of post-operative
vaccination with long synthetic mutant Kras peptides (CTN-95002 and
CTN-98010) in 23 patients with PDAC treated as part of two Phase I/II
trials [278]. The data of twenty patients were available and 85% of
those showed immunologic response to the vaccine, with amedian sur-
vival of 28months. Importantly, the 10-year survival was 20% versus 0%
in patients that did not receive the vaccine, highlighting the therapeutic
potential of Kras vaccination as a promising adjuvant therapy in patients
with PDAC.

MUC-1 is a glycoprotein located in cell membrane and contributes to
PDAC growth and metastasis by promoting EMT. Interestingly, MUC-1
can induce CD8+T cell responses and production of anti-MUC antibod-
ies to result in improved survival [279]. In a large phase III trial in 255
patients with metastatic PDAC, vaccination consisting of a vaccinia
virus expressing CEA andMUC1 (PANVAC-V) showed no survival bene-
fit compared to gemcitabine-based chemotherapy [280].

Gilliamet al. tested the antigastrin immunogenG17DT in 79patients
with advanced PDAC that were unsuitable for chemotherapy [281]. Sev-
enty five patients received a placebo. Immune responders showed bet-
termedian survival compared to non-responders or patients on placebo
(median survival, 176 vs 63 vs 83 days, p = 0.003) and the vaccine was
well-tolerated [281].

In a phase 2 trial, Hardacre et al. examined the efficacy of
algenpantucel-L in combination with chemoradiotherapy in n= 70 pa-
tients with PDAC in the adjuvant setting [282]. Algenpantucel-L is an al-
logeneic PDAC vaccine generated by genetic engineering. It is composed
of two human PDAC cell lines (HAPa-1 and HAPa-2) that have been
designed to express αGal via a retroviral transfer of the murine αGT
gene. The vaccine had a safe toxicity profile, whereas the 12-month
disease-free survival and overall survival were 62% and 86%, respective-
ly [282]. A phase III study is currently underway.

Although less well explored, Wilms tumour gene 1 (WT-1) is
expressed in 75% of patients with PDAC, whereas it is undetectable in
normal pancreatic tissue [283]. Currently, a phase II trial using a WT-
1-based vaccination is ongoing in patients with advanced PDAC. The
oral DNA vaccine VXM01 that uses Salmonella typhi Ty21 as a vector
targets VEGFR-2 and has also entered clinical trial in patients with local-
ly advanced and metastatic PDAC [284].

The telomerase-targeting vaccine (GV1001) is 16-aa peptide derived
from the human telomerase reverse transcriptase (hTERT), a potent im-
munogenic antigen that binds tomultiplemajor histocompatibility com-
plex (MHC)molecules [285]. In a phase I/II trial conducted in 48 patients
with non-resectable PDAC, GV101 in combination with GM-CSF for 10
weeks produced detectable T cell response in 63% of patients and im-
proved survival [285]. However, two recent phase III studies using
GV101 in combination with gemcitabine (Primovax and TeloVac trials)
failed to improved survival in patients with metastatic PDAC [272,286].

Whole cancer cell vaccines are a promising alternative because they
are patient-specific and do not require targeting a selected tumour asso-
ciated antigen (TAA), as they rely on previously irradiated cancer cells
that express the whole repertoire of TAAs [287]. Because autologous
vaccines need isolation of a relatively large amount of malignant tissue
and take time to process the cancer cells, allogenic tumour cell lines
have been developed to be used as vaccines. In a phase I clinical study,
Jaffee et al. administered a novel allogeneic GM-CSF-secreting vaccine
in 14 patients with surgically resected PDAC followed by adjuvant che-
moradiotherapy [288]. Three of thepatients presented delayed-typehy-
persensitivity responses that led to prolonged disease-free survival. The
same group from John Hopkins subsequently examined the efficacy of
this vaccine in a phase II trial. Disease-free survival and overall survival
were 17 and 24 months, respectively [289]. These data underline the
promising therapeutic potential of immunotherapy in PDAC.

Listeria monocytogenes stimulate robust, cell-mediated adaptive im-
mune responses by targeting DCs in vivo [290,291]. A live-attenuated



Table 1
Clinical trials of vaccine therapy in pancreas cancer.

Study Type of vaccine Phase Patients Treatment Clinical outcome

Jaffee et al. 2001 [288] GM-CSF vaccine I n = 14, resected PDAC GM-CSF vaccine combined with
chemoradiotherapy

3 patients disease-free at
25 months

Gjertsen et al. 1995
[275]

Kras-based vaccines I/II n = 5, locally advanced PDAC Mutated Kras peptide 2 immune responders with
longer survival

Gjertsen et al. 2001
[276]

I/II n = 48 (10: resected PDAC, 38:
locally advanced PDAC)

Mutated Kras peptide combined
with GM-CSF

Median OS:
Responders vs non-responders:
148 vs. 61 days
(p = 0.0002)

Abou-Alfa et al. 2011
[277]

– n = 24, resected PDAC Mutated K-ras peptide Median RFS: 8.6 months,
Median OS: 20.3 months

Gilliam et al. 2012 [281] Antigrastrin vaccine – n = 154, locally advanced PDAC,
unsuitable for chemotherapy

G17DT gastrin peptide vaccine
or placebo

G17DT vs placebo:
151 vs 82 days (p = 0.03)

Laheru et al. 2008 [273] Kras-targeting vaccines II n = 50, locally advanced PDAC GM-CSF vaccine or Cy/GM-CSF
vaccine

Median OS:
2.3 vs 4.3 months

Lutz et al. 2011 [289] II n = 60, resected PDAC GM-CSF vaccine with 5-FU-based
chemoradiotherapy

Median OS: 24.8 months

Le et al. 2013 [290] II n = 60, metastatic PDAC Cy/ GM-CSF vaccine followed by
CRS-207 vs Cy/GM-CSF vaccine

Median OS:
6 vs 3.4 months (p = 0.0114)

Weden et al. 2011 [278] I/II n = 23, resected PDAC 6–10 doses of Ras oncogene
peptide vaccine after surgery

10-year OS: 20%

Le et al. 2012 [293] Live-attenuated Listeria
vaccine

I n = 28, mixed histology
(pancreatic, lung, ovarian cancer,
mesothelioma)

Live attenuated Listeria vaccine
(ANZ-100) vs Live attenuated
mesothelin expressing Listeria
vaccine (CRS-207)

15-month OS: 37% in
CRS-207 arm

Hardacre et al. 2010
[282]

Algenpantucel-L II n = 62, resected PDAC Algenpantucel-L with gemcitabine-/5
FU-based chemoradiotherapy

1-year DFS: 62%
1-year OS: 86%

Lepisto et al. 2008 [295] MUC-1 pulsed autologous
DC vaccine

I/II n = 12, resected PDAC MUC-1 pulsed autologous DC vaccine Median OS:
26 months

Le et al. 2012 [294] Ipilimumab plus Whole
cell vaccines

Ib n = 30, locally advanced/
treatment-refractory/
metastatic PDAC

Ipilimumab-only vs Ipilimumab
plus Cy/GM-CSF vaccine

Median OS:
3.6 vs 5.7 month
(p = 0.072)

Bernhardt et al. 2006
[285]

Telomerase-targeting
vaccines

I/II n = 48, locally advanced PDAC GV1001 telomerase peptide
with GM-CSF

Median OS:
Responders vs non-responders:
216 vs 88 days
(p = 0.0001)

DFS, disease-free survival; OS, overall survival; PDAC, pancreatic ductal adenocarcinoma; GM-CSF, granulocyte–macrophage colony stimulating factor; LAK, lymphokine-activated killer
cells; DC, dendritic cell, MUC-1, mucin 1.
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Listeria monocytogenes strain (ΔactA/ΔinlB) has been generated fol-
lowing deletion of the genes encoding 2 virulence determinants to
produce a cancer vaccine. A recent preclinical study by Jaffee and col-
leagues assessed the efficacy of such an attenuated intracellular Listeria
monocytogenes vaccine engineered to express Kras [292]. When used in
combination with an anti-CD25 and cyclophosphamide to deplete
Tregs, the vaccine depleted Treg cells, reduced progression of early but
not late PanIN and increased infiltration by inflammatory cells [292]. A
phase I study revealed good tolerance and sufficient immune activation
[293]. In consequence, a phase II trial of a mesothelin-coding listerial
vaccine (ANZ-100) has been initiated in patients with metastatic PDAC.

In a phase Ib trial, Le et al. examined the outcome of patients with ei-
ther advanced or treatment-refractory PDAC after treatment with the
anti-CTLA-4 agent ipilimumab alone or in combination with GVAX
[294]. The combination treatment showed a trend towards better over-
all survival (3.6 vs 5.7months; p=0.072). Both arms showed grades 3–
4 immune reactions in approximately 20% of patients [294].

Antigen pulsed DCs' vaccine is consisted of patient DCs that have
been previously isolated, pulsed with peptides, autologous, or allogene-
ic tumour lysate, or transfected with RNA [295]. Once developed, these
DCs are re-infused in patients. The first phase I/II trial examined the ef-
ficacy of MUC-1-pulsed DCs in 12 patients with PDAC and biliary cancer
following tumour resection. Four of those 12 patients were alive and
recurrence-free at 4 years [295]. In a recent study, a DC vaccine plus
lymphokine-activated killer cell therapy was administered in combina-
tionwith gemcitabine and/or S-1 to 49 patientswith inoperable pancre-
atic cancer. The treatment was well-tolerated and the median survival
was approximately 1 year, whereas 2 patients showed complete remis-
sion [296].
9.8. Adoptive cell transfer and chimeric antigen receptors

Adoptive cell transfer (ACT) immunotherapy is a promising ap-
proach for the treatment of cancer [254]. In brief, T cells are harvested
from the tumour tissue by apheresis followed by ex-vivo culture, genet-
ic engineering and expansion of purified cells and re-infusion in pa-
tients. ACT enables cell priming to tumour antigens, or recombinant
DNA transfection to T cell receptors that directly targets tumour-specific
antigens. During the process of cell engineering and expansion, the pa-
tient is receiving low-dose cyclophosphamide and/or fludarabine to in-
duce lymphodepletion [297]. Furthermore, genetic engineering of
lymphocytes has been explored to carry chimeric antigen receptors
(CARs). The latter has an extracellular domain with a Fab fragment of
an antibody that has been specifically constructed to recognize a tu-
mour-associated antigen, whereas its intracellular domain is responsi-
ble for signal transduction of the TCR. T cell binding to specific tumour
antigens results in their activation. Proliferation of T cells is enhanced
via co-stimulatory molecule domains integrated into the intercellular
domain of CARs [298].

Kondo et al. used dendritic cells pulsed with MUC1 peptide
(MUC1-DC) and CTL sensitized in 20 patients with unresectable
(n = 8) or recurrent PDAC (n = 12) [299]. From the 8 patients
with unresectable tumours, only 1 developed hepatic metastasis. In a
preclinical study, Ablate-Kaga et al. used prostate stem cell antigen
(PSCA), a glycoprotein that is upregulated in PDAC, to design a CAR.
For that purpose, the authors tested the human monoclonal antibody
Ha1-4.117-based CAR for adoptive T cell therapy in a xenograft model
of PDAC. The treatment resulted in significant tumour regression and
lack of toxicity [300].
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10. Future perspectives and conclusion

There is now strong evidence that PDAC is a genetic disease (Fig. 2).
Common genetic alterations that promote progress of tumour from
PanIN to PDAC have now been discovered. The advent of new tech-
nologies, such as exome and whole genome sequencing, has provided
novel insight. Indeed, recent genomic studies incorporating mathemat-
ical modelling have indicated that there is a large time gap between the
development of parental andmetastatic subclones, which comes in con-
trast to the notion that the PDAC life span is only few years. Inevitably,
the interrogation of PDAC's clonal evolution has raised questions. For
example, it currently remains unclear to which extent subclones con-
tribute to metastatic spread in PDAC as most metastasis suppressor
genes present haploinsufficiency. Second, it remains to be demonstrat-
edwhether genome sequencing accurately describes the genetic identi-
ty of PDAC independently of intratumoural heterogeneity. This is a key
point as there is currently an increased interest in designing studies
based on genome sequencing to guide personalized treatment with
novel agents. Third, if the time window between the development of
parental clones until the appearance of macrometastases is indeed lon-
ger than a decade, howdowe explore this finding in the clinical setting?
Such observations have important implications for the role of future
population screening to facilitate early diagnosis. Surgery is the corner-
stone in PDAC management but the majority of patients are diagnosed
with locally-advanced, inoperable disease. Hence, early detection of
PDAC, for instance during the PanIN stage can, in theory, improve the
clinical outcome. However, in contrast to other tumour entities, there
is still a lack of a valid screening and early detection method in PDAC
and hence the design of new technologies will be crucial. Detection of
Kras mutations in patient's blood and/or stool might be a promising
way towards this direction but several issues, including public aware-
ness and developments of strategies to avoid overtreatment of patients,
need to be addressed first.
Fig. 2. Tumour microenvironment and progression in pancreatic cancer. Pancreatic ductal ade
defined precursor lesion. Tumour progression is associatedwith genetic and biological alteratio
(PanIN-1) followed by inactivating mutations of CDKN2A (PanIN-2) and late mutations in TP
characterised by accumulation of the desmoplastic stroma that drives immunosuppression, tum
have shown that the average time from early tumourigenesis to patient death frommetastatic d
MDSC; myeloid-derived suppressor cell.
Desmoplasia is one of the hallmarks of PDAC. Traditionally,
desmoplasia had been associated with biological aggressiveness, treat-
ment failure and adverse prognosis in PDAC. However, recent studies
demonstrated that stromal depletion results in even more aggressive,
undifferentiated tumours, whereas patients with higher amount of
stroma had longer overall survival. Currently, it is difficult to envisage
the best way to interpret these novel observations and cross-
validation by other groups should be encouraged. Even though it will
be challenging to completely change the current paradigm, these
unexpected findings highlight the plasticity of PDAC cells and empha-
size that caution is needed when targeting the tumour stroma. A care-
ful reassessment of the novel targeted agents and their impact on
tumour microenvironment is needed. Importantly, these observa-
tions support a protective role for the desmoplastic stroma. In older
studies, Stoker observed that the proliferation of transformed
hamster kidney cells is suppressed by normal fibroblasts [75]. Also, al-
though fibrosis manifests at the cost of organ function loss, it is com-
monly encountered in many different non-malignant inflammatory
diseases in an attempt of the body to develop a protective barrier to pre-
vent spread of the noxious stimuli [301]. Hence, it is plausible that the
fibrotic reaction encountered in PDACmight represent a defencemech-
anism of the host to prevent progression of preneoplastic to neoplastic
lesions and/or mechanically restrain the tumour from growing and
spreading.

Although it remains unclear why PDAC has higher stromal amount
and less vasculature compared to other tumour types, targeting the tu-
mour cells without modifying the stroma to allow better oxygenation
and drug penetrability is unlikely to improve the outcome to conven-
tional radiotherapy and chemotherapy. On the other hand, although it
rendered the tumour more aggressive, stromal depletion “unmasked”
the immunosuppressive microenvironment and tumours responded
better to immune checkpoint blockade and antiangiogenic treatments.
Hence, it will be interesting to analyse the potential of a combining
nocarcinoma (PDAC) develops from pancreatic intraepithelial neoplasia (PanIN), a well-
ns. Telomere shortening and Kras mutations occur early during pancreatic tumourigenesis
53, SMAD4 and BRCA2 (PanIN-3). In a similar fashion, progression of PanIN to PDAC is
our growth, invasiveness andmetastatic spread, leading to patient death. Genetic studies
isease is approximately 22 years. CAF, cancer-associated fibroblast; Treg, regulatory T cell;
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conventional anticancer therapieswith stromal depletion and novel im-
mune checkpoint inhibitors and/or antiangiogenic agents.

Accumulating evidence has underlined the key role of Kras in regulat-
ing the metabolism of PDAC. Several metabolic pathways, such as
glycolysis, glutamine and lipid metabolism and autophagy facilitate the
adaptation of PDAC cells in conditions that lack nutrients and oxygen
and contribute to the aggressive behaviour of PDAC. Exploitation of
thesemetabolic niches has shown promising results in preclinical models
of PDAC but clinical evidence for their efficacy is currently lacking.

Analysis of CTCsmight potentially have clinical applicability in diagno-
sis andmanagement of PDAC. Although some reports have demonstrated
a prognostic role for CTCs, other studies have failed to show a prognostic
significance. This discrepancy could be attributed to several factors, in-
cluding the different methods and technologies used to detect and ana-
lyse CTCs, the low patient number and the retrospective nature of some
studies. Thus, further investigation is needed before CTCs are used as a
routine diagnostic and prognostic marker in patients with PDAC.

In the light of the crucial role of the inflammatorymilieu and immu-
nosuppression in tumour initiation and progression, testing anti-
inflammatory strategies and novel immunotherapeutics might further
improve tumour response to chemotherapy and radiotherapy. Someex-
perimental vaccines have yielded promising findings. However, the im-
munosuppressive microenvironment often impairs the cytotoxic effect
by immuneeffector cells and prevent vaccines fromeliciting an effective
tumour response. Hence, more trials are needed towards this direction.

Also, there is uncertainty on whether we should combine these
novel immunotherapeutics with chemotherapy and radiotherapy, or
administer them as single agents. Radiation and chemotherapy can ei-
ther enhance or impair the therapeutic potential of immunotherapies
in pancreatic cancer [302,303]. This effect possibly depends on timing,
dose and administration schedule. Indeed, application of radiation
and/or chemotherapy might impair an already triggered antitumour
immune response. For example, if adoptive T cell or vaccine therapy is
used, administration of radiation after T cell transfer could disrupt the
T cell response. Conversely, an immunoadjuvant could enhance the cy-
totoxic impact of radiation and chemotherapy. In theory, administration
of radiation and chemotherapy prior or simultaneously to immune
checkpoint inhibitors might be a better approach as it could enhance
de novo generation of antigens.

Altogether, PDAC continues to pose a major therapeutic challenge.
So far, only small progress has been performed in the diagnosis and
management of patients with PDAC. The recent discoveries in the field
of PDAC genetics, biology, metabolism and oncoimmunology have cre-
ated new opportunities to develop novel approaches for earlier diagno-
sis and more effective treatment. More research is clearly needed to
improve our biological understanding. It remains to be demonstrated
whether therapeutic targeting of the different components of the tu-
mour microenvironment, either alone or in combination with conven-
tional treatments, will improve the outcome of patients with PDAC in
the near future. Intense efforts should aim to bring this knowledge all
the way back to the clinic.

Acknowledgements

Thisworkwas supportedby grants fromtheCancer ResearchUK(CRUK
C5255/A15935), the Medical Research Council (MRC MC_PC_12004),
the Kidani Memorial Trust, the Oxford Cancer Imaging Centre (OCIC
C5255/A16466) and the Oxford Cancer Research Centre.

References

[1] R. Siegel, E. Ward, O. Brawley, A. Jemal, Cancer statistics, 2011: the impact of elim-
inating socioeconomic and racial disparities on premature cancer deaths, CA Can-
cer J. Clin. 61 (2011) 212–236.

[2] G. Shi, L. Zhu, Y. Sun, R. Bettencourt, B. Damsz, R.H. Hruban, S.F. Konieczny, Loss of
the acinar-restricted transcription factor Mist1 accelerates Kras-induced pancreatic
intraepithelial neoplasia, Gastroenterology 136 (2009) 1368–1378.
[3] H. Matthaei, R.D. Schulick, R.H. Hruban, A. Maitra, Cystic precursors to invasive
pancreatic cancer, Nat. Rev. Gastroenterol. Hepatol. 8 (2011) 141–150.

[4] R.H. Hruban, M.I. Canto, M. Goggins, R. Schulick, A.P. Klein, Update on familial pan-
creatic cancer, Adv. Surg. 44 (2010) 293–311.

[5] S.R. Hingorani, E.F. Petricoin, A. Maitra, V. Rajapakse, C. King, M.A. Jacobetz, S. Ross,
T.P. Conrads, T.D. Veenstra, B.A. Hitt, Y. Kawaguchi, D. Johann, L.A. Liotta, H.C.
Crawford, M.E. Putt, T. Jacks, C.V. Wright, R.H. Hruban, A.M. Lowy, D.A. Tuveson,
Preinvasive and invasive ductal pancreatic cancer and its early detection in the
mouse, Cancer Cell 4 (2003) 437–450.

[6] Y. Miyamoto, A. Maitra, B. Ghosh, U. Zechner, P. Argani, C.A. Iacobuzio-Donahue, V.
Sriuranpong, T. Iso, I.M. Meszoely, M.S. Wolfe, R.H. Hruban, D.W. Ball, R.M. Schmid,
S.D. Leach, Notch mediates TGF alpha-induced changes in epithelial differentiation
during pancreatic tumorigenesis, Cancer Cell 3 (2003) 565–576.

[7] R.H. Hruban, N.V. Adsay, J. Albores-Saavedra, M.R. Anver, A.V. Biankin, G.P.
Boivin, E.E. Furth, T. Furukawa, A. Klein, D.S. Klimstra, G. Kloppel, G.Y.
Lauwers, D.S. Longnecker, J. Luttges, A. Maitra, G.J. Offerhaus, L. Perez-
Gallego, M. Redston, D.A. Tuveson, Pathology of genetically engineered
mouse models of pancreatic exocrine cancer: consensus report and recom-
mendations, Cancer Res. 66 (2006) 95–106.

[8] R.H. Hruban, N.V. Adsay, J. Albores-Saavedra, C. Compton, E.S. Garrett, S.N.
Goodman, S.E. Kern, D.S. Klimstra, G. Kloppel, D.S. Longnecker, J. Luttges, G.J.
Offerhaus, Pancreatic intraepithelial neoplasia: a new nomenclature and classifica-
tion system for pancreatic duct lesions, Am. J. Surg. Pathol. 25 (2001) 579–586.

[9] P. Martinez, M.A. Blasco, Telomeric and extra-telomeric roles for telomerase and
the telomere-binding proteins, Nat. Rev. Cancer 11 (2011) 161–176.

[10] N.T. van Heek, A.K. Meeker, S.E. Kern, C.J. Yeo, K.D. Lillemoe, J.L. Cameron, G.J.A.
Offerhaus, J.L. Hicks, R.E. Wilentz, M.G. Goggins, A.M. De Marzo, R.H. Hruban, A.
Maitra, Telomere shortening is nearly universal in pancreatic intraepithelial neo-
plasia, Am. J. Pathol. 161 (2002) 1541–1547.

[11] K. Seki, T. Suda, Y. Aoyagi, S. Sugawara, M. Natsui, H. Motoyama, Y. Shirai, T. Sekine,
H. Kawai, Y. Mita, N. Waguri, T. Kuroiwa, M. Igarashi, H. Asakura, Diagnosis of pan-
creatic adenocarcinoma by detection of human telomerase reverse transcriptase
messenger RNA in pancreatic juice with sample qualification, Clin. Cancer Res. 7
(2001) 1976–1981.

[12] D. Campa, B. Mergarten, I. De Vivo, M.C. Boutron-Ruault, A. Racine, G. Severi, A.
Nieters, V.A. Katzke, A. Trichopoulou, N. Yiannakouris, D. Trichopoulos, H. Boeing,
J.R. Quiros, E.J. Duell, E. Molina-Montes, J.M. Huerta, E. Ardanaz, M. Dorronsoro,
K.T. Khaw, N. Wareham, R.C. Travis, D. Palli, V. Pala, R. Tumino, A. Naccarati, S.
Panico, P. Vineis, E. Riboli, A. Siddiq, H.B. Bueno-de-Mesquita, P.H. Peeters, P.M.
Nilsson, M. Sund, W. Ye, E. Lund, M. Jareid, E. Weiderpass, T. Duarte-Salles, S.Y.
Kong, M. Stepien, F. Canzian, R. Kaaks, Leukocyte telomere length in relation to
pancreatic cancer risk: a prospective study, Cancer Epidemiol. Biomarkers Prev.
23 (2014) 2447–2454.

[13] M. Hebrok, S.K. Kim, D.A. Melton, Notochord repression of endodermal Sonic
hedgehog permits pancreas development, Genes Dev. 12 (1998) 1705–1713.

[14] T.M. Beres, T. Masui, G.H. Swift, L. Shi, R.M. Henke, R.J. MacDonald, PTF1 is an
organ-specific and notch-independent basic helix–loop–helix complex containing
the mammalian suppressor of hairless (RBP-J) or its paralogue, RBP-L, Mol. Cell.
Biol. 26 (2006) 117–130.

[15] J. Obata, M. Yano, H. Mimura, T. Goto, R. Nakayama, Y. Mibu, C. Oka, M. Kawaichi,
p48 subunit of mouse PTF1 binds to RBP-Jkappa/CBF-1, the intracellular mediator
of Notch signalling, and is expressed in the neural tube of early stage embryos,
Genes Cells 6 (2001) 345–360.

[16] S. Liu, N. Ballian, N.S. Belaguli, S. Patel, M. Li, N.S. Templeton, M.-C. Gingras, R. Gibbs,
W. Fisher, F.C. Brunicardi, PDX-1 acts as a potential molecular target for treatment
of human pancreatic cancer, Pancreas 37 (2008) 210–220.

[17] S.P. Thayer, M.P. di Magliano, P.W. Heiser, C.M. Nielsen, D.J. Roberts, G.Y. Lauwers,
Y.P. Qi, S. Gysin, C. Fernandez-del Castillo, V. Yajnik, B. Antoniu, M. McMahon, A.L.
Warshaw, M. Hebrok, Hedgehog is an early and late mediator of pancreatic cancer
tumorigenesis, Nature 425 (2003) 851–856.

[18] R.M. Baertschiger, D. Bosco, P. Morel, V. Beinier, T. Berney, L.H. Buhler, C. Gonelle-
Gispert, Mesenchymal stem cells derived from human exocrine pancreas express
transcription factors implicated in beta-cell development, Pancreas 37 (2008)
75–84.

[19] C. Carriere, E.S. Seeley, T. Goetze, D.S. Longnecker, M. Korc, The Nestin progenitor
lineage is the compartment of origin for pancreatic intraepithelial neoplasia,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 4437–4442.

[20] M. Hebrok, S.K. Kim, B. St Jacques, A.P. McMahon, D.A. Melton, Regulation
of pancreas development by hedgehog signaling, Development 127 (2000)
4905–4913.

[21] M. Li, Y. Zhang, Z. Liu, U. Bharadwaj, H. Wang, X. Wang, S. Zhang, J.P. Liuzzi, S.-M.
Chang, R.J. Cousins, W.E. Fisher, F.C. Brunicardi, C.D. Logsdon, C. Chen, Q. Yao, Aber-
rant expression of zinc transporter ZIP4 (SLC39A4) significantly contributes to
human pancreatic cancer pathogenesis and progression, Proc. Natl. Acad. Sci. U.
S. A. 104 (2007) 18636–18641.

[22] M. Malumbres, M. Barbacid, RAS oncogenes: the first 30 years, Nat. Rev. Cancer 3
(2003) 459–465.

[23] C.A. Moskaluk, R.H. Hruban, S.E. Kern, p16 and K-ras gene mutations in the
intraductal precursors of human pancreatic adenocarcinoma, Cancer Res. 57
(1997) 2140–2143.

[24] A.F. Hezel, A.C. Kimmelman, B.Z. Stanger, N. Bardeesy, R.A. Depinho, Genetics and
biology of pancreatic ductal adenocarcinoma, Genes Dev. 20 (2006) 1218–1249.

[25] M. Schutte, R.H. Hruban, J. Geradts, R. Maynard, W. Hilgers, S.K. Rabindran, C.A.
Moskaluk, S.A. Hahn, I. Schwarte-Waldhoff, W. Schmiegel, S.B. Baylin, S.E. Kern,
J.G. Herman, Abrogation of the Rb/p16 tumor-suppressive pathway in virtually
all pancreatic carcinomas, Cancer Res. 57 (1997) 3126–3130.

http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0005
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0005
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0005
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0010
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0010
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0010
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0015
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0015
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0020
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0020
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0025
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0025
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0025
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0025
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0025
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0030
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0030
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0030
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0030
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0035
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0035
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0035
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0035
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0035
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0035
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0040
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0040
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0040
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0040
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0045
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0045
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0050
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0050
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0050
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0050
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0055
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0055
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0055
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0055
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0055
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0065
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0065
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0070
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0070
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0070
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0070
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0075
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0075
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0075
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0075
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0080
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0080
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0080
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0085
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0085
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0085
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0085
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0090
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0090
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0090
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0090
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0095
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0095
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0095
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0100
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0100
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0100
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0105
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0105
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0105
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0105
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0105
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0110
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0110
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0115
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0115
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0115
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0120
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0120
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0125
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0125
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0125
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0125


77E. Fokas et al. / Biochimica et Biophysica Acta 1855 (2015) 61–82
[26] W.Y. Kim, N.E. Sharpless, The regulation of INK4/ARF in cancer and aging, Cell 127
(2006) 265–275.

[27] A.M. Goldstein, M. Chan, M. Harland, E.M. Gillanders, N.K. Hayward, M.-F. Avril, E.
Azizi, G. Bianchi-Scarra, D.T. Bishop, B. Bressac-de Paillerets, W. Bruno, D. Calista,
L.A. Cannon Albright, F. Demenais, D.E. Elder, P. Ghiorzo, N.A. Gruis, J. Hansson, D.
Hogg, E.A. Holland, P.A. Kanetsky, R.F. Kefford, M.T. Landi, J. Lang, S.A. Leachman,
R.M. Mackie, V. Magnusson, G.J. Mann, K. Niendorf, J. Newton Bishop, J.M. Palmer,
S. Puig, J.A. Puig-Butille, F.A. de Snoo, M. Stark, H. Tsao, M.A. Tucker, L. Whitaker, E.
Yakobson, High-risk melanoma susceptibility genes and pancreatic cancer, neural
system tumors, and uveal melanoma across GenoMEL, Cancer Res. 66 (2006)
9818–9828.

[28] B. Vogelstein, D. Lane, A.J. Levine, Surfing the p53 network, Nature 408 (2000)
307–310.

[29] E. Rozenblum, M. Schutte, M. Goggins, S.A. Hahn, S. Panzer, M. Zahurak, S.N.
Goodman, T.A. Sohn, R.H. Hruban, C.J. Yeo, S.E. Kern, Tumor-suppressive pathways
in pancreatic carcinoma, Cancer Res. 57 (1997) 1731–1734.

[30] M.S. Redston, C. Caldas, A.B. Seymour, R.H. Hruban, L. da Costa, C.J. Yeo, S.E. Kern,
p53 mutations in pancreatic carcinoma and evidence of common involvement of
homocopolymer tracts in DNA microdeletions, Cancer Res. 54 (1994) 3025–3033.

[31] J.P. Morton, P. Timpson, S.A. Karim, R.A. Ridgway, D. Athineos, B. Doyle, N.B.
Jamieson, K.A. Oien, A.M. Lowy, V.G. Brunton, M.C. Frame, T.R. Evans, O.J.
Sansom, Mutant p53 drives metastasis and overcomes growth arrest/senescence
in pancreatic cancer, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 246–251.

[32] S.A. Hahn, M. Schutte, A.T. Hoque, C.A. Moskaluk, L.T. da Costa, E. Rozenblum, C.L.
Weinstein, A. Fischer, C.J. Yeo, R.H. Hruban, S.E. Kern, DPC4, a candidate tumor sup-
pressor gene at human chromosome 18q21.1, Science 271 (1996) 350–353.

[33] K. Izeradjene, C. Combs, M. Best, A. Gopinathan, A. Wagner, W.M. Grady, C.-X.
Deng, R.H. Hruban, N.V. Adsay, D.A. Tuveson, S.R. Hingorani, Kras(G12D) and
Smad4/Dpc4 haploinsufficiency cooperate to induce mucinous cystic neoplasms
and invasive adenocarcinoma of the pancreas, Cancer Cell 11 (2007) 229–243.

[34] S. Yachida, C.A. Iacobuzio-Donahue, Evolution and dynamics of pancreatic cancer
progression, Oncogene 32 (2013) 5253–5260.

[35] C.A. Iacobuzio-Donahue, B. Fu, S. Yachida, M. Luo, H. Abe, C.M. Henderson, F.
Vilardell, Z. Wang, J.W. Keller, P. Banerjee, J.M. Herman, J.L. Cameron, C.J. Yeo,
M.K. Halushka, J.R. Eshleman, M. Raben, A.P. Klein, R.H. Hruban, M. Hidalgo, D.
Laheru, DPC4 gene status of the primary carcinoma correlates with patterns of fail-
ure in patients with pancreatic cancer, J. Clin. Oncol. 27 (2009) 1806–1813.

[36] K.M. Murphy, K.A. Brune, C. Griffin, J.E. Sollenberger, G.M. Petersen, R. Bansal, R.H.
Hruban, S.E. Kern, Evaluation of candidate genes MAP2K4, MADH4, ACVR1B, and
BRCA2 in familial pancreatic cancer: deleterious BRCA2 mutations in 17%, Cancer
Res. 62 (2002) 3789–3793.

[37] S. Jones, X. Zhang, D.W. Parsons, J.C. Lin, R.J. Leary, P. Angenendt, P. Mankoo, H.
Carter, H. Kamiyama, A. Jimeno, S.M. Hong, B. Fu, M.T. Lin, E.S. Calhoun, M.
Kamiyama, K. Walter, T. Nikolskaya, Y. Nikolsky, J. Hartigan, D.R. Smith, M.
Hidalgo, S.D. Leach, A.P. Klein, E.M. Jaffee, M. Goggins, A. Maitra, C. Iacobuzio-
Donahue, J.R. Eshleman, S.E. Kern, R.H. Hruban, R. Karchin, N. Papadopoulos, G.
Parmigiani, B. Vogelstein, V.E. Velculescu, K.W. Kinzler, Core signaling pathways
in human pancreatic cancers revealed by global genomic analyses, Science 321
(2008) 1801–1806.

[38] A.V. Biankin, N. Waddell, K.S. Kassahn, M.C. Gingras, L.B. Muthuswamy, A.L. Johns,
D.K. Miller, P.J. Wilson, A.M. Patch, J. Wu, D.K. Chang, M.J. Cowley, B.B. Gardiner, S.
Song, I. Harliwong, S. Idrisoglu, C. Nourse, E. Nourbakhsh, S. Manning, S. Wani, M.
Gongora, M. Pajic, C.J. Scarlett, A.J. Gill, A.V. Pinho, I. Rooman, M. Anderson, O.
Holmes, C. Leonard, D. Taylor, S. Wood, Q. Xu, K. Nones, J.L. Fink, A. Christ, T.
Bruxner, N. Cloonan, G. Kolle, F. Newell, M. Pinese, R.S. Mead, J.L. Humphris, W.
Kaplan, M.D. Jones, E.K. Colvin, A.M. Nagrial, E.S. Humphrey, A. Chou, V.T. Chin,
L.A. Chantrill, A. Mawson, J.S. Samra, J.G. Kench, J.A. Lovell, R.J. Daly, N.D. Merrett,
C. Toon, K. Epari, N.Q. Nguyen, A. Barbour, N. Zeps, I. Australian Pancreatic Cancer
Genome, N. Kakkar, F. Zhao, Y.Q. Wu, M. Wang, D.M. Muzny, W.E. Fisher, F.C.
Brunicardi, S.E. Hodges, J.G. Reid, J. Drummond, K. Chang, Y. Han, L.R. Lewis, H.
Dinh, C.J. Buhay, T. Beck, L. Timms, M. Sam, K. Begley, A. Brown, D. Pai, A. Panchal,
N. Buchner, R. De Borja, R.E. Denroche, C.K. Yung, S. Serra, N. Onetto, D.
Mukhopadhyay, M.S. Tsao, P.A. Shaw, G.M. Petersen, S. Gallinger, R.H. Hruban, A.
Maitra, C.A. Iacobuzio-Donahue, R.D. Schulick, C.L. Wolfgang, R.A. Morgan, R.T.
Lawlor, P. Capelli, V. Corbo, M. Scardoni, G. Tortora, M.A. Tempero, K.M. Mann,
N.A. Jenkins, P.A. Perez-Mancera, D.J. Adams, D.A. Largaespada, L.F. Wessels, A.G.
Rust, L.D. Stein, D.A. Tuveson, N.G. Copeland, E.A. Musgrove, A. Scarpa, J.R.
Eshleman, T.J. Hudson, R.L. Sutherland, D.A. Wheeler, J.V. Pearson, J.D. McPherson,
R.A. Gibbs, S.M. Grimmond, Pancreatic cancer genomes reveal aberrations in axon
guidance pathway genes, Nature 491 (2012) 399–405.

[39] S. Yachida, S. Jones, I. Bozic, T. Antal, R. Leary, B. Fu, M. Kamiyama, R.H. Hruban, J.R.
Eshleman, M.A. Nowak, V.E. Velculescu, K.W. Kinzler, B. Vogelstein, C.A. Iacobuzio-
Donahue, Distant metastasis occurs late during the genetic evolution of pancreatic
cancer, Nature 467 (2010) 1114–1117.

[40] P.J. Campbell, S. Yachida, L.J. Mudie, P.J. Stephens, E.D. Pleasance, L.A. Stebbings, L.A.
Morsberger, C. Latimer, S. McLaren, M.L. Lin, D.J. McBride, I. Varela, S.A. Nik-Zainal,
C. Leroy, M. Jia, A. Menzies, A.P. Butler, J.W. Teague, C.A. Griffin, J. Burton, H.
Swerdlow, M.A. Quail, M.R. Stratton, C. Iacobuzio-Donahue, P.A. Futreal, The pat-
terns and dynamics of genomic instability in metastatic pancreatic cancer, Nature
467 (2010) 1109–1113.

[41] H. Haeno, M. Gonen, M.B. Davis, J.M. Herman, C.A. Iacobuzio-Donahue, F. Michor,
Computational modeling of pancreatic cancer reveals kinetics of metastasis sug-
gesting optimum treatment strategies, Cell 148 (2012) 362–375.

[42] E.A. Collisson, A. Sadanandam, P. Olson, W.J. Gibb, M. Truitt, S. Gu, J. Cooc, J.
Weinkle, G.E. Kim, L. Jakkula, H.S. Feiler, A.H. Ko, A.B. Olshen, K.L. Danenberg,
M.A. Tempero, P.T. Spellman, D. Hanahan, J.W. Gray, Subtypes of pancreatic ductal
adenocarcinoma and their differing responses to therapy, Nat. Med. 17 (2011)
500–503.

[43] U. Schutte, S. Bisht, P. Brossart, G. Feldmann, Recent developments of transgenic
and xenograft mousemodels of pancreatic cancer for translational research, Expert
Opin. Drug Discov. 6 (2011) 33–48.

[44] G. Capella, L. Farre, A. Villanueva, G. Reyes, C. Garcia, G. Tarafa, F. Lluis,
Orthotopic models of human pancreatic cancer, Ann. N. Y. Acad. Sci. 880
(1999) 103–109.

[45] M.P. Kim, D.B. Evans, H.Wang, J.L. Abbruzzese, J.B. Fleming, G.E. Gallick, Generation
of orthotopic and heterotopic human pancreatic cancer xenografts in immunode-
ficient mice, Nat. Protoc. 4 (2009) 1670–1680.

[46] K. Tsuji, M. Yang, P. Jiang, A. Maitra, S. Kaushal, K. Yamauchi, M.H. Katz, A.R.
Moossa, R.M. Hoffman, M. Bouvet, Common bile duct injection as a novel method
for establishing red fluorescent protein (RFP)-expressing human pancreatic cancer
in nude mice, JOP 7 (2006) 193–199.

[47] A.S. Huynh, D.F. Abrahams, M.S. Torres, M.K. Baldwin, R.J. Gillies, D.L. Morse, Devel-
opment of an orthotopic human pancreatic cancer xenograft model using ultra-
sound guided injection of cells, PLoS One 6 (2011).

[48] X. Ni, J. Yang, M. Li, Imaging-guided curative surgical resection of pancreatic cancer
in a xenograft mouse model, Cancer Lett. 324 (2012) 179–185.

[49] M.P. Vezeridis, C.M. Doremus, L.M. Tibbetts, G. Tzanakakis, B.T. Jackson, Invasion
and metastasis following orthotopic transplantation of human pancreatic cancer
in the nude mouse, J. Surg. Oncol. 40 (1989) 261–265.

[50] G.H. Swift, R.E. Hammer, R.J. MacDonald, R.L. Brinster, Tissue-specific expression of
the rat pancreatic elastase I gene in transgenic mice, Cell 38 (1984) 639–646.

[51] C. Arvanitis, D.W. Felsher, Conditionally MYC: insights from novel transgenic
models, Cancer Lett. 226 (2005) 95–99.

[52] P.J. Grippo, P.S. Nowlin, M.J. Demeure, D.S. Longnecker, E.P. Sandgren, Preinvasive
pancreatic neoplasia of ductal phenotype induced by acinar cell targeting of mu-
tant Kras in transgenic mice, Cancer Res. 63 (2003) 2016–2019.

[53] B.C. Lewis, D.S. Klimstra, H.E. Varmus, The c-myc and PyMT oncogenes induce dif-
ferent tumor types in a somatic mouse model for pancreatic cancer, Genes Dev. 17
(2003) 3127–3138.

[54] M.F. Offield, T.L. Jetton, P.A. Labosky, M. Ray, R.W. Stein, M.A. Magnuson, B.L.
Hogan, C.V.Wright, PDX-1 is required for pancreatic outgrowth and differentiation
of the rostral duodenum, Development 122 (1996) 983–995.

[55] B. Tasic, S. Hippenmeyer, C. Wang, M. Gamboa, H. Zong, Y. Chen-Tsai, L. Luo, Site-
specific integrase-mediated transgenesis in mice via pronuclear injection, Proc.
Natl. Acad. Sci. U. S. A. 108 (2011) 7902–7907.

[56] D.A. Tuveson, L. Zhu, A. Gopinathan, N.A. Willis, L. Kachatrian, R. Grochow, C.L. Pin,
N.Y. Mitin, E.J. Taparowsky, P.A. Gimotty, R.H. Hruban, T. Jacks, S.F. Konieczny,
Mist1-KrasG12D knock-in mice develop mixed differentiation metastatic exocrine
pancreatic carcinoma and hepatocellular carcinoma, Cancer Res. 66 (2006)
242–247.

[57] A. Nagy, Cre recombinase: the universal reagent for genome tailoring, Genesis 26
(2000) 99–109.

[58] H. Ijichi, A. Chytil, A.E. Gorska, M.E. Aakre, Y. Fujitani, S. Fujitani, C.V.E. Wright, H.L.
Moses, Aggressive pancreatic ductal adenocarcinoma in mice caused by pancreas-
specific blockade of transforming growth factor-beta signaling in cooperation with
active Kras expression, Genes Dev. 20 (2006) 3147–3160.

[59] M. Pasca di Magliano, S. Sekine, A. Ermilov, J. Ferris, A.A. Dlugosz, M. Hebrok,
Hedgehog/Ras interactions regulate early stages of pancreatic cancer, Genes Dev.
20 (2006) 3161–3173.

[60] O.J. De La, L.L. Emerson, J.L. Goodman, S.C. Froebe, B.E. Illum, A.B. Curtis, L.C.
Murtaugh, Notch and Kras reprogram pancreatic acinar cells to ductal
intraepithelial neoplasia, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 18907–18912.

[61] J. Ling, Y.a. Kang, R. Zhao, Q. Xia, D.-F. Lee, Z. Chang, J. Li, B. Peng, J.B. Fleming, H.
Wang, J. Liu, I.R. Lemischka, M.-C. Hung, P.J. Chiao, KrasG12D-induced IKK2/β/
NF-κB activation by IL-1α and p62 feedforward loops is required for development
of pancreatic ductal adenocarcinoma, Cancer Cell 21 (2012) 105–120.

[62] S. Hayashi, A.P. McMahon, Efficient recombination in diverse tissues by a
tamoxifen-inducible form of Cre: a tool for temporally regulated gene activation/
inactivation in the mouse, Dev. Biol. 244 (2002) 305–318.

[63] Y. Sun, X. Chen, D. Xiao, Tetracycline-inducible expression systems: new strategies
and practices in the transgenic mouse modeling, Acta Biochim. Biophys. Sin.
(Shanghai) 39 (2007) 235–246.

[64] B. Ji, L. Tsou, H. Wang, S. Gaiser, D.Z. Chang, J. Daniluk, Y. Bi, T. Grote, D.S.
Longnecker, C.D. Logsdon, Ras activity levels control the development of pancreat-
ic diseases, Gastroenterology 137 (2009) 1072–1082 (1082 e1071-1076).

[65] J.J. Tentler, A.C. Tan, C.D. Weekes, A. Jimeno, S. Leong, T.M. Pitts, J.J. Arcaroli, W.A.
Messersmith, S.G. Eckhardt, Patient-derived tumour xenografts as models for on-
cology drug development, Nat. Rev. Clin. Oncol. 9 (2012) 338–350.

[66] I. Garrido-Laguna, M. Uson, N.V. Rajeshkumar, A.C. Tan, E. de Oliveira, C. Karikari,
M.C. Villaroel, A. Salomon, G. Taylor, R. Sharma, R.H. Hruban, A. Maitra, D.
Laheru, B. Rubio-Viqueira, A. Jimeno, M. Hidalgo, Tumor engraftment in nude
mice and enrichment in stroma-related gene pathways predict poor survival and
resistance to gemcitabine in patients with pancreatic cancer, Clin. Cancer Res. 17
(2011) 5793–5800.

[67] M. Hartel, F.F. DiMola, A. Gardini, A. Zimmermann, P. Di Sebastiano, A. Guweidhi, P.
Innocenti, T. Giese, N. Giese, M.W. Buchler, H. Friess, Desmoplastic reaction influ-
ences pancreatic cancer growth behavior, World J. Surg. 28 (2004) 818–825.

[68] J. Kleeff, P. Beckhove, I. Esposito, S. Herzig, P.E. Huber, J.M. Lohr, H. Friess, Pancreatic
cancer microenvironment, Int. J. Cancer. 121 (2007) 699–705.

[69] B. Farrow, Y. Sugiyama, A. Chen, E. Uffort, W. Nealon, B. Mark Evers, Inflammatory
mechanisms contributing to pancreatic cancer development, Ann. Surg. 239
(2004) 763–769.

http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0130
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0130
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0140
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0140
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0145
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0145
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0145
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0150
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0150
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0150
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0155
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0155
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0155
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0155
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0160
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0160
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0160
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0165
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0165
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0165
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0165
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0170
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0170
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0175
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0175
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0175
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0175
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0175
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0180
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0180
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0180
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0180
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0195
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0195
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0195
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0195
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0200
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0200
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0200
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0200
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0200
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0200
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0205
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0205
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0205
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0210
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0210
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0210
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0210
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0210
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0215
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0215
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0215
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0220
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0220
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0220
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0225
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0225
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0225
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0230
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0230
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0230
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0230
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1460
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1460
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1460
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0240
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0240
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0245
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0245
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0245
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0250
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0250
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0255
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0255
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0260
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0260
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0260
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0265
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0265
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0265
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0270
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0270
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0270
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0275
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0275
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0275
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0285
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0285
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0290
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0290
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0290
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0290
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0295
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0295
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0295
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0300
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0300
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0300
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0305
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0305
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0305
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0305
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0310
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0310
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0310
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0315
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0315
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0315
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1465
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1465
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1465
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0320
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0320
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0320
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0325
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0325
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0325
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0325
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0325
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0325
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0330
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0330
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0330
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0335
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0335
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0340
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0340
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0340


78 E. Fokas et al. / Biochimica et Biophysica Acta 1855 (2015) 61–82
[70] A. Neesse, P. Michl, K.K. Frese, C. Feig, N. Cook, M.A. Jacobetz, M.P. Lolkema, M.
Buchholz, K.P. Olive, T.M. Gress, D.A. Tuveson, Stromal biology and therapy in pan-
creatic cancer, Gut 60 (2011) 861–868.

[71] M.M. Mueller, N.E. Fusenig, Friends or foes — bipolar effects of the tumour stroma
in cancer, Nat. Rev. Cancer 4 (2004) 839–849.

[72] A. Neesse, S. Krug, T.M. Gress, D.A. Tuveson, P. Michl, Emerging concepts in pancre-
atic cancer medicine: targeting the tumor stroma, Onco Targets Ther. 7 (2013)
33–43.

[73] P. Tomakidi, N. Mirancea, N.E. Fusenig, C. Herold-Mende, F.X. Bosch, D. Breitkreutz,
Defects of basementmembrane and hemidesmosome structure correlate withma-
lignant phenotype and stromal interactions in HaCaT-Ras xenografts, Differentia-
tion 64 (1999) 263–275.

[74] T. Crnogorac-Jurcevic, E. Efthimiou, P. Capelli, E. Blaveri, A. Baron, B. Terris, M.
Jones, K. Tyson, C. Bassi, A. Scarpa, N.R. Lemoine, Gene expression profiles of pan-
creatic cancer and stromal desmoplasia, Oncogene 20 (2001) 7437–7446.

[75] M.G. Stoker, M. Shearer, C. O'Neill, Growth inhibition of polyoma-transformed cells
by contact with static normal fibroblasts, J. Cell Sci. 1 (1966) 297–310.

[76] M. Hidalgo, Pancreatic cancer, N. Engl. J. Med. 362 (2010) 1605–1617.
[77] M. Korc, Pancreatic cancer-associated stroma production, Am. J. Surg. 194 (2007)

84–86.
[78] S. Duner, J. Lopatko Lindman, D. Ansari, C. Gundewar, R. Andersson, Pancreatic can-

cer: the role of pancreatic stellate cells in tumor progression, Pancreatology 10
(2010) 673–681.

[79] S. Lunardi, R.J. Muschel, T.B. Brunner, The stromal compartments in pancreatic can-
cer: are there any therapeutic targets? Cancer Lett. 343 (2014) 147–155.

[80] G.C. Chu, A.C. Kimmelman, A.F. Hezel, R.A. DePinho, Stromal biology of pancreatic
cancer, J. Cell. Biochem. 101 (2007) 887–907.

[81] S. Hamada, T. Shimosegawa, Pancreatic cancer stem cell and mesenchymal stem
cell, in: P.J. Grippo, H.G. Munshi (Eds.),Pancreatic Cancer and TumorMicroenviron-
ment, Trivandrum (India)2012.

[82] F. Marrache, S. Pendyala, G. Bhagat, K.S. Betz, Z. Song, T.C. Wang, Role of bone
marrow-derived cells in experimental chronic pancreatitis, Gut 57 (2008)
1113–1120.

[83] C.J. Scarlett, E.K. Colvin, M. Pinese, D.K. Chang, A.L. Morey, E.A. Musgrove, M. Pajic,
M. Apte, S.M. Henshall, R.L. Sutherland, J.G. Kench, A.V. Biankin, Recruitment and
activation of pancreatic stellate cells from the bone marrow in pancreatic cancer:
a model of tumor–host interaction, PLoS One 6 (2011).

[84] M.G. Bachem, M. Schunemann,M. Ramadani, M. Siech, H. Beger, A. Buck, S. Zhou, A.
Schmid-Kotsas, G. Adler, Pancreatic carcinoma cells induce fibrosis by stimulating
proliferation and matrix synthesis of stellate cells, Gastroenterology 128 (2005)
907–921.

[85] A.B. Lowenfels, P. Maisonneuve, G. Cavallini, R.W. Ammann, P.G. Lankisch, J.R.
Andersen, E.P. Dimagno, A. Andren-Sandberg, L. Domellof, Pancreatitis and the
risk of pancreatic cancer. International Pancreatitis Study Group, N. Engl. J. Med.
328 (1993) 1433–1437.

[86] C. Guerra, A.J. Schuhmacher, M. Canamero, P.J. Grippo, L. Verdaguer, L. Perez-
Gallego, P. Dubus, E.P. Sandgren, M. Barbacid, Chronic pancreatitis is essential for
induction of pancreatic ductal adenocarcinoma by K-Ras oncogenes in adult
mice, Cancer Cell 11 (2007) 291–302.

[87] E.J.M. van Geenen, M.M. Smits, T.C.M.A. Schreuder, D.L. van der Peet, E. Bloemena,
C.J.J. Mulder, Smoking is related to pancreatic fibrosis in humans, Am. J.
Gastroenterol. 106 (2011) 1161–1166.

[88] C. Kuang, Y. Xiao, X. Liu, T.M. Stringfield, S. Zhang, Z. Wang, Y. Chen, In vivo disrup-
tion of TGF-beta signaling by Smad7 leads to premalignant ductal lesions in the
pancreas, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 1858–1863.

[89] D. Melisi, Q. Xia, G. Paradiso, J. Ling, T. Moccia, C. Carbone, A. Budillon, J.L.
Abbruzzese, P.J. Chiao, Modulation of pancreatic cancer chemoresistance by inhibi-
tion of TAK1, J. Natl. Cancer Inst. 103 (2011) 1190–1204.

[90] O. Al-Assar, F. Demiciorglu, S. Lunardi, M.M. Gaspar-Carvalho, W.G. McKenna, R.M.
Muschel, T.B. Brunner, Contextual regulation of pancreatic cancer stem cell pheno-
type and radioresistance by pancreatic stellate cells, Radiother. Oncol. 111 (2014)
243–251.

[91] M. Lohr, C. Schmidt, J. Ringel, M. Kluth, P. Muller, H. Nizze, R. Jesnowski,
Transforming growth factor-beta1 induces desmoplasia in an experimental
model of human pancreatic carcinoma, Cancer Res. 61 (2001) 550–555.

[92] S.B. Krantz, M.A. Shields, S. Dangi-Garimella, E.C. Cheon, M.R. Barron, R.F. Hwang,
M.S. Rao, P.J. Grippo, D.J. Bentrem, H.G. Munshi, MT1-MMP cooperates with
Kras(G12D) to promote pancreatic fibrosis through increased TGF-β signaling,
Mol. Cancer Res. 9 (2011) 1294–1304.

[93] V. Ellenrieder, S.F. Hendler, W. Boeck, T. Seufferlein, A. Menke, C. Ruhland, G. Adler,
T.M. Gress, Transforming growth factor beta1 treatment leads to an epithelial–
mesenchymal transdifferentiation of pancreatic cancer cells requiring extracellular
signal-regulated kinase 2 activation, Cancer Res. 61 (2001) 4222–4228.

[94] H.-O. Lee, S.R. Mullins, J. Franco-Barraza, M. Valianou, E. Cukierman, J.D. Cheng,
FAP-overexpressing fibroblasts produce an extracellular matrix that enhances in-
vasive velocity and directionality of pancreatic cancer cells, BMC Cancer 11
(2011) 245.

[95] A. Koenig, C. Mueller, C. Hasel, G. Adler, A. Menke, Collagen type I induces disrup-
tion of E-cadherin-mediated cell–cell contacts and promotes proliferation of pan-
creatic carcinoma cells, Cancer Res. 66 (2006) 4662–4671.

[96] H. Miyamoto, T. Murakami, K. Tsuchida, H. Sugino, H. Miyake, S. Tashiro, Tumor–
stroma interaction of human pancreatic cancer: acquired resistance to anticancer
drugs and proliferation regulation is dependent on extracellular matrix proteins,
Pancreas 28 (2004) 38–44.

[97] V. Mahlbacher, A. Sewing, H.P. Elsasser, H.F. Kern, Hyaluronan is a secretory prod-
uct of human pancreatic adenocarcinoma cells, Eur. J. Cell Biol. 58 (1992) 28–34.
[98] M.A. Jacobetz, D.S. Chan, A. Neesse, T.E. Bapiro, N. Cook, K.K. Frese, C. Feig, T.
Nakagawa, M.E. Caldwell, H.I. Zecchini, M.P. Lolkema, P. Jiang, A. Kultti, C.B.
Thompson, D.C. Maneval, D.I. Jodrell, G.I. Frost, H.M. Shepard, J.N. Skepper, D.A.
Tuveson, Hyaluronan impairs vascular function and drug delivery in a mouse
model of pancreatic cancer, Gut 62 (2013) 112–120.

[99] Z. Zhu, J. Kleeff, H. Kayed, L. Wang, M. Korc, M.W. Buchler, H. Friess, Nerve growth
factor and enhancement of proliferation, invasion, and tumorigenicity of pancreat-
ic cancer cells, Mol. Carcinog. 35 (2002) 138–147.

[100] Z.W. Zhu, H. Friess, L. Wang, T. Bogardus, M. Korc, J. Kleeff, M.W. Buchler, Nerve
growth factor exerts differential effects on the growth of human pancreatic cancer
cells, Clin. Cancer Res. 7 (2001) 105–112.

[101] M.G. Bachem, E. Schneider, H. Gross, H. Weidenbach, R.M. Schmid, A. Menke, M.
Siech, H. Beger, A. Grunert, G. Adler, Identification, culture, and characterization
of pancreatic stellate cells in rats and humans, Gastroenterology 115 (1998)
421–432.

[102] R. Jaster, Molecular regulation of pancreatic stellate cell function, Mol. Cancer 3
(2004) 26.

[103] N. Ikenaga, K. Ohuchida, K. Mizumoto, L. Cui, T. Kayashima, K. Morimatsu, T.
Moriyama, K. Nakata, H. Fujita, M. Tanaka, CD10+ pancreatic stellate cells en-
hance the progression of pancreatic cancer, Gastroenterology 139 (2010)
1041–1051.

[104] Z. Xu, A. Vonlaufen, P.A. Phillips, E. Fiala-Beer, X. Zhang, L. Yang, A.V. Biankin, D.
Goldstein, R.C. Pirola, J.S. Wilson, M.V. Apte, Role of pancreatic stellate cells in pan-
creatic cancer metastasis, Am. J. Pathol. 177 (2010) 2585–2596.

[105] H.B. Jiang, M. Xu, X.P. Wang, Pancreatic stellate cells promote proliferation and in-
vasiveness of human pancreatic cancer cells via galectin-3, World J. Gastroenterol.
14 (2008) 2023–2028.

[106] E. Schneider, A. Schmid-Kotsas, J. Zhao, H. Weidenbach, R.M. Schmid, A. Menke, G.
Adler, J. Waltenberger, A. Grunert, M.G. Bachem, Identification of mediators stimu-
lating proliferation and matrix synthesis of rat pancreatic stellate cells, Am. J. Phys-
iol. Cell Physiol. 281 (2001) 532–543.

[107] P. Mews, P. Phillips, R. Fahmy, M. Korsten, R. Pirola, J. Wilson, M. Apte, Pancreatic
stellate cells respond to inflammatory cytokines: potential role in chronic pancre-
atitis, Gut 50 (2002) 535–541.

[108] F.W.-T. Shek, R.C. Benyon, F.M. Walker, P.R. McCrudden, S.L.F. Pender, E.J. Williams,
P.A. Johnson, C.D. Johnson, A.C. Bateman, D.R. Fine, J.P. Iredale, Expression of
transforming growth factor-beta 1 by pancreatic stellate cells and its implications
for matrix secretion and turnover in chronic pancreatitis, Am. J. Pathol. 160
(2002) 1787–1798.

[109] M.V. Apte, P.S. Haber, S.J. Darby, S.C. Rodgers, G.W. McCaughan, M.A. Korsten, R.C.
Pirola, J.S. Wilson, Pancreatic stellate cells are activated by proinflammatory cyto-
kines: implications for pancreatic fibrogenesis, Gut 44 (1999) 534–541.

[110] P.A. Phillips, J.A. McCarroll, S. Park, M.J. Wu, R. Pirola, M. Korsten, J.S. Wilson, M.V.
Apte, Rat pancreatic stellate cells secrete matrix metalloproteinases: implications
for extracellular matrix turnover, Gut 52 (2003) 275–282.

[111] S. Yoshida, T. Yokota, M. Ujiki, X.-Z. Ding, C. Pelham, T.E. Adrian, M.S. Talamonti,
R.H. Bell, W. Denham, Pancreatic cancer stimulates pancreatic stellate cell prolifer-
ation and TIMP-1 production through the MAP kinase pathway, Biochem. Biophys.
Res. Commun. 323 (2004) 1241–1245.

[112] S. Yoshida, M. Ujiki, X.-Z. Ding, C. Pelham, M.S. Talamonti, R.H. Bell, W. Denham,
T.E. Adrian, Pancreatic stellate cells (PSCs) express cyclooxygenase-2 (COX-2)
and pancreatic cancer stimulates COX-2 in PSCs, Mol. Cancer 4 (2005) 27.

[113] M.B. Omary, A. Lugea, A.W. Lowe, S.J. Pandol, The pancreatic stellate cell: a star on
the rise in pancreatic diseases, J. Clin. Invest. 117 (2007) 50–59.

[114] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 144
(2011) 646–674.

[115] J.J. Tomasek, G. Gabbiani, B. Hinz, C. Chaponnier, R.A. Brown, Myofibroblasts and
mechano-regulation of connective tissue remodelling, Nat. Rev. Mol. Cell Biol. 3
(2002) 349–363.

[116] S. Seton-Rogers, Pancreatic cancer: fibroblast co-conspirators, Nat. Rev. Cancer 11
(2011) 758.

[117] V. Tjomsland, A. Spangeus, J. Valila, P. Sandstrom, K. Borch, H. Druid, S. Falkmer, U.
Falkmer, D. Messmer, M. Larsson, Interleukin 1α sustains the expression of inflam-
matory factors in human pancreatic cancermicroenvironment by targeting cancer-
associated fibroblasts, Neoplasia 13 (2011) 664–675.

[118] A. Orimo, P.B. Gupta, D.C. Sgroi, F. Arenzana-Seisdedos, T. Delaunay, R. Naeem, V.J.
Carey, A.L. Richardson, R.A. Weinberg, Stromal fibroblasts present in invasive
human breast carcinomas promote tumor growth and angiogenesis through ele-
vated SDF-1/CXCL12 secretion, Cell 121 (2005) 335–348.

[119] N. Erez, M. Truitt, P. Olson, S.T. Arron, D. Hanahan, Cancer-associated fibroblasts are
activated in incipient neoplasia to orchestrate tumor-promoting inflammation in
an NF-kappaB-dependent manner, Cancer Cell 17 (2010) 135–147.

[120] N. Sato, N. Maehara, M. Goggins, Gene expression profiling of tumor–stromal inter-
actions between pancreatic cancer cells and stromal fibroblasts, Cancer Res. 64
(2004) 6950–6956.

[121] K. Walter, N. Omura, S.-M. Hong, M. Griffith, A. Vincent, M. Borges, M. Goggins,
Overexpression of smoothened activates the sonic hedgehog signaling pathway
in pancreatic cancer-associated fibroblasts, Clin. Cancer Res. 16 (2010) 1781–1789.

[122] R.L. Yauch, S.E. Gould, S.J. Scales, T. Tang, H. Tian, C.P. Ahn, D. Marshall, L. Fu, T.
Januario, D. Kallop, M. Nannini-Pepe, K. Kotkow, J.C. Marsters, L.L. Rubin, F.J. de
Sauvage, A paracrine requirement for hedgehog signalling in cancer, Nature 455
(2008) 406–410.

[123] D.M. Berman, S.S. Karhadkar, A. Maitra, R. Montes De Oca, M.R. Gerstenblith, K.
Briggs, A.R. Parker, Y. Shimada, J.R. Eshleman, D.N. Watkins, P.A. Beachy, Wide-
spread requirement for Hedgehog ligand stimulation in growth of digestive tract
tumours, Nature 425 (2003) 846–851.

http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0345
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0345
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0345
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0350
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0350
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0355
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0355
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0355
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0360
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0360
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0360
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0360
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0365
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0365
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0365
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0370
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0370
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0375
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0380
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0380
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0385
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0385
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0385
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0390
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0390
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0395
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0395
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1470
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1470
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1470
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0400
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0400
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0400
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1475
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1475
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1475
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1475
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0410
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0410
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0410
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0410
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0415
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0415
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0415
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0415
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0420
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0420
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0420
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0420
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0425
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0425
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0425
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0430
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0430
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0430
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0435
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0435
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0435
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0440
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0440
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0440
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0440
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0445
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0445
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0445
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0450
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0450
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0450
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0450
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0455
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0455
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0455
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0455
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0460
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0460
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0460
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0460
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0465
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0465
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0465
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0470
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0470
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0470
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0470
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0475
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0475
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0480
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0480
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0480
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0480
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0480
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0485
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0485
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0485
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0490
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0490
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0490
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0495
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0495
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0495
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0495
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0500
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0500
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0510
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0510
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0510
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0520
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0520
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0520
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0520
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0525
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0525
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0525
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0530
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0530
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0530
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0530
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0530
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0535
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0535
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0535
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0540
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0540
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0540
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0545
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0545
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0545
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0545
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0550
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0550
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0550
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0555
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0555
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0560
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0560
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0565
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0565
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0565
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0570
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0570
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0575
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0575
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0575
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0575
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0580
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0580
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0580
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0580
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0585
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0585
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0585
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0590
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0590
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0590
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0595
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0595
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0595
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0600
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0600
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0600
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0600
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0605
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0605
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0605
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0605


79E. Fokas et al. / Biochimica et Biophysica Acta 1855 (2015) 61–82
[124] G. Feldmann, S. Dhara, V. Fendrich, D. Bedja, R. Beaty, M. Mullendore, C. Karikari, H.
Alvarez, C. Iacobuzio-Donahue, A. Jimeno, K.L. Gabrielson, W. Matsui, A. Maitra,
Blockade of hedgehog signaling inhibits pancreatic cancer invasion and metasta-
ses: a new paradigm for combination therapy in solid cancers, Cancer Res. 67
(2007) 2187–2196.

[125] J.M. Bailey, B.J. Swanson, T. Hamada, J.P. Eggers, P.K. Singh, T. Caffery, M.M.
Ouellette, M.A. Hollingsworth, Sonic hedgehog promotes desmoplasia in pancreat-
ic cancer, Clin. Cancer Res. 14 (2008) 5995–6004.

[126] K.P. Olive, M.A. Jacobetz, C.J. Davidson, A. Gopinathan, D. McIntyre, D. Honess, B.
Madhu, M.A. Goldgraben, M.E. Caldwell, D. Allard, K.K. Frese, G. Denicola, C. Feig,
C. Combs, S.P. Winter, H. Ireland-Zecchini, S. Reichelt, W.J. Howat, A. Chang, M.
Dhara, L. Wang, F. Ruckert, R. Grutzmann, C. Pilarsky, K. Izeradjene, S.R. Hingorani,
P. Huang, S.E. Davies, W. Plunkett, M. Egorin, R.H. Hruban, N. Whitebread, K. Mc-
Govern, J. Adams, C. Iacobuzio-Donahue, J. Griffiths, D.A. Tuveson, Inhibition of
Hedgehog signaling enhances delivery of chemotherapy in a mouse model of pan-
creatic cancer, Science 324 (2009) 1457–1461.

[127] J.P.t. Morris, S.C. Wang, M. Hebrok, Hedgehog KRAS, Wnt and the twisted develop-
mental biology of pancreatic ductal adenocarcinoma, Nat. Rev. Cancer 10 (2010)
683–695.

[128] P.W. Heiser, D.A. Cano, L. Landsman, G.E. Kim, J.G. Kench, D.S. Klimstra, M.M.
Taketo, A.V. Biankin, M. Hebrok, Stabilization of beta-catenin induces pancreas
tumor formation, Gastroenterology 135 (2008) 1288–1300.

[129] J.P.t. Morris, D.A. Cano, S. Sekine, S.C. Wang, M. Hebrok, Beta-catenin blocks Kras-
dependent reprogramming of acini into pancreatic cancer precursor lesions in
mice, J. Clin. Invest. 120 (2010) 508–520.

[130] A. Vincent, N. Omura, S.M. Hong, A. Jaffe, J. Eshleman, M. Goggins, Genome-wide
analysis of promoter methylation associated with gene expression profile in pan-
creatic adenocarcinoma, Clin. Cancer Res. 17 (2011) 4341–4354.

[131] A.W. Lowe, M. Olsen, Y. Hao, S.P. Lee, K. Taek Lee, X. Chen, M. van de Rijn, P.O.
Brown, Gene expression patterns in pancreatic tumors, cells and tissues, PLoS
One 2 (2007) e323.

[132] M. Pasca di Magliano, A.V. Biankin, P.W. Heiser, D.A. Cano, P.J. Gutierrez, T.
Deramaudt, D. Segara, A.C. Dawson, J.G. Kench, S.M. Henshall, R.L. Sutherland, A.
Dlugosz, A.K. Rustgi, M. Hebrok, Common activation of canonical Wnt signaling
in pancreatic adenocarcinoma, PLoS One 2 (2007) e1155.

[133] D. Cao, A.Maitra, J.A. Saavedra, D.S. Klimstra, N.V. Adsay, R.H. Hruban, Expression of
novel markers of pancreatic ductal adenocarcinoma in pancreatic nonductal neo-
plasms: additional evidence of different genetic pathways, Mod. Pathol. 18
(2005) 752–761.

[134] A.M. Lowy, C. Fenoglio-Preiser, O.J. Kim, J. Kordich, A. Gomez, J. Knight, L. James, J.
Groden, Dysregulation of beta-catenin expression correlates with tumor differenti-
ation in pancreatic duct adenocarcinoma, Ann. Surg. Oncol. 10 (2003) 284–290.

[135] F.E. Froeling, T.A. Mirza, R.M. Feakins, A. Seedhar, G. Elia, I.R. Hart, H.M. Kocher,
Organotypic culture model of pancreatic cancer demonstrates that stromal cells
modulate E-cadherin, beta-catenin, and Ezrin expression in tumor cells, Am. J.
Pathol. 175 (2009) 636–648.

[136] L. Wang, D.G. Heidt, C.J. Lee, H. Yang, C.D. Logsdon, L. Zhang, E.R. Fearon, M.
Ljungman, D.M. Simeone, Oncogenic function of ATDC in pancreatic cancer
through Wnt pathway activation and beta-catenin stabilization, Cancer Cell 15
(2009) 207–219.

[137] F.E. Froeling, C. Feig, C. Chelala, R. Dobson, C.E. Mein, D.A. Tuveson, H. Clevers, I.R.
Hart, H.M. Kocher, Retinoic acid-induced pancreatic stellate cell quiescence re-
duces paracrine Wnt-beta-catenin signaling to slow tumor progression, Gastroen-
terology 141 (2011) 1486–1497 (1497 e1481–1414).

[138] M. Kraman, P.J. Bambrough, J.N. Arnold, E.W. Roberts, L. Magiera, J.O. Jones, A.
Gopinathan, D.A. Tuveson, D.T. Fearon, Suppression of antitumor immunity by
stromal cells expressing fibroblast activation protein-alpha, Science 330 (2010)
827–830.

[139] E.W. Roberts, A. Deonarine, J.O. Jones, A.E. Denton, C. Feig, S.K. Lyons, M. Espeli, M.
Kraman, B. McKenna, R.J. Wells, Q. Zhao, O.L. Caballero, R. Larder, A.P. Coll, S.
O'Rahilly, K.M. Brindle, S.A. Teichmann, D.A. Tuveson, D.T. Fearon, Depletion of
stromal cells expressing fibroblast activation protein-alpha from skeletal muscle
and bone marrow results in cachexia and anemia, J. Exp. Med. 210 (2013)
1137–1151.

[140] C. Feig, J.O. Jones, M. Kraman, R.J. Wells, A. Deonarine, D.S. Chan, C.M. Connell, E.W.
Roberts, Q. Zhao, O.L. Caballero, S.A. Teichmann, T. Janowitz, D.I. Jodrell, D.A.
Tuveson, D.T. Fearon, Targeting CXCL12 from FAP-expressing carcinoma-
associated fibroblasts synergizes with anti-PD-L1 immunotherapy in pancreatic
cancer, Proc. Natl. Acad. Sci. U. S. A. 110 (2013) 20212–20217.

[141] P.P. Provenzano, C. Cuevas, A.E. Chang, V.K. Goel, D.D. Von Hoff, S.R. Hingorani, En-
zymatic targeting of the stroma ablates physical barriers to treatment of pancreatic
ductal adenocarcinoma, Cancer Cell 21 (2012) 418–429.

[142] B.C. Ozdemir, T. Pentcheva-Hoang, J.L. Carstens, X. Zheng, C.C. Wu, T.R. Simpson, H.
Laklai, H. Sugimoto, C. Kahlert, S.V. Novitskiy, A. De Jesus-Acosta, P. Sharma, P.
Heidari, U. Mahmood, L. Chin, H.L. Moses, V.M. Weaver, A. Maitra, J.P. Allison, V.S.
LeBleu, R. Kalluri, Depletion of carcinoma-associated fibroblasts and fibrosis in-
duces immunosuppression and accelerates pancreas cancer with reduced survival,
Cancer Cell 25 (2014) 719–734.

[143] A.D. Rhim, P.E. Oberstein, D.H. Thomas, E.T. Mirek, C.F. Palermo, S.A. Sastra, E.N.
Dekleva, T. Saunders, C.P. Becerra, I.W. Tattersall, C.B. Westphalen, J. Kitajewski,
M.G. Fernandez-Barrena, M.E. Fernandez-Zapico, C. Iacobuzio-Donahue, K.P.
Olive, B.Z. Stanger, Stromal elements act to restrain, rather than support, pancreat-
ic ductal adenocarcinoma, Cancer Cell 25 (2014) 735–747.

[144] J. Schmidt, E. Ryschich, V. Daniel, L. Herzog, J. Werner, C. Herfarth, D.S. Longnecker,
M.M. Gebhard, E. Klar, Vascular structure and microcirculation of experimental
pancreatic carcinoma in rats, Eur. J. Surg. 166 (2000) 328–335.
[145] T. Stylianopoulos, J.D. Martin, V.P. Chauhan, S.R. Jain, B. Diop-Frimpong, N.
Bardeesy, B.L. Smith, C.R. Ferrone, F.J. Hornicek, Y. Boucher, L.L. Munn, R.K. Jain,
Causes, consequences, and remedies for growth-induced solid stress in murine
and human tumors, Proc. Natl. Acad. Sci. U. S. A. 109 (2012) 15101–15108.

[146] K. Kuwahara, T. Sasaki, Y. Kuwada, M. Murakami, S. Yamasaki, K. Chayama, Expres-
sions of angiogenic factors in pancreatic ductal carcinoma: a correlative studywith
clinicopathologic parameters and patient survival, Pancreas 26 (2003) 344–349.

[147] P. Buchler, H.A. Reber, A. Ullrich, M. Shiroiki, M. Roth, M.W. Buchler, R.S. Lavey, H.
Friess, O.J. Hines, Pancreatic cancer growth is inhibited by blockade of VEGF-RII,
Surgery 134 (2003) 772–782.

[148] C.H. Baker, C.C. Solorzano, I.J. Fidler, Blockade of vascular endothelial growth factor
receptor and epidermal growth factor receptor signaling for therapy of metastatic
human pancreatic cancer, Cancer Res. 62 (2002) 1996–2003.

[149] H.L. Kindler, G. Friberg, D.A. Singh, G. Locker, S. Nattam, M. Kozloff, D.A. Taber, T.
Karrison, A. Dachman, W.M. Stadler, E.E. Vokes, Phase II trial of bevacizumab
plus gemcitabine in patients with advanced pancreatic cancer, J. Clin. Oncol. 23
(2005) 8033–8040.

[150] A. Abdollahi, C. Schwager, J. Kleeff, I. Esposito, S. Domhan, P. Peschke, K. Hauser, P.
Hahnfeldt, L. Hlatky, J. Debus, J.M. Peters, H. Friess, J. Folkman, P.E. Huber, Tran-
scriptional network governing the angiogenic switch in human pancreatic cancer,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 12890–12895.

[151] D.D. Von Hoff, R.K. Ramanathan, M.J. Borad, D.A. Laheru, L.S. Smith, T.E. Wood, R.L.
Korn, N. Desai, V. Trieu, J.L. Iglesias, H. Zhang, P. Soon-Shiong, T. Shi, N.V.
Rajeshkumar, A. Maitra, M. Hidalgo, Gemcitabine plus nab-paclitaxel is an active
regimen in patients with advanced pancreatic cancer: a phase I/II trial, J. Clin.
Oncol. 29 (2011) 4548–4554.

[152] D.D. Von Hoff, T. Ervin, F.P. Arena, E.G. Chiorean, J. Infante, M. Moore, T. Seay, S.A.
Tjulandin, W.W. Ma, M.N. Saleh, M. Harris, M. Reni, S. Dowden, D. Laheru, N.
Bahary, R.K. Ramanathan, J. Tabernero, M. Hidalgo, D. Goldstein, E. Van Cutsem,
X. Wei, J. Iglesias, M.F. Renschler, Increased survival in pancreatic cancer with
nab-paclitaxel plus gemcitabine, N. Engl. J. Med. 369 (2013) 1691–1703.

[153] R. Alvarez, M. Musteanu, E. Garcia-Garcia, P.P. Lopez-Casas, D. Megias, C. Guerra, M.
Munoz, Y. Quijano, A. Cubillo, J. Rodriguez-Pascual, C. Plaza, E. de Vicente, S. Prados,
S. Tabernero, M. Barbacid, F. Lopez-Rios, M. Hidalgo, Stromal disrupting effects of
nab-paclitaxel in pancreatic cancer, Br. J. Cancer 109 (2013) 926–933.

[154] K.K. Frese, A. Neesse, N. Cook, T.E. Bapiro, M.P. Lolkema, D.I. Jodrell, D.A. Tuveson,
nab-Paclitaxel potentiates gemcitabine activity by reducing cytidine deaminase
levels in a mouse model of pancreatic cancer, Cancer Discov. 2 (2012) 260–269.

[155] A. Neesse, K.K. Frese, D.S. Chan, T.E. Bapiro, W.J. Howat, F.M. Richards, V.
Ellenrieder, D.I. Jodrell, D.A. Tuveson, SPARC independent drug delivery and
antitumour effects of nab-paclitaxel in genetically engineered mice, Gut 63
(2014) 974–983.

[156] C.L. Wolfgang, J.M. Herman, D.A. Laheru, A.P. Klein, M.A. Erdek, E.K. Fishman, R.H.
Hruban, Recent progress in pancreatic cancer, CA Cancer J. Clin. 63 (2013) 318–348.

[157] F. Huguet, S. Mukherjee, M. Javle, Locally advanced pancreatic cancer: the role of
definitive chemoradiotherapy, Clin. Oncol. (R. Coll. Radiol.) 26 (2014) 560–568.

[158] S. Mukherjee, R.P. Symonds, The role of radiotherapy in the management of upper
gastrointestinal and hepato-biliary and pancreatic cancers: current status and fu-
ture directions, Clin. Oncol. (R. Coll. Radiol.) 26 (2014) 519–521.

[159] T. Arumugam, V. Ramachandran, K.F. Fournier, H. Wang, L. Marquis, J.L.
Abbruzzese, G.E. Gallick, C.D. Logsdon, D.J. McConkey, W. Choi, Epithelial to mes-
enchymal transition contributes to drug resistance in pancreatic cancer, Cancer
Res. 69 (2009) 5820–5828.

[160] Z. Wang, Y. Li, D. Kong, S. Banerjee, A. Ahmad, A.S. Azmi, S. Ali, J.L. Abbruzzese, G.E.
Gallick, F.H. Sarkar, Acquisition of epithelial–mesenchymal transition phenotype of
gemcitabine-resistant pancreatic cancer cells is linked with activation of the notch
signaling pathway, Cancer Res. 69 (2009) 2400–2407.

[161] A. Neesse, K.K. Frese, T.E. Bapiro, T. Nakagawa, M.D. Sternlicht, T.W. Seeley, C.
Pilarsky, D.I. Jodrell, S.M. Spong, D.A. Tuveson, CTGF antagonism with mAb FG-
3019 enhances chemotherapy response without increasing drug delivery in mu-
rine ductal pancreas cancer, Proc. Natl. Acad. Sci. U. S. A. 110 (2013) 12325–12330.

[162] W. Zhang, N. Nandakumar, Y. Shi, M. Manzano, A. Smith, G. Graham, S. Gupta, E.E.
Vietsch, S.Z. Laughlin, M. Wadhwa, M. Chetram, M. Joshi, F. Wang, B. Kallakury, J.
Toretsky, A. Wellstein, C. Yi, Downstream of mutant KRAS, the transcription regu-
lator YAP is essential for neoplastic progression to pancreatic ductal adenocarcino-
ma, Sci. Signal. 7 (2014) ra42.

[163] J. Spratlin, R. Sangha, D. Glubrecht, L. Dabbagh, J.D. Young, C. Dumontet, C. Cass, R.
Lai, J.R. Mackey, The absence of human equilibrative nucleoside transporter 1 is as-
sociated with reduced survival in patients with gemcitabine-treated pancreas ad-
enocarcinoma, Clin. Cancer Res. 10 (2004) 6956–6961.

[164] S. Nordh, D. Ansari, R. Andersson, hENT1 expression is predictive of gemcitabine
outcome in pancreatic cancer: a systematic review, World J. Gastroenterol. 20
(2014) 8482–8490.

[165] W. Greenhalf, P. Ghaneh, J.P. Neoptolemos, D.H. Palmer, T.F. Cox, R.F. Lamb, E.
Garner, F. Campbell, J.R. Mackey, E. Costello, M.J. Moore, J.W. Valle, A.C.
McDonald, R. Carter, N.C. Tebbutt, D. Goldstein, J. Shannon, C. Dervenis, B.
Glimelius, M. Deakin, R.M. Charnley, F. Lacaine, A.G. Scarfe, M.R. Middleton, A.
Anthoney, C.M. Halloran, J. Mayerle, A. Olah, R. Jackson, C.L. Rawcliffe, A. Scarpa,
C. Bassi, M.W. Buchler, C. European Study Group for Pancreatic, Pancreatic cancer
hENT1 expression and survival from gemcitabine in patients from the ESPAC-3
trial, J. Natl. Cancer Inst. 106 (2014) djt347.

[166] S. Mukherjee, C.N. Hurt, J. Bridgewater, S. Falk, S. Cummins, H. Wasan, T. Crosby, C.
Jephcott, R. Roy, G. Radhakrishna, A. McDonald, R. Ray, G. Joseph, J. Staffurth, R.A.
Abrams, G. Griffiths, T. Maughan, Gemcitabine-based or capecitabine-based che-
moradiotherapy for locally advanced pancreatic cancer (SCALOP): a multicentre,
randomised, phase 2 trial, Lancet Oncol. 14 (2013) 317–326.

http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0610
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0610
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0610
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0610
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0610
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0615
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0615
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0615
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0620
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0620
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0620
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0620
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0620
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0620
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0620
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0620
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1480
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1480
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1480
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0625
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0625
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0625
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1485
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1485
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1485
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0630
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0630
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0630
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0635
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0635
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0635
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0640
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0640
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0640
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0640
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0645
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0645
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0645
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0645
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0650
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0650
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0650
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0655
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0655
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0655
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0655
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0660
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0660
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0660
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0660
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1490
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1490
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1490
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1490
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0665
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0665
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0665
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0665
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0670
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0670
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0670
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0670
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0670
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0670
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0675
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0675
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0675
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0675
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0675
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0680
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0680
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0680
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0685
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0685
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0685
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0685
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0685
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0685
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0690
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0690
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0690
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0690
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0690
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1495
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1495
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1495
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0695
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0695
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0695
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0695
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0700
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0700
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0700
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0705
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0705
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0705
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0710
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0710
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0710
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0715
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0715
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0715
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0715
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0720
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0720
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0720
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0720
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0725
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0725
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0725
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0725
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0725
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0730
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0730
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0730
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0730
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0730
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0735
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0735
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0735
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0735
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0740
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0740
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0740
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0745
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0745
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0745
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0745
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0750
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0750
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0755
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0755
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0760
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0760
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0760
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0765
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0765
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0765
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0765
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0770
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0770
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0770
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0770
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0775
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0775
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0775
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0775
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1500
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1500
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1500
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1500
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1500
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0780
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0780
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0780
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0780
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0785
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0785
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0785
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1505
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0790
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0790
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0790
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0790
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0790


80 E. Fokas et al. / Biochimica et Biophysica Acta 1855 (2015) 61–82
[167] D.D. Von Hoff, R. Korn, S. Mousses, Pancreatic cancer—could it be that simple? A
different context of vulnerability. Cancer Cell 16 (2009) 7–8.

[168] A. Courtin, F.M. Richards, T.E. Bapiro, J.L. Bramhall, A. Neesse, N. Cook, B.F.
Krippendorff, D.A. Tuveson, D.I. Jodrell, Anti-tumour efficacy of capecitabine in a
genetically engineered mouse model of pancreatic cancer, PLoS One 8 (2013)
e67330.

[169] T.B. Brunner, M. Scott-Brown, The role of radiotherapy in multimodal treatment of
pancreatic carcinoma, Radiat. Oncol. 5 (2010) 64.

[170] E. Ben-Josef, T.S. Lawrence, Radiotherapy: the importance of local control in pan-
creatic cancer, Nat. Rev. Clin. Oncol. 9 (2012) 9–10.

[171] K.H. Lim, E. Chung, A. Khan, D. Cao, D. Linehan, E. Ben-Josef, A. Wang-Gillam, Neo-
adjuvant therapy of pancreatic cancer: the emerging paradigm? Oncologist 17
(2012) 192–200.

[172] J.M. Wilson, M. Partridge, M. Hawkins, The application of functional imaging tech-
niques to personalise chemoradiotherapy in upper gastrointestinal malignancies,
Clin. Oncol. (R. Coll. Radiol.) 26 (2014) 581–596.

[173] E. Fokas, C. Eccles, N. Patel, K.Y. Chu, S. Warren, W.G. McKenna, T.B. Brunner, A
treatment planning comparison of four target volume contouring guidelines for lo-
cally advanced pancreatic cancer radiotherapy, Radiother. Oncol. 107 (2013)
200–206.

[174] S. Warren, M. Partridge, E. Fokas, C.L. Eccles, T.B. Brunner, Comparing dose-volume
histogram and radiobiological endpoints for ranking intensity-modulated arc ther-
apy and 3D-radiotherapy treatment plans for locally-advanced pancreatic cancer,
Acta Oncol. 52 (2013) 1573–1578.

[175] K. Ohuchida, K. Mizumoto, M. Murakami, L.W. Qian, N. Sato, E. Nagai, K.
Matsumoto, T. Nakamura, M. Tanaka, Radiation to stromal fibroblasts increases in-
vasiveness of pancreatic cancer cells through tumor–stromal interactions, Cancer
Res. 64 (2004) 3215–3222.

[176] T.S. Mantoni, S. Lunardi, O. Al-Assar, A. Masamune, T.B. Brunner, Pancreatic stellate
cells radioprotect pancreatic cancer cells through β1-integrin signaling, Cancer Res.
71 (2011) 3453–3458.

[177] T.S. Mantoni, R.R.E. Schendel, F. Rodel, G. Niedobitek, O. Al-Assar, A.Masamune, T.B.
Brunner, Stromal SPARC expression and patient survival after chemoradiation
for non-resectable pancreatic adenocarcinoma, Cancer Biol. Ther. 7 (2008)
1806–1815.

[178] L. Wang, H. Yang, P.L. Palmbos, G. Ney, T.A. Detzler, D. Coleman, J. Leflein, M. Davis,
M. Zhang,W. Tang, J.K. Hicks, C.M. Helchowski, J. Prasad, T.S. Lawrence, L. Xu, X. Yu,
C.E. Canman, M. Ljungman, D.M. Simeone, ATDC/TRIM29 phosphorylation by ATM/
MAPKAP kinase 2 mediates radioresistance in pancreatic cancer cells, Cancer Res.
74 (2014) 1778–1788.

[179] L. Li, X. Hao, J. Qin, W. Tang, F. He, A. Smith, M. Zhang, D.M. Simeone, X.T. Qiao, Z.N.
Chen, T.S. Lawrence, L. Xu, Antibody against CD44s inhibits pancreatic tumor initi-
ation and postradiation recurrence in mice, Gastroenterology 146 (2014)
1108–1118.

[180] D. Wei, L.A. Parsels, D. Karnak, M.A. Davis, J.D. Parsels, A.C. Marsh, L. Zhao, J.
Maybaum, T.S. Lawrence, Y. Sun, M.A. Morgan, Inhibition of protein phosphatase
2A radiosensitizes pancreatic cancers by modulating CDC25C/CDK1 and homolo-
gous recombination repair, Clin. Cancer Res. 19 (2013) 4422–4432.

[181] E. Fokas, R. Prevo, J.R. Pollard, P.M. Reaper, P.A. Charlton, B. Cornelissen, K.A. Vallis,
E.M. Hammond, M.M. Olcina, W. Gillies McKenna, R.J. Muschel, T.B. Brunner,
Targeting ATR in vivo using the novel inhibitor VE-822 results in selective sensiti-
zation of pancreatic tumors to radiation, Cell Death Dis. 3 (2012) e441.

[182] R. Prevo, E. Fokas, P.M. Reaper, P.A. Charlton, J.R. Pollard, W.G. McKenna, R.J.
Muschel, T.B. Brunner, The novel ATR inhibitor VE-821 increases sensitivity of pan-
creatic cancer cells to radiation and chemotherapy, Cancer Biol. Ther. 13 (2012)
1072–1081.

[183] M.A. Morgan, L.A. Parsels, L. Zhao, J.D. Parsels, M.A. Davis, M.C. Hassan, S.
Arumugarajah, L. Hylander-Gans, D. Morosini, D.M. Simeone, C.E. Canman, D.P.
Normolle, S.D. Zabludoff, J. Maybaum, T.S. Lawrence, Mechanism of
radiosensitization by the Chk1/2 inhibitor AZD7762 involves abrogation of the G2
checkpoint and inhibition of homologous recombinational DNA repair, Cancer
Res. 70 (2010) 4972–4981.

[184] C.G. Engelke, L.A. Parsels, Y. Qian, Q. Zhang, D. Karnak, J.R. Robertson, D.M. Tanska,
D. Wei, M.A. Davis, J.D. Parsels, L. Zhao, J.K. Greenson, T.S. Lawrence, J. Maybaum,
M.A. Morgan, Sensitization of pancreatic cancer to chemoradiation by the Chk1 in-
hibitor MK8776, Clin. Cancer Res. 19 (2013) 4412–4421.

[185] D.L. Schwartz, J.A. Bankson, R. Lemos Jr., S.Y. Lai, A.K. Thittai, Y. He, G.
Hostetter, M.J. Demeure, D.D. Von Hoff, G. Powis, Radiosensitization and stro-
mal imaging response correlates for the HIF-1 inhibitor PX-478 given with or
without chemotherapy in pancreatic cancer, Mol. Cancer Ther. 9 (2010)
2057–2067.

[186] M.A. Morgan, L.A. Parsels, L.E. Kollar, D.P. Normolle, J. Maybaum, T.S. Lawrence, The
combination of epidermal growth factor receptor inhibitors with gemcitabine and
radiation in pancreatic cancer, Clin. Cancer Res. 14 (2008) 5142–5149.

[187] A.K. Gupta, G.J. Cerniglia, R. Mick, W.G. McKenna, R.J. Muschel, HIV protease inhib-
itors block Akt signaling and radiosensitize tumor cells both in vitro and in vivo,
Cancer Res. 65 (2005) 8256–8265.

[188] T.B. Brunner, M. Geiger, G.G. Grabenbauer, M. Lang-Welzenbach, T.S. Mantoni, A.
Cavallaro, R. Sauer, W. Hohenberger, W.G. McKenna, Phase I trial of the human im-
munodeficiency virus protease inhibitor nelfinavir and chemoradiation for locally
advanced pancreatic cancer, J. Clin. Oncol. 26 (2008) 2699–2706.

[189] F. Klug, H. Prakash, P.E. Huber, T. Seibel, N. Bender, N. Halama, C. Pfirschke, R.H.
Voss, C. Timke, L. Umansky, K. Klapproth, K. Schakel, N. Garbi, D. Jager, J. Weitz,
H. Schmitz-Winnenthal, G.J. Hammerling, P. Beckhove, Low-dose irradiation pro-
grams macrophage differentiation to an iNOS(+)/M1 phenotype that orchestrates
effective T cell immunotherapy, Cancer Cell 24 (2013) 589–602.
[190] I.B. Weinstein, A. Joe, Oncogene addiction, Cancer Res. 68 (2008) 3077–3080 (dis-
cussion 3080).

[191] O. Warburg, F. Wind, E. Negelein, The metabolism of tumors in the body, J. Gen.
Physiol. 8 (1927) 519–530.

[192] O. Warburg, On the origin of cancer cells, Science 123 (1956) 309–314.
[193] M.G. Vander Heiden, L.C. Cantley, C.B. Thompson, Understanding the Warburg ef-

fect: the metabolic requirements of cell proliferation, Science 324 (2009)
1029–1033.

[194] F. Guillaumond, J. Leca, O. Olivares, M.-N. Lavaut, N. Vidal, P. Berthezene, N.J.
Dusetti, C. Loncle, E. Calvo, O. Turrini, J.L. Iovanna, R. Tomasini, S. Vasseur, Strength-
ened glycolysis under hypoxia supports tumor symbiosis and hexosamine biosyn-
thesis in pancreatic adenocarcinoma, Proc. Natl. Acad. Sci. U. S. A. 110 (2013)
3919–3924.

[195] Y. Rong,W.Wu, X. Ni, T. Kuang, D. Jin, D.Wang,W. Lou, Lactate dehydrogenase A is
overexpressed in pancreatic cancer and promotes the growth of pancreatic cancer
cells, Tumour Biol. 34 (2013) 1523–1530.

[196] W. Zhou, M. Capello, C. Fredolini, L. Racanicchi, L. Piemonti, L.A. Liotta, F. Novelli,
E.F. Petricoin, Proteomic analysis reveals Warburg effect and anomalous metabo-
lism of glutamine in pancreatic cancer cells, J. Proteome Res. 11 (2012) 554–563.

[197] H. Ishihara, H. Wang, L.R. Drewes, C.B. Wollheim, Overexpression of monocarbox-
ylate transporter and lactate dehydrogenase alters insulin secretory responses to
pyruvate and lactate in beta cells, J. Clin. Invest. 104 (1999) 1621–1629.

[198] W. Zhou, M. Capello, C. Fredolini, L. Piemonti, L.A. Liotta, F. Novelli, E.F. Petricoin,
Proteomic analysis of pancreatic ductal adenocarcinoma cells reveals metabolic al-
terations, J. Proteome Res. 10 (2011) 1944–1952.

[199] A. Le, C.R. Cooper, A.M. Gouw, R. Dinavahi, A. Maitra, L.M. Deck, R.E. Royer, D.L.
Vander Jagt, G.L. Semenza, C.V. Dang, Inhibition of lactate dehydrogenase A
induces oxidative stress and inhibits tumor progression, Proc. Natl. Acad. Sci.
U. S. A. 107 (2010) 2037–2042.

[200] L. Goldberg, R. Israeli, Y. Kloog, FTS and 2-DG induce pancreatic cancer cell death
and tumor shrinkage in mice, Cell Death Dis. 3 (2012) e284.

[201] H. Ying, A.C. Kimmelman, C.A. Lyssiotis, S. Hua, G.C. Chu, E. Fletcher-Sananikone,
J.W. Locasale, J. Son, H. Zhang, J.L. Coloff, H. Yan, W. Wang, S. Chen, A. Viale, H.
Zheng, J.H. Paik, C. Lim, A.R. Guimaraes, E.S. Martin, J. Chang, A.F. Hezel, S.R.
Perry, J. Hu, B. Gan, Y. Xiao, J.M. Asara, R. Weissleder, Y.A. Wang, L. Chin, L.C.
Cantley, R.A. DePinho, Oncogenic Kras maintains pancreatic tumors through regu-
lation of anabolic glucose metabolism, Cell 149 (2012) 656–670.

[202] J. Son, C.A. Lyssiotis, H. Ying, X. Wang, S. Hua, M. Ligorio, R.M. Perera, C.R. Ferrone,
E. Mullarky, N. Shyh-Chang, Y. Kang, J.B. Fleming, N. Bardeesy, J.M. Asara, M.C.
Haigis, R.A. DePinho, L.C. Cantley, A.C. Kimmelman, Glutamine supports pancreatic
cancer growth through a KRAS-regulated metabolic pathway, Nature 496 (2013)
101–105.

[203] A. Viale, P. Pettazzoni, C.A. Lyssiotis, H. Ying, N. Sanchez, M. Marchesini, A. Carugo,
T. Green, S. Seth, V. Giuliani, M. Kost-Alimova, F. Muller, S. Colla, L. Nezi, G.
Genovese, A.K. Deem, A. Kapoor, W. Yao, E. Brunetto, Y. Kang, M. Yuan, J.M.
Asara, Y.A. Wang, T.P. Heffernan, A.C. Kimmelman, H. Wang, J.B. Fleming, L.C.
Cantley, R.A. DePinho, G.F. Draetta, Oncogene ablation-resistant pancreatic cancer
cells depend on mitochondrial function, Nature 514 (2014) 628–632.

[204] E. White, Deconvoluting the context-dependent role for autophagy in cancer, Nat.
Rev. Cancer 12 (2012) 401–410.

[205] S. Yang, X. Wang, G. Contino, M. Liesa, E. Sahin, H. Ying, A. Bause, Y. Li, J.M.
Stommel, G. Dell'antonio, J. Mautner, G. Tonon, M. Haigis, O.S. Shirihai, C.
Doglioni, N. Bardeesy, A.C. Kimmelman, Pancreatic cancers require autophagy for
tumor growth, Genes Dev. 25 (2011) 717–729.

[206] M.T. Rosenfeldt, J. O'Prey, J.P. Morton, C. Nixon, G. MacKay, A.Mrowinska, A. Au, T.S.
Rai, L. Zheng, R. Ridgway, P.D. Adams, K.I. Anderson, E. Gottlieb, O.J. Sansom, K.M.
Ryan, p53 status determines the role of autophagy in pancreatic tumour develop-
ment, Nature 504 (2013) 296–300.

[207] A. Yang, N.V. Rajeshkumar, X. Wang, S. Yabuuchi, B.M. Alexander, G.C. Chu, D.D.
Von Hoff, A. Maitra, A.C. Kimmelman, Autophagy is critical for pancreatic tumor
growth and progression in tumors with p53 alterations, Cancer Discov. 4 (2014)
905–913.

[208] C. Alix-Panabieres, H. Schwarzenbach, K. Pantel, Circulating tumor cells and circu-
lating tumor DNA, Annu. Rev. Med. 63 (2012) 199–215.

[209] S.A. Joosse, K. Pantel, Biologic challenges in the detection of circulating tumor cells,
Cancer Res. 73 (2013) 8–11.

[210] G. Chausovsky, M. Luchansky, A. Figer, J. Shapira, M. Gottfried, B. Novis, G.
Bogelman, R. Zemer, S. Zimlichman, A. Klein, Expression of cytokeratin 20 in the
blood of patients with disseminated carcinoma of the pancreas, colon, stomach,
and lung, Cancer 86 (1999) 2398–2405.

[211] E. Soeth, U. Grigoleit, B. Moellmann, C. Roder, B. Schniewind, B. Kremer, H. Kalthoff,
I. Vogel, Detection of tumor cell dissemination in pancreatic ductal carcinoma pa-
tients by CK 20 RT-PCR indicates poor survival, J. Cancer Res. Clin. Oncol. 131
(2005) 669–676.

[212] Y. Mataki, S. Takao, K. Maemura, S. Mori, H. Shinchi, S. Natsugoe, T. Aikou,
Carcinoembryonic antigen messenger RNA expression using nested reverse
transcription-PCR in the peripheral blood during follow-up period of patients
who underwent curative surgery for biliary-pancreatic cancer: longitudinal analy-
ses, Clin. Cancer Res. 10 (2004) 3807–3814.

[213] T. Kurihara, T. Itoi, A. Sofuni, F. Itokawa, T. Tsuchiya, S. Tsuji, K. Ishii, N. Ikeuchi, A.
Tsuchida, K. Kasuya, T. Kawai, Y. Sakai, F. Moriyasu, Detection of circulating
tumor cells in patients with pancreatic cancer: a preliminary result, J. Hepatobiliary
Pancreat. Surg. 15 (2008) 189–195.

[214] A. de Albuquerque, I. Kubisch, G. Breier, G. Stamminger, N. Fersis, A. Eichler, S. Kaul,
U. Stolzel, Multimarker gene analysis of circulating tumor cells in pancreatic cancer
patients: a feasibility study, Oncology 82 (2012) 3–10.

http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0795
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0795
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0800
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0800
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0800
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0800
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0805
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0805
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0810
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0810
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0815
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0815
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0815
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0820
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0820
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0820
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0825
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0825
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0825
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0825
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0830
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0830
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0830
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0830
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0835
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0835
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0835
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0835
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0840
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0840
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0840
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0845
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0845
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0845
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0845
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0850
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0850
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0850
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0850
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0850
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0855
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0855
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0855
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0855
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0860
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0860
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0860
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0860
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0865
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0865
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0865
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0865
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0870
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0870
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0870
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0870
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0875
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0875
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0875
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0875
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0875
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0875
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0880
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0880
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0880
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0880
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0885
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0885
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0885
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0885
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0885
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0890
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0890
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0890
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0895
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0895
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0895
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0900
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0900
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0900
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0900
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0905
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0905
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0905
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0905
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0905
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0910
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0910
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0915
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0915
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0920
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0925
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0925
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0925
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0930
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0930
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0930
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0930
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0930
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0935
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0935
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0935
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0940
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0940
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0940
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0945
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0945
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0945
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0950
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0950
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0950
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0955
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0955
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0955
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0955
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0960
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0960
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0965
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0965
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0965
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0965
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0965
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0965
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0970
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0970
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0970
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0970
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0970
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1510
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1510
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1510
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1510
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1510
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1510
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0980
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0980
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0985
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0985
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0985
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0985
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0990
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0990
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0990
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0990
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0995
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0995
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0995
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf0995
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1000
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1000
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1005
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1005
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1010
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1010
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1010
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1010
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1015
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1015
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1015
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1015
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1020
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1020
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1020
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1020
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1020
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1025
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1025
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1025
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1025
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1030
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1030
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1030


81E. Fokas et al. / Biochimica et Biophysica Acta 1855 (2015) 61–82
[215] F.C. Bidard, F. Huguet, C. Louvet, L. Mineur, O. Bouche, B. Chibaudel, P. Artru, F.
Desseigne, J.B. Bachet, C. Mathiot, J.Y. Pierga, P. Hammel, Circulating tumor cells
in locally advanced pancreatic adenocarcinoma: the ancillary CirCe 07 study to
the LAP 07 trial, Ann. Oncol. 24 (2013) 2057–2061.

[216] K. Z'Graggen, B.A. Centeno, C. Fernandez-del Castillo, R.E. Jimenez, J. Werner, A.L.
Warshaw, Biological implications of tumor cells in blood and bone marrow of pan-
creatic cancer patients, Surgery 129 (2001) 537–546.

[217] G. Sergeant, T. Roskams, J. van Pelt, F. Houtmeyers, R. Aerts, B. Topal, Perioperative
cancer cell dissemination detected with a real-time RT-PCR assay for EpCAM is not
associatedwithworse prognosis in pancreatic ductal adenocarcinoma, BMC Cancer
11 (2011) 47.

[218] K. Pantel, C. Alix-Panabieres, Real-time liquid biopsy in cancer patients: fact or fic-
tion? Cancer Res. 73 (2013) 6384–6388.

[219] A.D. Rhim, E.T. Mirek, N.M. Aiello, A. Maitra, J.M. Bailey, F. McAllister, M. Reichert,
G.L. Beatty, A.K. Rustgi, R.H. Vonderheide, S.D. Leach, B.Z. Stanger, EMT and dissem-
ination precede pancreatic tumor formation, Cell 148 (2012) 349–361.

[220] T.M. Gall, A.E. Frampton, J. Krell, J. Jacob, J. Stebbing, L.R. Jiao, Is the detection of cir-
culating tumor cells in locally advanced pancreatic cancer a useful prognostic
marker? Expert Rev. Mol. Diagn. 13 (2013) 793–796.

[221] C. Bettegowda, M. Sausen, R.J. Leary, I. Kinde, Y. Wang, N. Agrawal, B.R. Bartlett, H.
Wang, B. Luber, R.M. Alani, E.S. Antonarakis, N.S. Azad, A. Bardelli, H. Brem, J.L.
Cameron, C.C. Lee, L.A. Fecher, G.L. Gallia, P. Gibbs, D. Le, R.L. Giuntoli, M.
Goggins, M.D. Hogarty, M. Holdhoff, S.M. Hong, Y. Jiao, H.H. Juhl, J.J. Kim, G.
Siravegna, D.A. Laheru, C. Lauricella, M. Lim, E.J. Lipson, S.K. Marie, G.J. Netto, K.S.
Oliner, A. Olivi, L. Olsson, G.J. Riggins, A. Sartore-Bianchi, K. Schmidt, l.M. Shih,
S.M. Oba-Shinjo, S. Siena, D. Theodorescu, J. Tie, T.T. Harkins, S. Veronese, T.L.
Wang, J.D. Weingart, C.L. Wolfgang, L.D. Wood, D. Xing, R.H. Hruban, J. Wu, P.J.
Allen, C.M. Schmidt, M.A. Choti, V.E. Velculescu, K.W. Kinzler, B. Vogelstein, N.
Papadopoulos, L.A. Diaz Jr., Detection of circulating tumor DNA in early- and late-
stage human malignancies, Sci. Transl. Med. 6 (2014) 224ra224.

[222] R. Noy, J.W. Pollard, Tumor-associatedmacrophages: frommechanisms to therapy,
Immunity 41 (2014) 49–61.

[223] Y. Ino, R. Yamazaki-Itoh, K. Shimada, M. Iwasaki, T. Kosuge, Y. Kanai, N. Hiraoka,
Immune cell infiltration as an indicator of the immune microenvironment of pan-
creatic cancer, Br. J. Cancer 108 (2013) 914–923.

[224] C.E. Clark, S.R. Hingorani, R. Mick, C. Combs, D.A. Tuveson, R.H. Vonderheide, Dy-
namics of the immune reaction to pancreatic cancer from inception to invasion,
Cancer Res. 67 (2007) 9518–9527.

[225] D.I. Gabrilovich, S. Nagaraj, Myeloid-derived suppressor cells as regulators of the
immune system, Nat. Rev. Immunol. 9 (2009) 162–174.

[226] Z.G. Fridlender, J. Sun, S. Kim, V. Kapoor, G. Cheng, L. Ling, G.S. Worthen, S.M.
Albelda, Polarization of tumor-associated neutrophil phenotype by TGF-beta:
“N1” versus “N2” TAN, Cancer Cell 16 (2009) 183–194.

[227] L.J. Bayne, G.L. Beatty, N. Jhala, C.E. Clark, A.D. Rhim, B.Z. Stanger, R.H. Vonderheide,
Tumor-derived granulocyte-macrophage colony-stimulating factor regulates mye-
loid inflammation and T cell immunity in pancreatic cancer, Cancer Cell 21 (2012)
822–835.

[228] Y. Pylayeva-Gupta, K.E. Lee, C.H. Hajdu, G. Miller, D. Bar-Sagi, Oncogenic Kras-
induced GM-CSF production promotes the development of pancreatic neoplasia,
Cancer Cell 21 (2012) 836–847.

[229] G.M. DeNicola, F.A. Karreth, T.J. Humpton, A. Gopinathan, C. Wei, K. Frese, D.
Mangal, K.H. Yu, C.J. Yeo, E.S. Calhoun, F. Scrimieri, J.M. Winter, R.H. Hruban, C.
Iacobuzio-Donahue, S.E. Kern, I.A. Blair, D.A. Tuveson, Oncogene-induced Nrf2
transcription promotes ROS detoxification and tumorigenesis, Nature 475 (2011)
106–109.

[230] N. Tewari, A.M. Zaitoun, A. Arora, S. Madhusudan, M. Ilyas, D.N. Lobo, The presence
of tumour-associated lymphocytes confers a good prognosis in pancreatic ductal
adenocarcinoma: an immunohistochemical study of tissue microarrays, BMC Can-
cer 13 (2013) 436.

[231] N. Hiraoka, R. Yamazaki-Itoh, Y. Ino, Y. Mizuguchi, T. Yamada, S. Hirohashi, Y. Kanai,
CXCL17 and ICAM2 are associatedwith a potential anti-tumor immune response in
early intraepithelial stages of human pancreatic carcinogenesis, Gastroenterology
140 (2011) 310–321.

[232] N. Hiraoka, K. Onozato, T. Kosuge, S. Hirohashi, Prevalence of FOXP3+ regulatory T
cells increases during the progression of pancreatic ductal adenocarcinoma and its
premalignant lesions, Clin. Cancer Res. 12 (2006) 5423–5434.

[233] A. Ochi, A.H. Nguyen, A.S. Bedrosian, H.M. Mushlin, S. Zarbakhsh, R. Barilla, C.P.
Zambirinis, N.C. Fallon, A. Rehman, Y. Pylayeva-Gupta, S. Badar, C.H. Hajdu, A.B.
Frey, D. Bar-Sagi, G. Miller, MyD88 inhibition amplifies dendritic cell capacity to
promote pancreatic carcinogenesis via Th2 cells, J. Exp. Med. 209 (2012)
1671–1687.

[234] A. Ochi, C.S. Graffeo, C.P. Zambirinis, A. Rehman, M. Hackman, N. Fallon, R.M.
Barilla, J.R. Henning, M. Jamal, R. Rao, S. Greco, M. Deutsch, M.V. Medina-Zea, U.
Bin Saeed, M.O. Ego-Osuala, C. Hajdu, G. Miller, Toll-like receptor 7 regulates pan-
creatic carcinogenesis in mice and humans, J. Clin. Invest. 122 (2012) 4118–4129.

[235] A. Fukuda, S.C. Wang, J.P. Morris, A.E. Folias, A. Liou, G.E. Kim, S. Akira, K.M.
Boucher, M.A. Firpo, S.J. Mulvihill, M. Hebrok, Stat3 and MMP7 contribute to pan-
creatic ductal adenocarcinoma initiation and progression, Cancer Cell 19 (2011)
441–455.

[236] M. Lesina, M.U. Kurkowski, K. Ludes, S. Rose-John, M. Treiber, G. Kloppel, A.
Yoshimura, W. Reindl, B. Sipos, S. Akira, R.M. Schmid, H. Algul, Stat3/Socs3 activa-
tion by IL-6 transsignaling promotes progression of pancreatic intraepithelial neo-
plasia and development of pancreatic cancer, Cancer Cell 19 (2011) 456–469.

[237] F. McAllister, J.M. Bailey, J. Alsina, C.J. Nirschl, R. Sharma, H. Fan, Y. Rattigan, J.C.
Roeser, R.H. Lankapalli, H. Zhang, E.M. Jaffee, C.G. Drake, F. Housseau, A. Maitra,
J.K. Kolls, C.L. Sears, D.M. Pardoll, S.D. Leach, Oncogenic Kras activates a
hematopoietic-to-epithelial IL-17 signaling axis in preinvasive pancreatic neopla-
sia, Cancer Cell 25 (2014) 621–637.

[238] R.B. Corcoran, G. Contino, V. Deshpande, A. Tzatsos, C. Conrad, C.H. Benes, D.E. Levy,
J. Settleman, J.A. Engelman, N. Bardeesy, STAT3 plays a critical role in KRAS-
induced pancreatic tumorigenesis, Cancer Res. 71 (2011) 5020–5029.

[239] A. Yamasaki, C. Kameda, R. Xu, H. Tanaka, T. Tasaka, N. Chikazawa, H. Suzuki, T.
Morisaki, M. Kubo, H. Onishi, M. Tanaka, M. Katano, Nuclear factor kappaB-
activated monocytes contribute to pancreatic cancer progression through the pro-
duction of Shh, Cancer Immunol. Immunother. 59 (2010) 675–686.

[240] D. Melisi, J. Niu, Z. Chang, Q. Xia, B. Peng, S. Ishiyama, D.B. Evans, P.J. Chiao, Secreted
interleukin-1alpha induces a metastatic phenotype in pancreatic cancer by sus-
taining a constitutive activation of nuclear factor-kappaB, Mol. Cancer Res. 7
(2009) 624–633.

[241] H. Ijichi, A. Chytil, A.E. Gorska, M.E. Aakre, B. Bierie, M. Tada, D. Mohri, K.
Miyabayashi, Y. Asaoka, S. Maeda, T. Ikenoue, K. Tateishi, C.V.E. Wright, K. Koike,
M. Omata, H.L. Moses, Inhibiting Cxcr2 disrupts tumor–stromal interactions and
improves survival in a mouse model of pancreatic ductal adenocarcinoma, J. Clin.
Invest. 121 (2011) 4106–4117.

[242] Y. Matsuo, M. Raimondo, T.A. Woodward, M.B. Wallace, K.R. Gill, Z. Tong, M.D.
Burdick, Z. Yang, R.M. Strieter, R.M. Hoffman, S. Guha, CXC-chemokine/CXCR2 bio-
logical axis promotes angiogenesis in vitro and in vivo in pancreatic cancer, Int. J.
Cancer 125 (2009) 1027–1037.

[243] A. Mantovani, P. Allavena, A. Sica, F. Balkwill, Cancer-related inflammation, Nature
454 (2008) 436–444.

[244] R.D. Schreiber, L.J. Old, M.J. Smyth, Cancer immunoediting: integrating immunity's
roles in cancer suppression and promotion, Science 331 (2011) 1565–1570.

[245] W. Zou, Immunosuppressive networks in the tumour environment and their ther-
apeutic relevance, Nat. Rev. Cancer 5 (2005) 263–274.

[246] F.X.-F. Qin, Dynamic behavior and function of Foxp3+ regulatory T cells in tumor
bearing host, Cell. Mol. Immunol. 6 (2009) 3–13.

[247] T. Yamamoto, H. Yanagimoto, S. Satoi, H. Toyokawa, S. Hirooka, S. Yamaki, R. Yui, J.
Yamao, S. Kim, A.H. Kwon, Circulating CD4+ CD25+ regulatory T cells in patients
with pancreatic cancer, Pancreas 41 (2012) 409–415.

[248] A. Mantovani, B. Savino, M. Locati, L. Zammataro, P. Allavena, R. Bonecchi, The che-
mokine system in cancer biology and therapy, Cytokine Growth Factor Rev. 21
(2010) 27–39.

[249] V. Tjomsland, A. Spangeus, P. Sandstrom, K. Borch, D. Messmer, M. Larsson, Semi
mature blood dendritic cells exist in patients with ductal pancreatic adenocarcino-
ma owing to inflammatory factors released from the tumor, PLoS One 5 (2010)
e13441.

[250] T. Yamamoto, H. Yanagimoto, S. Satoi, H. Toyokawa, J. Yamao, S. Kim, N. Terakawa,
K. Takahashi, A.H. Kwon, Circulating myeloid dendritic cells as prognostic factors in
patients with pancreatic cancer who have undergone surgical resection, J. Surg.
Res. 173 (2012) 299–308.

[251] V. Cerundolo, J.D. Silk, S.H. Masri, M. Salio, Harnessing invariant NKT cells in vacci-
nation strategies, Nat. Rev. Immunol. 9 (2009) 28–38.

[252] M.N. Aparicio-Pages, H.W. Verspaget, A.S. Pena, C.B. Lamers, Natural killer cell ac-
tivity in patients with adenocarcinoma in the upper gastrointestinal tract, J. Clin.
Lab. Immunol. 35 (1991) 27–32.

[253] X. Duan, L. Deng, X. Chen, Y. Lu, Q. Zhang, K. Zhang, Y. Hu, J. Zeng, W. Sun, Clin-
ical significance of the immunostimulatory MHC class I chain-related molecule
A and NKG2D receptor on NK cells in pancreatic cancer, Med. Oncol. 28 (2011)
466–474.

[254] N.P. Restifo, M.E. Dudley, S.A. Rosenberg, Adoptive immunotherapy for cancer:
harnessing the T cell response, Nat. Rev. Immunol. 12 (2012) 269–281.

[255] W.H. Fridman, F. Pages, C. Sautes-Fridman, J. Galon, The immune contexture in
human tumours: impact on clinical outcome, Nat. Rev. Cancer 12 (2012) 298–306.

[256] T. Nomi, M. Sho, T. Akahori, K. Hamada, A. Kubo, H. Kanehiro, S. Nakamura, K.
Enomoto, H. Yagita, M. Azuma, Y. Nakajima, Clinical significance and therapeutic
potential of the programmed death-1 ligand/programmed death-1 pathway in
human pancreatic cancer, Clin. Cancer Res. 13 (2007) 2151–2157.

[257] Y. Shoji, M. Miyamoto, K. Ishikawa, T. Yoshioka, R. Mishra, K. Ichinokawa, Y.
Matsumura, T. Itoh, T. Shinohara, S. Hirano, S. Kondo, The CD40–CD154 interaction
would correlate with proliferation and immune escape in pancreatic ductal adeno-
carcinoma, J. Surg. Oncol. 103 (2011) 230–238.

[258] B.A. Inman, X. Frigola, H. Dong, E.D. Kwon, Costimulation, coinhibition and cancer,
Curr. Cancer Drug Targets 7 (2007) 15–30.

[259] G.L. Beatty, E.G. Chiorean, M.P. Fishman, B. Saboury, U.R. Teitelbaum, W. Sun, R.D.
Huhn, W. Song, D. Li, L.L. Sharp, D.A. Torigian, P.J. O'Dwyer, R.H. Vonderheide,
CD40 agonists alter tumor stroma and show efficacy against pancreatic carcinoma
in mice and humans, Science 331 (2011) 1612–1616.

[260] G.L. Beatty, D.A. Torigian, E.G. Chiorean, B. Saboury, A. Brothers, A. Alavi, A.B. Troxel,
W. Sun, U.R. Teitelbaum, R.H. Vonderheide, P.J. O'Dwyer, A phase I study of an ag-
onist CD40 monoclonal antibody (CP-870,893) in combination with gemcitabine
in patients with advanced pancreatic ductal adenocarcinoma, Clin. Cancer Res. 19
(2013) 6286–6295.

[261] D.M. Pardoll, The blockade of immune checkpoints in cancer immunotherapy, Nat.
Rev. Cancer 12 (2012) 252–264.

[262] J.R. Brahmer, S.S. Tykodi, L.Q.M. Chow,W.-J. Hwu, S.L. Topalian, P. Hwu, C.G. Drake,
L.H. Camacho, J. Kauh, K. Odunsi, H.C. Pitot, O. Hamid, S. Bhatia, R. Martins, K. Eaton,
S. Chen, T.M. Salay, S. Alaparthy, J.F. Grosso, A.J. Korman, S.M. Parker, S. Agrawal,
S.M. Goldberg, D.M. Pardoll, A. Gupta, J.M. Wigginton, Safety and activity of anti-
PD-L1 antibody in patients with advanced cancer, N. Engl. J. Med. 366 (2012)
2455–2465.

[263] R.E. Royal, C. Levy, K. Turner, A. Mathur, M. Hughes, U.S. Kammula, R.M. Sherry, S.L.
Topalian, J.C. Yang, I. Lowy, S.A. Rosenberg, Phase 2 trial of single agent Ipilimumab

http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1035
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1035
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1035
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1035
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1040
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1040
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1040
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1045
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1045
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1045
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1045
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1050
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1050
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1055
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1055
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1055
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1060
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1515
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1065
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1065
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1070
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1070
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1070
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1075
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1075
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1075
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1080
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1080
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1085
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1085
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1085
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1090
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1090
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1090
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1090
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1095
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1095
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1095
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1100
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1100
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1100
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1100
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1100
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1105
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1105
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1105
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1105
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1110
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1110
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1110
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1110
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1115
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1115
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1115
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1115
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1120
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1120
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1120
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1120
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1120
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1125
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1125
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1125
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1125
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1130
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1130
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1130
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1130
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1135
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1140
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1140
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1140
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1140
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1140
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1145
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1145
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1145
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1150
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1150
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1150
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1150
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1155
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1155
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1155
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1155
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1160
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1160
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1160
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1160
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1160
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1165
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1165
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1165
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1165
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1170
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1170
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1175
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1175
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1180
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1180
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1185
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1190
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1195
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1195
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1195
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1200
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1200
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1200
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1200
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1205
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1205
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1205
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1205
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1210
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1210
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1215
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1215
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1215
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1220
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1220
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1220
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1220
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1225
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1225
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1230
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1230
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1235
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1235
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1235
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1235
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1240
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1240
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1240
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1240
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1245
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1245
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1250
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1250
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1250
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1250
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1255
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1255
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1255
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1255
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1255
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1260
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1260
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1265
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1265
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1265
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1265
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1265
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1265
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1270
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1270


82 E. Fokas et al. / Biochimica et Biophysica Acta 1855 (2015) 61–82
(anti-CTLA-4) for locally advanced or metastatic pancreatic adenocarcinoma, J.
Immunother. 33 (2010) 828–833.

[264] D.E. Sanford, B.A. Belt, R.Z. Panni, A. Mayer, A.D. Deshpande, D. Carpenter, J.B.
Mitchem, S.M. Plambeck-Suess, L.A. Worley, B.D. Goetz, A. Wang-Gillam, T.J.
Eberlein, D.G. Denardo, S.P. Goedegebuure, D.C. Linehan, Inflammatory monocyte
mobilization decreases patient survival in pancreatic cancer: a role for targeting
the CCL2/CCR2 axis, Clin. Cancer Res. 19 (2013) 3404–3415.

[265] J.B. Mitchem, D.J. Brennan, B.L. Knolhoff, B.A. Belt, Y. Zhu, D.E. Sanford, L.
Belaygorod, D. Carpenter, L. Collins, D. Piwnica-Worms, S. Hewitt, G.M. Udupi,
W.M. Gallagher, C. Wegner, B.L. West, A. Wang-Gillam, P. Goedegebuure, D.C.
Linehan, D.G. DeNardo, Targeting tumor-infiltrating macrophages decreases
tumor-initiating cells, relieves immunosuppression, and improves chemothera-
peutic responses, Cancer Res. 73 (2013) 1128–1141.

[266] Y. Zhu, B.L. Knolhoff, M.A. Meyer, T.M. Nywening, B.L. West, J. Luo, A.Wang-Gillam,
S.P. Goedegebuure, D.C. Linehan, D.G. DeNardo, CSF1/CSF1R blockade reprograms
tumor-infiltrating macrophages and improves response to T-cell checkpoint im-
munotherapy in pancreatic cancer models, Cancer Res. 74 (2014) 5057–5069.

[267] F. Fallarino, U. Grohmann, S. You, B.C. McGrath, D.R. Cavener, C. Vacca, C. Orabona,
R. Bianchi, M.L. Belladonna, C. Volpi, P. Santamaria, M.C. Fioretti, P. Puccetti, The
combined effects of tryptophan starvation and tryptophan catabolites down-
regulate T cell receptor zeta-chain and induce a regulatory phenotype in naive T
cells, J. Immunol. 176 (2006) 6752–6761.

[268] A. Witkiewicz, T.K. Williams, J. Cozzitorto, B. Durkan, S.L. Showalter, C.J. Yeo, J.R.
Brody, Expression of indoleamine 2,3-dioxygenase in metastatic pancreatic ductal
adenocarcinoma recruits regulatory T cells to avoid immune detection, J. Am. Coll.
Surg. 206 (2008) 849–854 (discussion 854–846).

[269] D. Tang, Z. Yuan, X. Xue, Z. Lu, Y. Zhang, H. Wang, M. Chen, Y. An, J. Wei, Y. Zhu, Y.
Miao, K. Jiang, High expression of Galectin-1 in pancreatic stellate cells plays a role
in the development and maintenance of an immunosuppressive microenviron-
ment in pancreatic cancer, Int. J. Cancer 130 (2012) 2337–2348.

[270] R. Chen, S. Pan, N.A. Ottenhof, R.F. de Wilde, C.L. Wolfgang, Z. Lane, J. Post, M.P.
Bronner, J.K. Willmann, A. Maitra, T.A. Brentnall, Stromal galectin-1 expression is
associated with long-term survival in resectable pancreatic ductal adenocarcino-
ma, Cancer Biol. Ther. 13 (2012) 899–907.

[271] O. Leavy, Tumour immunology: a close-range dual hit for tumour immunity, Nat.
Rev. Immunol. 12 (2012) 227.

[272] K.S. Gunturu, G.R. Rossi, M.W. Saif, Immunotherapy updates in pancreatic cancer:
are we there yet? Ther. Adv. Med. Oncol. 5 (2013) 81–89.

[273] D. Laheru, E. Lutz, J. Burke, B. Biedrzycki, S. Solt, B. Onners, I. Tartakovsky, J.
Nemunaitis, D. Le, E. Sugar, K. Hege, E. Jaffee, Allogeneic granulocyte macrophage
colony-stimulating factor-secreting tumor immunotherapy alone or in sequence
with cyclophosphamide for metastatic pancreatic cancer: a pilot study of safety,
feasibility, and immune activation, Clin. Cancer Res. 14 (2008) 1455–1463.

[274] R.E. Hunger, C.U. Brand, M. Streit, J.A. Eriksen, M.K. Gjertsen, I. Saeterdal, L.R.
Braathen, G. Gaudernack, Successful induction of immune responses against mu-
tant ras in melanoma patients using intradermal injection of peptides and GM-
CSF as adjuvant, Exp. Dermatol. 10 (2001) 161–167.

[275] M.K. Gjertsen, A. Bakka, J. Breivik, I. Saeterdal, B.G. Solheim, O. Soreide, E. Thorsby,
G. Gaudernack, Vaccination with mutant ras peptides and induction of T-cell re-
sponsiveness in pancreatic carcinoma patients carrying the corresponding RAS
mutation, Lancet 346 (1995) 1399–1400.

[276] M.K. Gjertsen, T. Buanes, A.R. Rosseland, A. Bakka, I. Gladhaug, O. Soreide, J.A.
Eriksen, M. Moller, I. Baksaas, R.A. Lothe, I. Saeterdal, G. Gaudernack, Intradermal
ras peptide vaccination with granulocyte–macrophage colony-stimulating factor
as adjuvant: clinical and immunological responses in patients with pancreatic ad-
enocarcinoma, Int. J. Cancer 92 (2001) 441–450.

[277] G.K. Abou-Alfa, P.B. Chapman, J. Feilchenfeldt, M.F. Brennan, M. Capanu, B.
Gansukh, G. Jacobs, A. Levin, D. Neville, D.P. Kelsen, E.M. O'Reilly, Targeting mutat-
ed K-ras in pancreatic adenocarcinoma using an adjuvant vaccine, Am. J. Clin.
Oncol. 34 (2011) 321–325.

[278] S. Weden, M. Klemp, I.P. Gladhaug, M. Moller, J.A. Eriksen, G. Gaudernack, T.
Buanes, Long-term follow-up of patients with resected pancreatic cancer following
vaccination against mutant K-ras, Int. J. Cancer 128 (2011) 1120–1128.

[279] Y. Hamanaka, Y. Suehiro, M. Fukui, K. Shikichi, K. Imai, Y. Hinoda, Circulating anti-
MUC1 IgG antibodies as a favorable prognostic factor for pancreatic cancer, Int. J.
Cancer 103 (2003) 97–9100.

[280] P.M. Arlen, J.L. Gulley, R.A. Madan, J.W. Hodge, J. Schlom, Preclinical and clinical
studies of recombinant poxvirus vaccines for carcinoma therapy, Crit. Rev.
Immunol. 27 (2007) 451–462.

[281] A.D. Gilliam, P. Broome, E.G. Topuzov, A.M. Garin, I. Pulay, J. Humphreys, A.
Whitehead, A. Takhar, B.J. Rowlands, I.J. Beckingham, An international multicenter
randomized controlled trial of G17DT in patients with pancreatic cancer, Pancreas
41 (2012) 374–379.

[282] J.M. Hardacre, M. Mulcahy, W. Small, M. Talamonti, J. Obel, S. Krishnamurthi, C.S.
Rocha-Lima, H. Safran, H.J. Lenz, E.G. Chiorean, Addition of algenpantucel-L immu-
notherapy to standard adjuvant therapy for pancreatic cancer: a phase 2 study, J.
Gastrointest. Surg. 17 (2013) 94–100 (discussion p 100–101).

[283] T. Terashima, E. Mizukoshi, K. Arai, T. Yamashita, M. Yoshida, H. Ota, I. Onishi, M.
Kayahara, K. Ohtsubo, T. Kagaya, M. Honda, S. Kaneko, P53, hTERT, WT-1, and
VEGFR2 are themost suitable targets for cancer vaccine therapy inHLA-A24positive
pancreatic adenocarcinoma, Cancer Immunol. Immunother. 63 (2014) 479–489.

[284] https://clinicaltrials.gov/ct2/show/NCT01486329?term=pancreatic+cancer+
VXM01&rank=1.

[285] S.L. Bernhardt,M.K. Gjertsen, S. Trachsel,M.Moller, J.A. Eriksen,M.Meo, T. Buanes, G.
Gaudernack, Telomerase peptide vaccination of patients with non-resectable pan-
creatic cancer: a dose escalating phase I/II study, Br. J. Cancer 95 (2006) 1474–1482.

[286] G. Middleton, P. Silcocks, T. Cox, J. Valle, J. Wadsley, D. Propper, F. Coxon, P. Ross, S.
Madhusudan, T. Roques, D. Cunningham, S. Falk, N. Wadd, M. Harrison, P. Corrie, T.
Iveson, A. Robinson, K. McAdam, M. Eatock, J. Evans, C. Archer, T. Hickish, A. Garcia-
Alonso, M. Nicolson, W. Steward, A. Anthoney, W. Greenhalf, V. Shaw, E. Costello,
D. Naisbitt, C. Rawcliffe, G. Nanson, J. Neoptolemos, Gemcitabine and capecitabine
with or without telomerase peptide vaccine GV1001 in patients with locally ad-
vanced or metastatic pancreatic cancer (TeloVac): an open-label, randomised,
phase 3 trial, Lancet Oncol. 15 (2014) 829–840.

[287] B.P. Keenan, E.M. Jaffee, Whole cell vaccines—past progress and future strategies,
Semin. Oncol. 39 (2012) 276–286.

[288] E.M. Jaffee, R.H. Hruban, B. Biedrzycki, D. Laheru, K. Schepers, P.R. Sauter, M.
Goemann, J. Coleman, L. Grochow, R.C. Donehower, K.D. Lillemoe, S. O'Reilly, R.A.
Abrams, D.M. Pardoll, J.L. Cameron, C.J. Yeo, Novel allogeneic granulocyte–macro-
phage colony-stimulating factor-secreting tumor vaccine for pancreatic cancer: a
phase I trial of safety and immune activation, J. Clin. Oncol. 19 (2001) 145–156.

[289] E. Lutz, C.J. Yeo, K.D. Lillemoe, B. Biedrzycki, B. Kobrin, J. Herman, E. Sugar, S.
Piantadosi, J.L. Cameron, S. Solt, B. Onners, I. Tartakovsky, M. Choi, R. Sharma,
P.B. Illei, R.H. Hruban, R.A. Abrams, D. Le, E. Jaffee, D. Laheru, A lethally irradiated
allogeneic granulocyte–macrophage colony stimulating factor-secreting tumor
vaccine for pancreatic adenocarcinoma. A Phase II trial of safety, efficacy, and im-
mune activation, Ann. Surg. 253 (2011) 328–335.

[290] Y. Paterson, P.D. Guirnalda, L.M. Wood, Listeria and Salmonella bacterial vectors of
tumor-associated antigens for cancer immunotherapy, Semin Immunol. 22 (2010)
183–189.

[291] D.G. Brockstedt, M.A. Giedlin, M.L. Leong, K.S. Bahjat, Y. Gao, W. Luckett, W. Liu, D.N.
Cook, D.A. Portnoy, T.W.Dubensky, Listeria-based cancer vaccines that segregate im-
munogenicity from toxicity, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 13832–13837.

[292] B.P. Keenan, Y. Saenger, M.I. Kafrouni, A. Leubner, P. Lauer, A. Maitra, A.A. Rucki, A.J.
Gunderson, L.M. Coussens, D.G. Brockstedt, T.W. Dubensky Jr., R. Hassan, T.D.
Armstrong, E.M. Jaffee, A Listeria vaccine and depletion of T-regulatory cells acti-
vate immunity against early stage pancreatic intraepithelial neoplasms and pro-
long survival of mice, Gastroenterology 146 (2014) 1784–1794 (e1786).

[293] D.T. Le, D.G. Brockstedt, R. Nir-Paz, J. Hampl, S. Mathur, J. Nemunaitis, D.H. Sterman,
R. Hassan, E. Lutz, B. Moyer, M. Giedlin, J.L. Louis, E.A. Sugar, A. Pons, A.L. Cox, J.
Levine, A.L. Murphy, P. Illei, T.W. Dubensky Jr., J.E. Eiden, E.M. Jaffee, D.A. Laheru,
A live-attenuated Listeria vaccine (ANZ-100) and a live-attenuated Listeria vaccine
expressing mesothelin (CRS-207) for advanced cancers: phase I studies of safety
and immune induction, Clin. Cancer Res. 18 (2012) 858–868.

[294] D.T. Le, E. Lutz, J.N. Uram, E.A. Sugar, B. Onners, S. Solt, L. Zheng, L.A. Diaz Jr., R.C.
Donehower, E.M. Jaffee, D.A. Laheru, Evaluation of ipilimumab in combination
with allogeneic pancreatic tumor cells transfected with a GM-CSF gene in previ-
ously treated pancreatic cancer, J. Immunother. 36 (2013) 382–389.

[295] A.J. Lepisto, A.J. Moser, H. Zeh, K. Lee, D. Bartlett, J.R. McKolanis, B.A. Geller, A.
Schmotzer, D.P. Potter, T. Whiteside, O.J. Finn, R.K. Ramanathan, A phase I/II
study of a MUC1 peptide pulsed autologous dendritic cell vaccine as adjuvant ther-
apy in patients with resected pancreatic and biliary tumors, Cancer Ther. 6 (2008)
955–964.

[296] Y. Kimura, J. Tsukada, T. Tomoda, H. Takahashi, K. Imai, K. Shimamura, M.
Sunamura, Y. Yonemitsu, S. Shimodaira, S. Koido, S. Homma, M. Okamoto, Clinical
and immunologic evaluation of dendritic cell-based immunotherapy in combina-
tion with gemcitabine and/or S-1 in patients with advanced pancreatic carcinoma,
Pancreas 41 (2012) 195–205.

[297] M. Kalos, C.H. June, Adoptive T cell transfer for cancer immunotherapy in the era of
synthetic biology, Immunity 39 (2013) 49–60.

[298] M.V. Maus, J.A. Fraietta, B.L. Levine, M. Kalos, Y. Zhao, C.H. June, Adoptive immuno-
therapy for cancer or viruses, Annu. Rev. Immunol. 32 (2014) 189–225.

[299] H. Kondo, S. Hazama, T. Kawaoka, S. Yoshino, S. Yoshida, K. Tokuno, M. Takashima,
T. Ueno, Y. Hinoda, M. Oka, Adoptive immunotherapy for pancreatic cancer using
MUC1 peptide-pulsed dendritic cells and activated T lymphocytes, Anticancer
Res. 28 (2008) 379–387.

[300] D. Abate-Daga, K.H. Lagisetty, E. Tran, Z. Zheng, L. Gattinoni, Z. Yu, W.R. Burns, A.M.
Miermont, Y. Teper, U. Rudloff, N.P. Restifo, S.A. Feldman, S.A. Rosenberg, R.A.
Morgan, A novel chimeric antigen receptor against prostate stem cell antigen me-
diates tumor destruction in a humanized mouse model of pancreatic cancer, Hum.
Gene Ther. (2014) [Epub ahead of print].

[301] T.A. Wynn, T.R. Ramalingam, Mechanisms of fibrosis: therapeutic translation for fi-
brotic disease, Nat. Med. 18 (2012) 1028–1040.

[302] L. Bracci, G. Schiavoni, A. Sistigu, F. Belardelli, Immune-based mechanisms of cyto-
toxic chemotherapy: implications for the design of novel and rationale-based com-
bined treatments against cancer, Cell Death Differ. 21 (2014) 15–25.

[303] B. Burnette, R.R. Weichselbaum, Radiation as an immunemodulator, Semin. Radiat.
Oncol. 23 (2013) 273–280.

http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1270
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1270
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1275
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1275
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1275
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1275
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1275
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1280
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1520
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1520
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1520
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1520
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1290
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1290
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1290
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1290
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1290
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1295
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1295
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1295
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1295
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1300
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1300
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1300
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1300
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1305
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1305
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1305
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1305
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1310
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1310
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1315
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1315
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1320
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1320
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1320
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1320
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1320
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1325
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1325
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1325
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1325
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1330
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1330
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1330
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1330
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1335
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1335
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1335
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1335
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1335
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1340
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1340
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1340
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1340
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1345
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1345
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1345
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1350
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1350
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1350
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1355
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1355
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1355
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1360
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1360
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1360
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1360
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1525
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1525
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1525
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1525
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1365
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1365
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1365
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1365
https://clinicaltrials.gov/ct2/show/NCT01486329?term=pancreatic+cancer+VXM01&rank=1
https://clinicaltrials.gov/ct2/show/NCT01486329?term=pancreatic+cancer+VXM01&rank=1
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1370
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1370
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1370
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1375
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1375
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1375
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1375
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1375
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1375
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1375
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1375
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1380
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1380
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1385
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1385
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1385
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1385
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1385
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1390
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1390
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1390
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1390
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1390
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1390
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1395
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1395
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1395
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1400
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1400
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1400
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1535
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1535
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1535
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1535
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1535
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1405
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1405
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1405
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1405
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1405
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1405
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1410
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1410
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1410
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1410
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1415
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1415
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1415
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1415
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1415
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1420
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1420
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1420
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1420
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1420
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1425
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1425
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1430
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1430
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1435
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1435
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1435
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1435
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1540
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1540
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1540
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1540
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1540
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1445
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1445
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1450
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1450
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1450
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1455
http://refhub.elsevier.com/S0304-419X(14)00111-5/rf1455

	Pancreatic ductal adenocarcinoma: From genetics to biology to radiobiology to oncoimmunology and all the way back to the clinic
	1. Introduction
	2. Genetics of pancreatic ductal adenocarcinoma
	2.1. Preinvasive lesions
	2.2. Telomeres in pancreatic ductal adenocarcinoma
	2.3. Pancreatic development and genetic alterations in pancreatic ductal adenocarcinoma
	2.4. Sequencing of human samples of pancreatic ductal adenocarcinoma
	2.5. Clonal evolution in pancreatic ductal adenocarcinoma
	2.6. Genetic subtypes of pancreatic ductal adenocarcinoma

	3. Mouse models in pancreatic ductal adenocarcinoma
	3.1. Subcutaneous mouse model
	3.2. Orthotopic xenograft model
	3.3. Genetically engineered mouse models
	3.4. Transgenic mouse models
	3.5. Knock-in and knock-out mouse models
	3.6. Conditional knock-in and knock-out models
	3.7. Inducible transgenic mouse models
	3.8. Patient-derived xenograft mouse model

	4. The stroma of pancreatic ductal adenocarcinoma
	4.1. Components of the stroma
	4.2. Growth factors
	4.3. TGF-β
	4.4. The extracellular matrix
	4.5. Pancreatic stellate cells
	4.6. Fibroblasts
	4.7. Developmental pathway aberrations
	4.7.1. Sonic Hedgehog pathway
	4.7.2. Wnt pathway

	4.8. Depletion of stroma: recent unexpected findings
	4.9. Special drug delivery system

	5. Chemoresistance and radioresistance
	6. Pancreatic ductal adenocarcinoma metabolism
	7. Circulating tumour cells in pancreatic ductal adenocarcinoma
	8. Inflammation in pancreatic ductal adenocarcinoma
	9. Immune therapy in pancreatic ductal adenocarcinoma
	9.1. Tregs
	9.2. Dendritic cells
	9.3. Natural killer cells
	9.4. T cell activation
	9.5. Blockade of immune checkpoints
	9.6. Soluble immunosuppressive factors
	9.7. Anticancer vaccines in pancreatic ductal adenocarcinoma
	9.8. Adoptive cell transfer and chimeric antigen receptors

	10. Future perspectives and conclusion
	Acknowledgements
	References


