
EBioMedicine 53 (2020) 102655

Contents lists available at ScienceDirect

EBioMedicine

journal homepage: www.elsevier.com/locate/ebiom
Series
Recent insights into the biology of pancreatic cancer
Wantong Yaoa, Anirban Maitraa,b, Haoqiang Yingc,*
aDepartment of Translational Molecular Pathology, Houston, TX, USA
b Sheikh Ahmed Center for Pancreatic Cancer Research, Houston, TX, USA
c Department of Molecular and Cellular Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX, USA
A R T I C L E I N F O

Article History:
Received 9 November 2019
Revised 16 December 2019
Accepted 21 January 2020
Available online 2 March 2020
DOI of original article: http://dx.doi.org/10.1016/S1470
This is the first in a Series of four papers about pan

papers in this Series see www.thelancet.com/series/panc
* Corresponding author.
E-mail address: hying@mdanderson.org (H. Ying).

https://doi.org/10.1016/j.ebiom.2020.102655
2352-3964/© 2020 The Authors. Published by Elsevier B.
A B S T R A C T

Pancreatic cancer (PDAC) is one of the deadliest types of human cancers, owing to late stage at presentation
and pervasive therapeutic resistance. The extensive tumour heterogeneity, as well as substantial crosstalk
between the neoplastic epithelium and components within the microenvironment are the defining features
of PDAC biology that dictate the dismal natural history. Recent advances in genomic and molecular profiling
have informed on the genetic makeup and evolutionary patterns of tumour progression, leading to treatment
breakthroughs in minor subsets of patients with specific tumour mutational profiles. The nature and function
of tumour heterogeneity, including stromal heterogeneity, in PDAC development and therapeutic resistance,
are increasingly being elucidated. Deep insight has been gained regarding the metabolic and immunological
deregulation, which further sheds light on the complex biology and the observed treatment recalcitrance.
Here we will summarize these recent achievements and offer our perspective on the path forward.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
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Pancreatic ductal adenocarcinoma (PDAC) has become the third lead-
ing cause of cancer-related death in the United States, and is on pace to
become the second within the next decade [1,2]. PDAC remains the most
lethal type of human cancer with the 5-year survival rate gaining incre-
mental increase from 6% to 10% during the past five years, largely owing
to the improvement in neoadjuvant and adjuvant therapies. Break-
throughs have been made in the past few years for the treatment of a
small population of PDAC patients with inherited deficiencies in DNA
damage repair. Unfortunately, for majority of the PDAC patients, our
knowledge on the genetics and biology of this disease has not been trans-
lated to a leap in patient survival yet. Here we summarize themost recent
advancement in several selected fields of PDAC researchwherewe believe
the next wave of breakthroughs will emerge to tackle this deadly disease.

1. The genomic landscape of pancreatic cancer

1.1. Clinically actionable genetic alterations of PDAC

Signature mutations of human PDAC include oncogenic mutations
of KRAS present in over 90% of cases, and the frequent inactivation of
TP53, SMAD4 and CDKN2A tumour suppressors [3]. Next generation
sequencing efforts have identified a ‘long tail’ of additional recurrent
mutations/alterations in PDAC with individual incidence below 10%
[3]. It should be noted that many of genes with low frequency muta-
tions belong to a handful of common pathways, including RAS signal-
ling, TGFb pathway, cell cycle control, WNT signalling, NOTCH
signalling, epigenetic regulation, and DNA damage repair [3]. Addi-
tionally, recurrent non-coding mutations have also been identified in
PDAC, which are enriched in transcriptionally active regions of the
genome, implicating the role of these non-coding mutations in the
regulation of expression programs in tumour cells [4].

Some of the genetic alterations offer therapeutically actionable tar-
gets that have already been translated into clinical application. Small
molecule inhibitors targeting KRASG12C, a mutation present in »1.5%
PDAC patients, is showing promising anti-tumour effect in clinical trials
[5]. In addition, about 1% of human PDACs carry somatic inactivation of
mismatch repair (MMR) genes, such asMLH1 andMSH2, and are charac-
terized with a unique hypermutated genome with >10 somatic muta-
tions/megabase (Mb), in contrast to the »1.1�1.8 mutation per Mb in
most sporadic PDACs [6]. These MMR deficient tumours carry high neo-
antigen load and showed significantly improved responses to PD-1
blockade, which is now approved by the FDA for the treatment of this
specific patient population [7]. Lastly, mutations in genes involved in
homologous recombination repair (HRR), such as BRCA1, BRCA2 and
PALB2, affect DNA double strand break repair and result in chromosomal
aberrations characterized with big deletions with overlapping microho-
mology at breakpoint junctions and short tandem duplications [3].
These HRR genes are also mutated in the germline of patients with
familial PDAC [8]. Loss of function BRCA1 or BRCA2 mutations are
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synthetic lethal to the inhibition of PARP, an enzyme critical for single-
strand DNA damage repair. Indeed, recent phase 3 trial of olaparib, a
PARP inhibitor, showed significant improvement in progression-free
survival in germline BRCA-mutated metastatic PDAC patients who are
sensitive to first-line platinum-based chemotherapy [9], implicating the
potential of PARP inhibitor-based maintenance therapy in HRR-defec-
tive PDACs that exhibit similar ‘BRCAness’. However, an important
caveat is that germline BRCA1 and BRCA2 mutations are per se not reli-
able biomarkers for sensitivity to PARP inhibitors unless the mutations
are bi-allelic (i.e., accompanied by a somatic alteration in the other
allele), thus resulting in an “unstable genome” phenotype, which con-
fers sensitivity to DNA damage reagent such as cisplatin.

1.2. The genetic evolution of PDAC

Recent advances in next-generation sequencing coupled with multi-
region sampling have provided critical insights into the genetic evolu-
tion of PDAC. Phylogenetic modelling of mutations identified from mul-
tiple PanIN, primary tumour and metastatic lesions from the same
patients indicated that it takes years, if not decades, for the development
of invasive PDAC from founder clones [10], implicating a relative long
window for early detection. The clonal nature of the shared mutations
among PanINs and advanced tumours supports the stepwise-progres-
sion model of pancreatic cancer , although multiple somatic alterations
may occur simultaneously in a subset of tumours due to a single chro-
mosomal catastrophe termed chromothripsis [11]. It is possible that a
single chromothripsis event may lead to the neoplastic transformation
of precursor cells if it leads to the simultaneous generation of multiple
driver alterations. In this case, the trajectory of PDAC progression could
be much shorter than we initially estimated, though such assumption
needs to be validated in relevant in vivo models. In addition, while
intra-tumoral genetic heterogeneity is defined by the existence of multi-
ple subclones with distinctive driver or passenger mutations, recent
analysis indicated that such subclonal mutations in untreated tumours
are likely to be functionally irrelevant compared to the clonal driver
mutations [12]. Moreover, analysis of metastatic PDAC and several
other solid tumours revealed high uniformity of driver mutations in all
metastatic lesions from the same patient [13,14]. Although it is likely
that different subclones of the primary tumour give rise to the multiple
metastatic lesions, they all share the same clonal driver mutations [14].
These findings hold significant clinical implications. The long latency
and the conservation of clonal driver mutations during PDAC develop-
ment suggest that liquid biopsy of the core genetic alterations could
serve as a valuable tool for early detection. Importantly, the functional
dominance of clonal driver mutations indicates that combinatory strate-
gies targeting these genetic alterations should elicit similar responses in
both primary tumour and metastases, although therapeutic resistance
are expected to arise due to subclonal mutations [12].

2. Transcriptomic subtypes of pancreatic cancer with potential
clinical relevance

2.1. Molecular subtypes of PDAC

Recent global transcriptomic analyses have defined human PDAC
into several subtypes, which largely share comparable molecular fea-
tures between different studies despite distinctive nomenclatures
[15]. The original analysis described three subtypes � classical, quasi-
mesenchymal and exocrine-like [15]. Such classification was largely
confirmed by the International Cancer Genome Consortium (ICGC)
study which updated the subtype names to progenitor (similar to the
classical subtype), squamous (similar to the quasimesenchymal) and
ADEX (Aberrantly Differentiated Endocrine eXocrine, similar to the
exocrine-like subtype) respectively [15]. Moreover, a new immuno-
genic subtype was identified, which was partially overlapping with
the previously described classical subtype given the enrichment of
immune signature [15]. It has been suggested from these studies that
the squamous/basal-like tumours are associated with an adverse
prognosis and are more resistant to chemotherapy regimens com-
pared to other subtypes [15]. A TCGA study later showed that the
molecular signatures of the ADEX and immunogenic subtypes are
mostly derived from acinar cell contamination and immune infiltra-
tion respectively, indicating the molecular signature of neoplastic
epithelial cells largely dichotomize into either progenitor or squa-
mous subtypes [16]. This is consistent with findings using a ‘virtual
microdissection’ approach, digitally separating the neoplastic epithe-
lial and stromal components, which identified two tumour cell-spe-
cific groups, including classical (overlapping with the progenitor
subtype) and basal-like (overlapping with the squamous subtype)
subtypes [15]. However, exocrine-like subtype has been identified in
PDX-derived primary cultures [17], indicating that tumour purity
may not be the only determinant for the appearance of this subtype.
Moreover, it seems that such molecular subtypes are not fully reca-
pitulated at the single cell level. Recent single cell RNAseq analysis of
primary human PDAC identified distinct subtypes of neoplastic epi-
thelial cells [18,19]. While some progenitor/classical signature genes
are specifically expressed in certain subclusters, the squamous/basal-
like signature is not consistently enriched in subclusters of cancer
cells [18,19]. Several issues would need to be addressed for future
analysis to further clarify the intra-tumoral heterogeneity, including
limited sample size, single lesion instead of multi-region sampling,
and analysis bias toward ductal marker-positive tumour cells.

2.2. Determinants for the molecular subtypes

So far, no obvious genomic alterations have been associated with the
transcriptomic subtypes, although the squamous/basal-like subtype
exhibits more TP53 mutations [15], indicating non-genetic mechanisms
underlying the formation of different tumour subgroups. It is also possible
that genetic changes in the non-coding regions account for the observed
molecular heterogeneity. In this case, these non-coding mutations may
still function through the control of gene expression [4]. Several transcrip-
tional programs have been recently indicated as the driver for the sub-
groups of tumour cells, including GATA6 for the progenitor/classical
subtype [20,21], and KDM6A loss, and upregulation of DNp63/YAP1/GLI2
for the squamous/basal-like subtype [22�25]. Interestingly, KDM6A and
GLI2 can function as negative and positive regulators for p63 expression
respectively [23,26], while YAP1 was reported to drive GLI2 expression
[27]. Moreover, functional interaction between p63 and YAP1 is important
for basal stem cell renewal [28]. Therefore, it is possible that these genes
function convergently in PDAC to drive the squamous/basal-like subtype.

Besides the cell-autonomous mechanisms, the tumour microenvi-
ronment (TME) is also involved in orchestrating the transcription
programs of tumour cells. Co-culture with cancer-associated fibro-
blasts (CAFs) are able to switch the expression signatures of tumour
cells toward a proliferative or/and an epithelial-to-mesenchymal
transition (EMT) phenotype in some cases [29]. Moreover, it seems
that the tumour infiltrating myeloid cells are also capable of shaping
the transcription program of tumour cells towards the squamous
(basal-like) phenotype [30]. Depletion of these myeloid cells by tar-
geting CSF1R or CXCR2 switches the expression signature of tumour
cells away from the squamous subtype [30,31], implicating the
dynamic nature of tumour expression programs and underscoring
the importance of the TME in defining tumour molecular signatures.

2.3. Stromal heterogeneity

Desmoplastic stroma is a defining feature of PDAC, which can
comprise as much as 90% of the total tumour volume. Similar to the
classification of tumour cells, digital deconvolution of bulk PDAC
transcriptomic data has also identified two distinct stromal sub-
groups, a ‘normal’ subtype resembling myofibroblast or pancreatic
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stellate cells (PSCs) and an ‘activated’ subtype characterized by
inflammatory signatures [32]. Importantly, tumours of the activated
stroma subtype are associated with significantly worse prognosis
[32], underscoring the importance of stromal heterogeneity in defin-
ing PDAC biology. Interestingly, factors highly expressed in activated
stroma, such as WNT5A ligand, has recently been shown to activate
YAP1 oncogene and induce a squamous (basal-like) subtype of PDAC
[25,32], further underscoring the importance of heterotypic tumour-
stroma crosstalk in defining tumour heterogeneity. Recent studies,
including single cell transcriptomic analysis, have further delineated
the intra-tumoral CAF heterogeneity in PDAC, including identification
of a myofibroblast (“myCAF”), an inflammatory fibroblast (“iCAF”),
and an antigen-presenting CAF (“apCAF”) population, observed in
both patients and in credentialed murine models [18]. These CAF
populations are highly dynamic and their phenotypes can be deter-
mined by their proximity to tumour cells and the paracrine factors
released by adjacent tumour cells [33]. TGFb from tumour cells
induce the formation of neighbouring myCAFs, which are character-
ized by high level of collagen deposition and are believed to restrict
tumour growth, whereas IL-1 activates leukemia inhibitory factor
(LIF) expression in more distal CAFs, which leads to the formation of
tumour-promoting iCAFs through autocrine mechanism [33]. Nota-
bly, LIF and the interleukin IL-6, which are also highly expressed by
iCAFs, have been shown to promote PDAC growth through paracrine
mechanisms [34,35]. Therefore, the intra-tumoral heterogeneity of
CAFs is likely the reason for the seemingly contradictory anti-tumour
and pro-tumour functions of PDAC stroma. These findings also indi-
cate that PDAC treatment could benefit from specifically targeting
the tumour promoting function(s) of CAFs. Indeed, instead of the
enhanced tumour growth following complete depletion of CAFs
[36,37], inhibition of iCAF-specific LIF activity or reprogramming of
CAFs into a “quiescent” state with a Vitamin D receptor agonist can
mitigate tumour growth and sensitize tumours to gemcitabine in pre-
clinical models [34,38], providing rationale for clinical trials to test
such combinations (NCT03490669, NCT03520790, NCT02030860,
NCT03415854).

3. Altered metabolic programs in PDAC

3.1. Regulation of glucose and glutamine metabolism

Human PDAC have limited access to nutrients due to the dense
stroma and poor perfusion. Therefore, PDAC metabolism is reprog-
rammed in a way to support tumour biology under such a nutrient-
deficient background. The metabolic reprogramming in PDAC cells is
largely driven by a combination of genetic and microenvironment
factors. As the dominant genetic alteration in PDAC, mutant KRAS is a
powerful driver for glucose uptake and glycolysis, allowing growth
under low glucose conditions (Fig. 1) [3]. Oncogenic RAS induces the
transcription of glucose transporter, GLUT1, and multiple key glycoly-
sis enzymes, including HK1/2, PFK1 and LDHA [3]. This is achieved at
least partially through the induction of MYC, a key dependence in
KRAS-driven tumours [3]. Moreover, the PI3K-RAC1 axis, a key effec-
tor of the RAS pathway in PDAC, has been shown to mobilize cyto-
skeletal aldolase through disruption of actin filaments, and thus
enhance glucose flux through glycolysis [39]. The activation of glycol-
ysis is further strengthened by hypoxia, a defining feature of human
PDAC. It should be noted that, although most of glucose-derived
pyruvate in PDAC cells is converted to lactate instead of feeding into
the mitochondrial TCA cycle, recent studies revealed significant flux
of glucose to the TCA cycle in vivo, which is mediated by the direct
contribution of circulating lactate to the TCA cycle (Fig. 1) [40].

The induction of glycolysis in PDAC cells facilitates the flux of
glycolysis intermediates through biosynthetic pathways to support
tumour growth (Fig. 1). Oncogenic RAS and the hypoxic environment
have been shown to induce the expression of key enzymes, GFPT1
and GFPT2, thus promoting glucose utilization through the hexos-
amine biosynthesis pathway (HBP) to sustain cell viability and prolif-
eration [3,41]. Similarly, oncogenic RAS and hypoxia also enhance
the flux of glycolysis intermediates into the non-oxidative arm of
pentose phosphate pathway (PPP), likely through the induction of
non-oxidative PPP-specific genes such as RPIA, RPE and TKT, to gen-
erate ribose-5-phosphate for de novo nucleotide biosynthesis and
support cell proliferation [3].

Besides glucose, glutamine is another major carbon source for
PDAC cells. While glutamine usually fuels the TCA cycle for oxida-
tive phosphorylation and macromolecular biosynthesis, PDAC
cells rely on non-canonical utilization of glutamine involving
cytosolic malic enzyme (ME1) to maintain their ROS homeostasis
(Fig. 1) [42]. Here, glutamine is converted sequentially by a pair
of aspartate aminotransferases, GOT2 (mitochondrial) and GOT1
(cytosolic), into oxaloacetate, which is further converted to
malate by malate dehydrogenase (MDH1) [42]. The subsequent
utilization of malate for NADPH generation through the action of
ME1 is critical for the redox homeostasis and tumour growth of
PDAC [42]. In addition to its unique utilization, glutamine biosyn-
thesis is also activated in PDAC. It was recently reported that glu-
tamate ammonia ligase (GLUL), the enzyme for de novo
glutamine biosynthesis, is overexpressed in both mouse and
human PDAC and plays an essential role in transferring the termi-
nal amide nitrogen to support nucleotide and hexosamine biosyn-
thesis, anabolic pathways critical for tumour growth [43].

3.2. The role and regulation of nutrient salvage in PDAC

The depletion of glucose and glutamine in the PDAC microenvi-
ronment indicates that tumour cells need to employ alternative
nutrient utilization strategies. Indeed, recent studies have revealed
hyper-activation of nutrient scavenging mechanisms, including
autophagy and macropinocytosis, in tumour cells, which has been
recognized as the hallmark of PDAC metabolism (Fig. 1). Autophagy
is a self-scavenging process for the recycling of cellular components
to provide resources for macromolecular biosynthesis and bioener-
getics. Consistent with the essential role of autophagy in RAS-induced
cellular transformation [44], genetic disruption of autophagy with
Atg5 deletion or blockade of mitophagy, a major form of selective-
autophagy, through Bnip3l (NIX) deletion, suppressed tumour pro-
gression in autochthonous PDAC models driven by oncogenic KRAS
[45,46]. Importantly, genetic inhibition of autophagy with the expres-
sion of dominant negative Atg4BC74A or pharmacologically with chlo-
roquine treatment decreased the growth of fully formed PDAC in
genetically engineered mouse (GEM) models, as well as in KRAS
mutant patient derived xenograft (PDX) models, further supporting
the critical role of autophagy for tumour maintenance [47]. Although
autophagy is usually tightly controlled by nutrient and oxygen avail-
ability, it seems that basal autophagy in human PDAC cells remains
constitutively active even under nutrient-rich conditions [44]. As the
effector of the autophagic pathway, lysosome activity is also concor-
dantly constitutively elevated in PDAC cells, likely due the nuclear
sequestration of MiT/TFE proteins, major transcription factors medi-
ating lysosome biogenesis [48]. While oncogenic RAS has been shown
to activate autophagy, including mitophagy [45], recent studies
showed that autophagy is further activated, and is required for viabil-
ity, upon depletion of oncogenic KRAS with shRNA or inhibition of
RAS downstream MEK/ERK signalling in PDAC cells [49,50]. Impor-
tantly, co-targeting autophagy with MEK/ERK inhibitors showed
promising results in preclinical models [49,50], providing the ratio-
nale for clinical trials concurrently targeting autophagy and the MEK/
ERK pathway that are underway.

In addition to recycling intracellular substrates, PDAC cells also
actively scavenge extracellular nutrients through macropinocytosis.
Abundant extracellular proteins, such as albumin and collagen, are



Fig. 1. Metabolic reprogramming of neoplastic cells and crosstalk with the tumour microenvironment. Glucose uptake and glycolysis are activated in PDAC cells, which promotes
the flux of glycolysis intermediates into biosynthetic pathways, including pentose phosphate pathway and hexose biosynthesis pathway, for the production of nucleic acid and gly-
can structures, amongst others. Tumour cells also uptake circulating lactate, which is further fed into TCA cycle through yet unknown mechanisms. Glutamine metabolism in PDAC
cells is rewired to support the production of NADPH in the cytosol to maintain redox balance. PDAC cells are characterized by enhanced nutrient salvage, including the induction of
macropinocytosis and autophagy, which provide substrate for energy production and anabolism in mitochondria. Autophagy in stromal fibroblasts provides alanine, which feeds
into mitochondrial TCA cycle in tumour cells. Amino acids are also transferred from fibroblasts to tumour cells through exosomes. In addition, stromal fibroblasts provide phospholi-
pids to support the proliferation of tumour cells. Tumour-associated macrophages excrete pyrimidines, in particular deoxycytidine, which competitively inhibit DCK in tumour cells
to prevent gemcitabine activation and thus leading to chemoresistance. CAFs: cancer-associated fibroblasts; LPC: lysophosphatidylcholine; LPA: lysophosphatidic acid; TAMs:
tumour-associated macrophages; DCK: deoxycytidine kinase; PPP: pentose phosphate pathway; HBP: hexose biosynthesis pathway; ROS: reactive oxygen species.
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taken up by tumour cells through macropinocytosis and delivered to
lysosome for degradation to fuel tumour growth [51,52]. RAS onco-
gene is a potent inducer of macropinocytosis and a recent study iden-
tified the cell surface proteoglycan, Syndecan-1 (SDC1), which
functions downstream of RAS, in promoting macropinocytosis
through the activation of RAC1 [53]. Additionally, macropinocytosis
can also be activated in nutrient-depleted tumour regions, likely
through the activation of EGFR-PAK signalling following glutamine
starvation [54].

3.3. Metabolism heterogeneity and crosstalk

While metabolic reprogramming and nutrient salvage activation
are overarching commonalities, there is also substantial underlying
heterogeneity driven by both cell autonomous mechanisms and
microenvironmental cues. For example, mutant KRAS dosage has
been shown to affect metabolism phenotype, with tumours harbour-
ing loss of the wild type allele and concurrent amplification of the
mutant allele exhibiting enhanced glycolysis [55]. In addition, it
seems that different molecular subtypes of PDAC exhibit distinctive
metabolic features, with the squamous subtype enriched for a glyco-
lytic phenotype, characterized by elevated MCT4 expression, while
the classic subtype tumours are more lipogenic [56,57]. The ambient
tumour microenvironment also contributes towards metabolic het-
erogeneity in PDAC. For example, it has been shown that tumour cells
in the hypoxic regions undergo EMT and upregulate glycolysis [41].
MCT4 is highly expressed in hypoxic tumour cells to mediate the
efflux of lactate, which is then utilized by neighbouring tumour cells
through MCT1, another lactate transporter exclusively expressed in
the normoxic region [41]. Analogous metabolic symbiosis also exists
between tumour cells and their surrounding stroma. It was demon-
strated that cancer associated fibroblasts (CAFs) release non-essential
amino acids (mostly alanine) through enhanced autophagy, which in
turn fuel TCA cycle of tumour cells to support anabolic needs (Fig. 1)
[58]. In addition, CAFs also supply amino acids to tumour cells
through exosomes which in turn promotes the utilization of glucose
through glycolysis and the generation of lipogenic acetyl-CoA from
glutamine through reductive carboxylation in the mitochondria
(Fig. 1) [59]. A recent study also discovered that CAFs release abun-
dant lysophosphatidylcholine (LPC) to support tumour growth
(Fig. 1) [60]. However, instead of directly feeding into tumour cell
metabolism, the CAF-derived LPC is converted into a signalling lipid,
lysophosphatidic acid (LPA), in the extracellular space by autotaxin
released from adjacent tumour cells, which in turn exerts mitogenic
signals through the LPA-receptor on tumour cell surface (Fig. 1) [60].

In contrast to our understanding on the metabolic programs in
primary tumours, little is known on how metastatic sites fuel their
metabolic needs. Recent characterization of PDX cell lines derived
from metastatic tumours and matched primaries indicates that the
former specifically overexpress 6-phosphogluconate dehydrogenase
(PGD), an enzyme of the oxidative arm of PPP [61]. Importantly, PGD
depletion preferentially suppressed the tumorigenicity of metastatic
tumours [61], providing a compelling rationale to target the unique
metabolic dependencies in metastatic PDAC.
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3.4. Metabolism reprogramming and therapy resistance

The profound metabolic reprogramming also contributes to the
extensive therapy resistance, another hallmark of PDAC biology. The
selective activation of non-oxidative PPP and subsequent nucleotide
biosynthesis pathway in PDAC, in particular under hypoxic condi-
tions, has been shown as a confounding factor leading to the resis-
tance to gemcitabine treatment [62]. In addition, deregulated fatty
acid metabolism, such as enhanced de novo fatty acid biosynthesis
due to overexpression of FASN or increased cholesterol uptake
through LDLR, also contributes to chemotherapy resistance [63,64].
Consistent with the chemo-resistance of cancer stem cell (CSC), a
subpopulation of tumour cells with self-renewal, differentiation, and
tumour propagating capacity, the resistance to gemcitabine induced
by fatty acid is also associated with enhanced stemness of tumour
cells [64]. Notably, recent studies demonstrated that PDAC CSCs are
associated with decreased glycolysis and enhanced mitochondrial
respiration, as well as unique dependence on oxidative phosphoryla-
tion (OXPHOS) for survival [65,66]. It possible that targeting OXPHOS
may prevent the emergence of chemo-resistance through the deple-
tion of PDAC CSCs. In addition to the cell autonomous mechanisms,
the PDAC TME also contribute to the development of chemo-resis-
tance. For example, tumour associated macrophages (TAMs) specifi-
cally release pyrimidines, including deoxycytidine, which inhibits
gemcitabine uptake by tumour cells and depletion of TAMs sensitizes
PDACs to gemcitabine treatment (Fig. 1) [67], implicating the poten-
tial of combining macrophage targeted therapy with chemotherapy
for PDAC treatment.

4. Immune evasion in PDAC and strategies for effective
immunotherapy

4.1. Mechanisms for the immune evasion in PDAC

The ability to evade immune surveillance has been recognized as a
hallmark of cancer. Among solid tumours, PDAC is an immunologi-
cally “cold” tumour, characterized by sparse T cell infiltrates. In con-
trast to immunologically “hot” tumours such as melanoma, with high
neoantigen load and robust T cell infiltrates, human PDAC express
moderate range of neoantigens [68,69]. Although T cell cytolytic
activity does not per se correlate with increased tumour mutational
burden or neoepitope load in PDAC [68], neoantigen number com-
bined with abundance of CD8+ T-cell infiltration, as well as the topo-
graphic proximity of cytotoxic T cells to tumour cells, are associated
with patient survival [69,70]. Importantly, study of long-term PDAC
survivors have revealed the neoantigen quality as a key determinant
for anti-tumour immunity [69].

The major factor contributing to the non-immunogenic charac-
teristic of PDAC is the TME, including the stromal compartment.
Excessive extracellular matrix (ECM) deposition by CAFs creates a
physical barrier preventing T cells from migrating toward tumour
cells. In addition, multiple components of TME are capable of damp-
ening anti-tumour immunity, including diverse populations of CAFs,
endothelial cells, subsets of myeloid cell, suppressive B cells, regula-
tory T cells (Tregs), and gamma delta (gd) T cells, amongst others
[71]. It should be noted that tumour cells themselves, in particular
oncogenic KRAS, play instrumental roles in shaping the immunosup-
pressive TME. It has been shown in GEM models that oncogenic
KRAS activates CAFs in the TME through the induction of Hedgehog
ligands, which lead to the deposition of dense extracellular matrix
(ECM) and the exclusion of T cells from tumour TME (Fig. 2) [72].
Expression of CXCL12 by CAFs is involved in immunosuppression
(Fig. 2) as blocking CXCL12 interaction with its receptor CXCR4 with
mAb lead to CD8+ T cells accumulation [72], and emerging data in
PDAC patients suggests this is being recapitulated in the clinic as
well.
PDAC TME is dominated with myeloid cells, including TAMs, gran-
ulocytes and inflammatory monocytes, which are actively recruited
to the microenvironment during multistep pancreatic carcinogenesis.
The recruitment of myeloid cells is orchestrated by oncogenic KRAS
in the epithelial compartment, likely through the induction of various
cytokines, including IL-6, IL-13, CCL2, G-CSF, M-CSF and GM-CSF [73].
It should be noted that tumour cells also recruit additional immuno-
suppressive cells other than myeloid cells, such as Tregs and gdT cells
(Fig. 2) [73]. Interestingly, it was recently shown that tumour sub-
clones that can recruit myeloid cells, likely through the CXCL1-
CXCR2 axis, act dominantly to establish the overall immunosuppres-
sive TME, even if they represent a minor fraction of the bulk neoplas-
tic population [74], indicating that the immune microenvironment
can also be defined by underlying tumour cell heterogeneity. In addi-
tion, CAFs also promote the immunosuppressive polarization of
TAMs either directly through the secretion of IL-6 or indirectly
through the recruitment of immunosuppressive B cell sub-population
through CXCL13 (Fig. 2) [73,75]. Recent studies have also implicated
the role of the gut and intra-tumoral microbiome (and more recently,
the fungal mycobiome) in the formation of the immune environment
in PDAC. Specifically, in preclinical models, distinct species of bacteria
and fungi are enriched in both the gut and cancerous pancreas, and
are associated with tumour progression, through the creation of a
permissive immune milieu [76,77]. Conversely, in human PDAC
patients, a unique microbiome signature has been described that is
capable of inducing anti-tumour immunity and is associated with
long-term survival [78].

It has been shown that the myeloid cell infiltration is critical for
PDAC initiation [79]. While myeloid cells are implicated in the induc-
tion of immune checkpoint ligands on neoplastic cells and the mitiga-
tion of effector T cell function [73], myeloid cells may also directly
promote the formation and maintenance of preneoplastic lesions, at
least partially through the induction of EGF ligand, which amplifies
MAP kinase signalling downstream of oncogenic RAS in epithelial
cells (Fig. 2) [80].

In addition to the action of various cytokines, the local metabolic
milieu also contributes to the immunosuppressive TME. The severe
hypoxic environment of the PDAC TME can suppress anti-tumour
immunity and enhance immune evasion. While mild hypoxia may
promote effector T cell activation by activating glycolysis, sustained
severe hypoxia, which is a characteristic of human PDAC, will
enforce T cells to rely on glycolysis in a glucose-depleted microenvi-
ronment, leading to T cell dysfunction and the suppression of anti-
tumour immunity [71]. Moreover, excessive lactate excretion from
tumour cells due to enhanced glycolysis results in an immunosup-
pressive TME by inhibiting T cell and NK cell activation and promot-
ing the immunosuppressive polarization of myeloid cells [81�83].
Additionally, amino acid availability in the TME, in particular argi-
nine and tryptophan, are also critical determinants of anti-tumour
immunity. Arginine plays an important role in T cell activation and
memory T cell differentiation [84]. Indoleamine 2,3-dioxygenase
(IDO), which catabolizes tryptophan into kynurenine, is overex-
pressed in PDAC [85]. The depletion of tryptophan in TME and pro-
duction of kynurenine promotes the creation of a suppressive
immune environment and attenuates anti-tumour T cell responses
[71]. Increased serum kynurenine/tryptophan ratio is correlated
with resistance to immune checkpoint blockade (ICB), implicating
the potential of targeting IDO for combinatory immunotherapy [86].
Nonetheless, early clinical trials combining IDO inhibition with ICB
in PDAC have not been efficacious, underscoring the multidimen-
sionality of immune suppression existent within the PDAC TME.

4.2. Immunotherapeutic approaches and developments

The dominant immune suppressive environment renders PDAC to
be largely resistant to ICB, with the exception of »1% patients with



Fig. 2. Immune evasion orchestrated by tumour cells and the tumour microenvironment. PDAC cells release cytokines and recruit immunosuppressive cells, including myeloid cells,
regulatory T cells and gdT cells, which inhibit the function of effector T cells. Tumour cells also promote the activation of stromal fibroblasts by producing ligands, such as SHH. Acti-
vated fibroblasts not only enhance the growth of tumour cells, but also inhibit effector T cells through several different mechanisms, including the deposition of extracellular matrix
to impede T cell trafficking, excretion of cytokines to suppress T cells activity, and induction of immunosuppressive myeloid cells directly with cytokines or indirectly through the
recruitment of suppressive B cells. Some of the immune infiltrates, including suppressive B cells and myeloid cells, also produce growth factor ligands or cytokines to directly stimu-
late tumour growth. Metabolite changes in the tumour microenvironment also contribute to the inhibition of T cell activation, including depletion of glucose, arginine and trypto-
phan and the accumulation of lactate and kynurenine. Treg: regulatory T cells, ECM: extracellular matrix, CAFs: cancer-associated fibroblasts, Teff: effector T cells, MDSC: myeloid-
derived suppressor cell; TAM: tumour-associated macrophage.
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high mutation load due to mismatch repair deficiency [7]. Therefore,
restoration of T cell-mediated immune surveillance remains a major
goal for PDAC immunotherapy. One method to activate T-cells is to
develop vaccines targeting tumour-associated antigens that are over-
expressed in tumour cells compared to normal tissues, and/or
tumour-specific neoantigens that are usually derived from muta-
tional events. One of the most extensively evaluated vaccines in clini-
cal trials is GVAX, which is a whole-cell vaccine composed of
irradiated human allogeneic PDAC cell lines engineered to release
GM-CSF at the vaccination site. While a phase 2 trial of GVAX in com-
bination with CRS-207, a live-attenuated listeria vaccine expressing a
PDAC-associated antigen mesothelin, showed no survival advantage
over chemotherapy in patients with metastatic PDAC [87], an earlier
phase 1 study for GVAX in combination with an anti-CTLA-4 antibody
(ipilimumab) showed promising impact on the induction of anti-
tumour T-cell response and overall patient survival [88], prompting
additional GVAX clinical trials in combination with ICB and other
modalities, including demethylating agents and radiation.

Adoptive transfer of T cells is another approach to target tumour
antigens. TCRs reactive to KrasG12V and KrasG12D neoepitopes have
been recently isolated from HLA-A*11:01 transgenic mice [89].
KRASG12D-specific T cells were also identified in colorectal cancer
patients with the HLA-C*08:02 allele [90]. These findings implicate
the potential for engineering anti-KRAS T cells for the fraction of
patients who harbour HLA-A*11:01 or HLA-C*08:02. More recently, T
cells recognizing additional neoantigens other than mutant KRAS
have also been identified in PDAC patients [91], further expanding
the repertoire of potential adoptive T cell therapies. Additional T cell
therapies, including chimeric antigen receptor (CAR) T cells, are also
under extensive clinical studies. While CART has shown clinical
responses in haematological malignancies, little success has been
achieved for similar approaches in solid carcinomas, including PDAC.
Toxicity due to the expression of antigens in normal tissues can be
one of the limiting factors. More importantly, T cell exhaustion due to
chronic TCR signalling and multiple immunosuppressive mechanisms
in the TME likely play dominant roles in the interfering T cell function
[71].

Agents that alter the immune suppressive TME through reprog-
ramming the myeloid compartment have recently emerged as a
promising modality within the immunotherapy repertoire in PDAC.
CD40 is mostly expressed on dendritic cells (DCs), B cells and myeloid
cells. Activation of CD40 with an agonist antibody showed transient
anti-tumour effect in PDAC GEM models through the reprogramming
of tumour-associated macrophages, instead of effector T-cells [92].
Sustainable therapeutic responses have been achieved in preclinical
models with additional chemotherapy, such as gemcitabine or nab-
paclitaxel, prior to CD40 activation [93]. Importantly, a CD40 mAb
(APX005M) in combination with gemcitabine, nab-paclitaxel and PD-
1 mAb (nivolumab) showed promising anti-tumour effects in a phase
1b trial [94], raising the hope of achieving a sustained therapeutic
response in additional clinical trials. Targeting receptors expressed
on myeloid cell surface, including CXCR2, CCR2, CSF1R and dectin 1,
has been shown to deplete myeloid cells, reduce tumour burden,
improve anti-tumour immunity and sensitize tumour-bearing mice
to ICB in preclinical models [31,95�97]. It was demonstrated that
PI3Kg is specifically expressed in tumour associated macrophages
and is required for the polarization of macrophages toward immuno-
suppressive phenotype [98]. Genetic or pharmacological inhibition of
PI3Kg suppresses tumour growth and metastasis in KRAS-driven
PDAC GEM models [98]. Additionally, low dose irradiation has been
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shown in PDAC preclinical models to reprogram tumour-associated
macrophages to orchestrate T cell recruitment and promote anti-
tumour immunity [99].

Immunotherapy is likely to have its maximal impact in PDAC
when combined with modulating the physical and functional stromal
barriers to effective immune rejection. For example, decreasing the
hydrostatic pressure in the dense PDAC stroma with PEGPH20, a
pegylated hyaluronidase, has been shown to re-expand the tumour
microvasculature and promote T cell infiltration when used in combi-
nation with GVAX in preclinical models [100,101]. Notably, a recently
concluded pivotal phase 3 trial of PEGPH20 in combination with cyto-
toxic chemotherapy failed to improve overall survival in metastatic
PDAC. While the failure could be partially due to the lack of appropri-
ate patient stratification, it also reiterates that stromal targeting may
have to be combined with immunotherapy to reap the full benefits of
either approach. On the same lines, focal adhesion kinase (FAK1) acti-
vation in tumour cells induces fibrosis and excludes effector T cells
infiltration in the TME. Inhibition of FAK alters cytokine production,
reduces CAF activation and depletes immunosuppressive cells, such
as myeloid-derived suppressor cell (MDSCs) and Tregs, in the TME
[102]. Based on these findings, multiple clinical trials combining FAK
inhibitor with ICB are currently ongoing in PDAC patients
(NCT02758587, NCT02546531, NCT03727880). Additional trials are
also underway to evaluate the impact of stromal remodelling with
Vitamin D agonist with combination with immunotherapy
(NCT03331562, NCT03519308). In the end, multipronged approaches
will be needed to correct the multiple immune deficiencies in PDAC
to invigorate and sustain the anti-tumour immunity.
5. Outstanding questions

The past decade has seen substantial advances in our understand-
ing of PDAC genetics, including the molecular underpinnings of geno-
mic and transcriptomic heterogeneity that impacts treatment
responses and the natural history in patients. With the further devel-
opment of various technologies, including single cell analysis and
high-resolution imaging techniques, we expect to obtain additional
compartment-specific delineation of alterations, and how these
interplay within the ecosystem of the tumour microenvironment.
While considerable progress has been made in preclinical model
building including a diverse repertoire of genetically engineered
mice, there continues to be an unmet need for developing ex vivo
platforms that faithfully model the genetic, molecular and functional
interaction between tumour subclones, as well as the interaction
between tumour cells and various components of the TME. We also
need to deeply characterize the impact of various therapeutic pertur-
bations on the evolution of tumour subclones and the composition of
heterogeneous TME components, through longitudinal monitoring
and sampling of patients on clinical trials. These studies will greatly
help us anticipate the resistance mechanisms that eventually lead to
treatment failure, and proactively design combinatory targeting
strategies.
6. Selection criteria

Pubmed search of articles: “genomics + pancreatic cancer”,
“heterogeneity + pancreatic cancer”, “molecular subtype + pancreatic
cancer”, “tumour metabolism + pancreatic cancer”. “immune
evasion + pancreatic cancer”, “immunotherapy + pancreatic cancer”.
Additional articles were selected based on articles in these searches
and as suggested by reviewers.
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