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Pancreatic ductal adenocarcinoma (PDAC) is a leading
cause of cancer-related mortality in the United States
and has only recently achieved a 5-yr survival rate of
10%. This dismal prognosis reflects the remarkable capacity of PDAC to effectively adapt to and resist therapeutic
intervention. In this review, we discuss recent advances
in our understanding of the biological underpinnings of
PDAC and their implications as targetable vulnerabilities
in this highly lethal disease.

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease with a 5-yr overall survival of 10% (Siegel
et al. 2021). A hallmark of PDAC is its remarkable therapeutic resistance. This biology has been attributed to several key features including genetic instability, metabolic
aberrations (Perera and Bardeesy 2015; Halbrook and Lyssiotis 2017), immune suppression (Balachandran et al.
2019), and a heterogeneous and hostile microenvironment
that is marked by dense fibrosis and low vascularity
(Ligorio et al. 2019). Improved understanding of the mechanisms underlying therapeutic resistance has revealed
novel targets with potential promise.
Although chemotherapy remains the mainstay of treatment for PDAC, new efforts are now focused on intervening on aberrant genetic programs, disrupting DNA repair
mechanisms (Golan et al. 2019; O’Reilly et al. 2020),
exploiting metabolic vulnerabilities (Daemen et al.
2015; Perera and Bardeesy 2015; Ying et al. 2016), unraveling the harmful contributions of the microenvironment
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(Beatty et al. 2017), and leveraging the connection between cancer and the microbiome (Riquelme et al.
2019). In this regard, PDAC has historically been considered as a single entity, but more recently, genetic variants
such as those harboring microsatellite instability or mutations in BRCA genes have confirmed that PDAC is a conglomerate of multiple subtypes (Collisson et al. 2019). To
this end, targetable vulnerabilities have emerged in recent
years that show promise in taming PDAC even in the absence of cytotoxic therapies (Golan et al. 2019; Pishvaian
et al. 2020). This review focuses on efforts to dissect therapeutic targets that are intrinsic to PDAC and those that
are defined by noncancer cells, including stromal cells,
immune cells, and microbes.

Cancer cell-intrinsic targets
The mutational landscape of pancreatic adenocarcinoma
Over a decade ago, pioneering work identified 12 core signaling pathways that are genetically altered in PDAC
(Jones et al. 2008). Since then, numerous genome sequencing studies have been performed to broadly define the genomic landscape of PDAC. Each study, powered by
progress in sequencing technology, has contributed an incremental advancement in our knowledge of PDAC etiology and progression, clarified the relationship between
primary and metastatic lesions, and provided the rationale
for a more personalized approach to treatment. PDAC is
driven largely by mutations in four genes; namely, the oncogene KRAS and the tumor suppressor genes TP53,
CDKN2A, and SMAD4. Mutations in these four genes
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were initially identified prior to the next-generation sequencing (NGS) era by candidate gene approaches and
have been confirmed in all subsequent genomic studies.
Oncogenic mutations in KRAS are almost ubiquitous in
PDAC and are present in 92%–95% of cases (Bailey
et al. 2016; Chan-Seng-Yue et al. 2020), depending on
the study. Activating mutations in KRAS are considered
the initiating event in PDAC carcinogenesis and are evident in early premalignant lesions (pancreatic intraepithelial neoplasia [PanIN]). In addition, multiple clonal and
subclonal KRAS mutations are concurrently detected in
a small percentage of cases, suggesting convergent evolution of multiple tumor clones (The Cancer Genome Atlas
Research Network 2017). Other mutations in genes regulating the RAS-MAPK pathway are observed in 60% of
KRAS wild-type PDACs, confirming the critical role of
this pathway in PDAC etiology. Mutations in the tumor
suppressor genes TP53, CDKN2A, or SMAD4 occur in
∼50%–75% of patients. Alterations in these genes accumulate in the primary lesion according to a stepwise progression model during a period of several years, although a
single chromothripsis event may accelerate PDAC progression by promoting the simultaneous copy loss of several tumor suppressor genes in a percentage of cases
(Notta et al. 2016). In addition to mutations in the four
genes listed above, a large number of additional recurrent
mutations are present at a low frequency (<5%–10%). Notably, the combinations of such mutations are largely
different among samples, making PDAC a remarkably
heterogeneous disease. As a result, it is not surprising
that therapeutic strategies using an unselected approach
may have limited the opportunity to identify effective
therapies. Here, we highlight some of the genetic alterations and accompanying aberrant signaling pathways
that identify therapeutic targets that are beginning to be
exploited clinically.
DNA damage repair (DDR) pathways
DNA damage occurs due to endogenous errors in replication or as a result of exogenous factors such as ionizing radiation or chemotherapeutic drugs. Since accurate repair
of such lesions is crucial to maintain genome integrity,
multiple and redundant pathways exist to repair DNA
breaks (Sancar et al. 2004). In PDAC cells, the inability
to repair DNA lesions promotes genomic instability and
enhances the mutational rate, which eventually drives tumor evolution and progression (Feldmann et al. 2011; Drosos et al. 2017). On the other hand, loss of function in one
or more DDR genes sensitizes cells to certain types of
DNA-damaging chemotherapy. Indeed, the presence of
BRCA1 and BRCA2 mutations was first noted to increase
sensitivity to platinum-based chemotherapy in breast
(Tutt et al. 2018) and ovarian cancer (Cass et al. 2003; Bolton et al. 2012) and, more recently, in PDAC (Golan et al.
2014; Waddell et al. 2015).
The therapeutic implications of the DDR pathway have
led to the development of DDR targeting drugs based on
the concept of synthetic lethality. In particular, the effectiveness of a specific DDR targeting drug to cause cell

death is dependent on the genetic background of the cells
with respect to competency in DNA damage response
pathways. A prototypical example of therapeutic exploitation of synthetic lethality has been the use of poly-ADP ribose polymerase (PARP) inhibitors to treat tumors
defective in HR repair (Sancar et al. 2004). PARP inhibitors (PARPis) “trap” PARP to the DNA and lead to stalling
of replication forks due to the accumulation of unrepaired
single-strand breaks (Helleday 2011). Stalled replication
forks degrade into cytotoxic double-strand breaks (DSBs)
if not corrected by appropriate repair mechanisms, which
are essentially absent in BRCA1/2 mutated cells. Scientific studies have determined that a synthetic lethal relationship exists in certain HR-incompetent cells that
render them PARPi-responsive (Bryant et al. 2005; Farmer
et al. 2005).
Molecular analyses of PDAC have identified a significant PDAC subtype, constituting up to 20%–25% of cases, that is characterized by recurrent mutations in genes
involved in DNA damage repair, such as BRCA1,
BRCA2, PALB2, and ATM. This subtype of PDAC has
emerged as a defined and targetable biological entity
(Waddell et al. 2015; Bailey et al. 2016) and is characterized by an “unstable genome,” as well as increased chemosensitivity (Waddell et al. 2015). Notably, genes
associated with DNA damage repair are frequently mutated in the germline in patients with PDAC and are mutated
at higher frequency in familial PDAC (Bartsch et al. 2012).
Small retrospective clinical studies initially demonstrated that patients with HR-deficient PDAC due to
germline mutations in BRCA1 and BRCA2 have a survival benefit when treated with platinum-based chemotherapy regimens (Golan et al. 2019; O’Reilly et al. 2020;
Wattenberg et al. 2020). In parallel, clinical trials conducted in patients with HR-deficient breast and ovarian
cancers have shown treatment efficacy with PARP inhibitors (Coleman et al. 2019; Tung et al. 2020). These two independent observations led to the examination of the
potential therapeutic benefit of combining chemotherapy
and PARP inhibitors in PDAC. Specifically, a randomized
multicenter phase 2 trial of gemcitabine and cisplatin
with or without the PARP inhibitor veliparib was conducted in patients with PDAC who harbor germline mutations in BRCA1/2 or PALB2 (O’Reilly et al. 2020). The
addition of veliparib to cisplatin and gemcitabine was
found to not be superior to chemotherapy alone, and the
triple combination was notable for increased hematologic
toxicity. As an alternative approach, a novel trial design of
maintenance therapy was also tested in patients with
BRCA1/2-mutant PDAC. Here, the Pancreas Cancer Olaparib Ongoing (POLO) study was designed to assess the efficacy of maintenance therapy with the PARPi olaparib in
patients with PDAC harboring a germline BRCA1 or
BRCA2 mutation following disease stabilization with
platinum-based chemotherapy (Golan et al. 2019). The advantage of the POLO trial over the previously failed combination trial was a design built to leverage the
therapeutic benefit of two types of promising therapy for
germline BRCA1/2 patients but instead using them
sequentially rather than concomitantly to mitigate the
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toxicity profile of the combination. Progression-free survival was the primary endpoint and determined to be significantly prolonged in the olaparib group (7.4 mo vs. 3.8
mo, P = 0.004), paving the way for regulatory approval by
the FDA for olaparib in this setting. Notably, this reflects
the first successful phase 3 trial of a biomarker-driven
strategy for the treatment of PDAC. Beyond germline
BRCA1 and BRCA2 mutations, it is possible that other
biomarkers, such as somatic BRCA1, BRCA2, or PALB2
mutations, may identify patients responsive to PARPi
maintenance therapy and ongoing clinical studies
(NCT02511223, NCT02677038) in small cohorts of patients are in progress. Specific efforts to target ATM mutations in PDAC are also underway (NCT02511223) (Gout
et al. 2021).
Not all patients with germline BRCA mutations respond to platinum-containing regimens or PARPi. In
this regard, emerging data suggest that biallelic inactivation of DDR genes is associated with a favorable therapeutic response and that genomic hallmarks such as an
unstable genome (Waddell et al. 2015), single-base signature 3 (Polak et al. 2017), or the HRDetect composite model score (Davies et al. 2017) may help to better predict
patients who will respond to these agents. Development
of improved predictive biomarkers may also help define
those patients with DDR mutations, beyond germline
BRCA1 and BRCA2, who are likely to respond to other
DDR inhibitors, including those targeting ATM, ATR,
WEE1, and CHK1 that are currently being evaluated in
the clinical trial setting (Cleary et al. 2020).
Cell-intrinsic features are one determinant of treatment
response in patients with DDR mutant PDAC. However,
recent data have generated an increasing appreciation for
the contribution of the tumor microenvironment in defining the therapeutic response to DNA damage. For instance, double-strand DNA breaks can stimulate upregulation of PD-L1 expression by cancer cells (Sato
et al. 2017), and similarly, PARP inhibition can increase
PD-L1 expression in cancer cells (Jiao et al. 2017). DNA
damage has also been shown to activate immune signaling through the introduction of genomic double-stranded
DNA (dsDNA) into the cytosol and engagement of the
cGAS/STING dsDNA-sensing pathway (Kwon and
Bakhoum 2020). In response, cGAS generates cyclic dinucleotides that are sensed by STING, resulting in subsequent activation of interferon regulatory factor 3 (IRF3),
nuclear factor κB (NF-κB), and the STAT6 signaling pathways to induce a robust type I interferon-driven proinflammatory cytokine response (Kwon and Bakhoum
2020). In a BRCA1-deficient breast cancer model, treatment with a PARP inhibitor in vivo augmented DNA
damage and activated the cGAS/STING pathway, resulting in increased CD8+ T-cell infiltration into tumors (Pantelidou et al. 2019). Consequently, the potential value of
combining DDR inhibitors with immunotherapy is beginning to be tested in multiple clinical trials (Seeber et al.
2019; Vinayak et al. 2019).
DNA alterations in cancer can also arise via defects in
the DNA mismatch repair pathway (MMR), which functions to identify and repair mismatched DNA base pairs.
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A small but notable subgroup of patients with PDAC
(1%–2%) harbor a mutation in a distinct set of DNA mismatch repair genes (MLH1, MSH2, MSH6, and PMS2), either due to the presence of a pathogenic germline
mutation in one of the MMR genes (Lynch syndrome) or
via a somatic MMR gene mutational event. Loss of
MMR function leads to microsatellite instability (Connor
et al. 2017) and elevated tumor mutational burden, resulting in a high level of neoantigen expression. Consequently, these tumors are more visible to immune surveillance
and show significantly improved responses to PD‐1 blockade, which was approved by the FDA for use in this specific patient population (Connor et al. 2017). The presence of
a MMR-deficient PDAC can be discerned by immunohistochemical assays for MSH1, MLH1, MSH6, and PMS2
expression or by use of next-generation genomic sequencing (Wimmer et al. 2014). It is important for all PDAC
tumors to be tested for MMR deficiency, as these patients
may have up to a 40% response rate to immune checkpoint inhibition and may derive survival benefit
(Le et al. 2015).
Oncogenic KRAS mutations
Given the frequency of KRAS mutations in PDAC, there
has been intense interest in mutant KRAS as a therapeutic
target. To date, direct blockade of oncogenic KRAS has
been challenging, due to a lack of ability to identify an adequate binding pocket for small molecule inhibitors (Kessler et al. 2019). Recently, identification of a small pocket
within the KRASG12C mutant along with the possibility
of creating a stable covalent bond with a mutant cysteine
residue led to the development of the first selective inhibitors of KRASG12C (Hong et al. 2020a). This mutation is
most frequent in lung adenocarcinomas (14%), and early
phase I/II clinical trials using KRASG12C inhibitors demonstrated significant responses in lung cancer patients (Hong
et al. 2020a). However, only 1%–2% of PDAC cases harbor
KRASG12C mutations. In the examination of 12 patients
with KRASG12C mutated PDAC treated with a selective inhibitor, disease stability, albeit transient, was seen in several patients, with one patient achieving a response lasting
>10 mo (Hong et al. 2020b). Currently, the rest of the oncogenic KRAS isoforms remain undruggable, although concerted research efforts to develop KRASG12D inhibitors
are underway, particularly given that 55% of PDAC harbor
this specific KRAS mutant.
Attempts to indirectly target KRAS mutant tumors
through inhibition of downstream effectors of KRAS,
such as the RAF-MEK-ERK signaling cascade, have been
largely ineffective due to activation of compensatory feedback loops resulting in adaptive resistance (Drosten and
Barbacid 2020). Nonetheless, newer strategies show promise, such as targeting of the SHP2 protein-tyrosine phosphatase, an important mediator of cellular signaling
through the RAS/MAPK pathway that is thought to act
via activation of SOS1-regulated RAS-GTP loading (Hofmann et al. 2020). Preclinical studies using SHP2 inhibitors and SHP2/MEK inhibitor combinations prevented
adaptive resistance in multiple cancer models expressing
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mutant KRAS (Fedele et al. 2018), and SHP2 inhibitors are
being explored in phase 1 clinical trials. Recently, a small
molecule SOS1 inhibitor (BI-3406) has been developed
that prevents SOS1:KRAS binding, reducing the formation of GTP-loaded RAS (Hofmann et al. 2020). In preclinical xenograft studies, the combination of BI-3406 with
the MEK inhibitor trametinib resulted in tumor regression in multiple KRAS-driven cancer models, leading to
this combinatorial regimen now being tested in a phase
1 clinical trial in patients with advanced KRAS mutant tumors (NCT04111458). A third promising approach involves combining MEK inhibitors with autophagy
inhibitors (NCT04132505) based on preclinical activity
seen in PDAC models (Bryant et al. 2019; Kinsey et al.
2019) and is discussed in the metabolism section of this
review.
The minority of PDAC patients who harbor wild-type
KRAS tumors, constituting 6% of cases, is also a subset
of interest. In the absence of an oncogenic KRAS mutation, PDACs have been found to exhibit alterations in other RAS pathway genes or oncogenic drivers, such as BRAF
mutations, ERBB2 amplification, and the presence of
NTRK gene fusions (Aguirre et al. 2018). While rare,
some of these alternative drivers are potentially targetable
with existing therapies.
Transcriptional subtypes of pancreatic adenocarcinoma
Recent studies using bulk RNA sequencing have proposed
multiple gene expression classifications of PDAC (Collisson et al. 2011; Moffitt et al. 2015; Bailey et al. 2016; The
Cancer Genome Atlas Research Network 2017; Puleo
et al. 2018; Chan-Seng-Yue et al. 2020). When including
the full spectrum of neoplastic cellularity seen in PDAC
samples along with standardization of computational
methodology, two tumor-specific PDAC subtypes have
emerged, basal-like/squamous and classical, that have
been validated across multiple studies in both primary
and metastatic tumor samples (The Cancer Genome Atlas
Research Network 2017). Basal-like/squamous tumors are
associated with a significantly worse prognosis compared
with classical tumors and exhibit a higher pathological
grade (Puleo et al. 2018) and a poorer response to standard
chemotherapy (Chan-Seng-Yue et al. 2020). To simplify
subtype analysis in the clinical setting, IHC classifiers
have been developed as surrogates to transcriptional subtyping and show that high GATA6 expression is associated with the classical subtype (O’Kane et al. 2020), and
basal-like/squamous tumors have elevated expression of
nuclear GLI1 (Puleo et al. 2018) and the basal marker
KRT17 (Roa-Peña et al. 2019). Further analysis of individual tumors has led to the recognition that in fact, a continuum exists between basal-like/squamous and classical
tumors, with single-cell sequencing demonstrating that
most tumors harbor both basal-like/squamous and classical tumor cells. The varying proportions of these cells create a transcriptional continuum at the bulk RNAsequencing level. Where a particular patient tumor may
sit on this continuum is an outcome of the ratio of these
subpopulations of cells (Chan-Seng-Yue et al. 2020).

More recent work has built upon the initial identification
of the subtypes to define putative master regulators of the
basal-like/squamous subtype, including ΔNp63 (Somerville et al. 2018), GLI2 (Adams et al. 2019), and EZH2 (Patil
et al. 2020), as well as the classical subtype (a GATA6-mediated gene regulatory network involving HNF1A and
HNF4A) (Kloesch et al. 2021). In addition, subtype plasticity has been documented in response to drug treatments
(Porter et al. 2019; Gabitova-Cornell et al. 2020), highlighting an increasing appreciation that these states are
likely dynamic and interchangeable. The relevance of
transcriptomic subtyping, both at the initiation of and in
response to treatment, is an active area of investigation
and will help determine whether this level of molecular
detailing will provide benefit to patients.
Precision medicine for pancreatic cancer
The identification of pancreatic tumor subtypes and the
possibility of performing comprehensive molecular profiling of tumors in a period of weeks have now opened the
way for large studies (COMPASS, Know Your Tumor, PancSEQ, IMPaCT, and others) aimed to evaluate the feasibility of real-time molecular profiling and its impact on the
clinical management of PDAC (Fig. 1; Chantrill et al.
2015; Aguirre et al. 2018; Chan-Seng-Yue et al. 2020; Pishvaian et al. 2020). In these studies, results were returned to
the treating clinician within several weeks, and feasibility
was in most cases >90%. These results indicate that timesensitive prospective molecular profiling of PDAC is feasible within the clinical setting. Of note, this requires
proper coordination of multiple disciplines and that dedicated procedures for tissue procurement and processing
are in place.
Actionable targets have been identified in many patients with PDAC (ranging from 28.5% to 49%), although
the number of actionable targets and the criteria used to
define them differ across studies. As an example, actionable targets defined as somatic alterations with a FDA-approved biomarker in another cancer indication limit the
percentage of PDAC patients with actionable targets to
<10%. Broadening the definition to include any somatic
mutation for which there is clinical or preclinical evidence that suggests response to a drug increases the percentage of patients with an actionable target to 30%
(Lowery et al. 2017). In the Know Your Tumor study (Pishvaian et al. 2020) with an analysis cohort of 677 patients
with PDAC who received at least one line of therapy
and had adequate longitudinal follow-up, 189 patients
were identified with actionable mutations, and of these,
46 (24%) received a matched therapy while 143 (76%)
did not. Although the number of patients who were able
to obtain a matched therapy were small, these patients
derived substantial therapeutic benefit, with a significant
increase in mean overall survival (2.6 yr vs. 1.5 yr; P =
0.0004). Limitations in receiving a matched therapy
included aggressiveness of disease, lack of a biomarkerdirected clinical trial, or other logistical or economic
issues. To advance our understanding of genomic alterations and classifications to predict therapeutic responses,
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Figure 1. Precision medicine in pancreatic
cancer. (Top) PDAC patients exhibit a
breadth of tumor biology with generally
poor responses to standard chemotherapy.
Precision medicine, rooted in a multiomic
approach to tumor/patient sequencing,
can uncover potential avenues for targeted
therapies. (Bottom) Adoption of a precision
medicine approach coupled with matched
therapies can substantially improve survival
of patients with pancreatic cancer. (Bottom
figure adapted from Pishvaian et al. 2020, #
2020, with permission from Elsevier.)

the deployment of platform trials, such as Precision Promise (NCT04229004), that capture molecular data before
and on treatment in well-annotated cohorts will assist
in the development of molecular information as therapeutic biomarkers to help match therapies to patients most
likely to respond to a specific treatment.
Cell-intrinsic metabolic mechanisms of therapeutic
resistance
Pancreatic cancer cells use several cell-intrinsic metabolic processes to combat the challenges imposed by aberrant
growth and proliferation. These include adaptations that
facilitate nutrient acquisition, the rewiring of central carbon metabolism to support bioenergetics and biosynthesis, activation of pathways that inhibit oxidative stress
and cell death, and evasion of the immune system. These
mechanisms similarly act to afford pancreatic cancer cells
with protection against therapy. Below, we discuss these
mechanisms and highlight instances where they have
been described to have a direct role in therapeutic
resistance.
Metabolism Metabolism is rewired in pancreatic cancer
cells to facilitate the demands of cell growth and proliferation (Perera and Bardeesy 2015; Halbrook and Lyssiotis
2017). Deregulated signaling downstream from mutant
KRAS and tumor suppressor loss are key contributors to alterations in metabolic pathways. For example, P53 mutations reprogram mitochondrial metabolism to promote
malignant gene expression (Morris et al. 2019). Similarly,
mutant KRAS signaling drives nutrient uptake and diversion into alternate biosynthetic and bioenergetic pathways
(Ying et al. 2012; Kamphorst et al. 2013; Son et al. 2013;
Viale et al. 2014). Pancreatic cancer cells also demonstrate
increased glucose metabolism through the nonoxidative

944

GENES & DEVELOPMENT

pentose phosphate pathway, which facilitates the production of nucleic acids (Ying et al. 2012; Shukla et al. 2017).
This biology has implications in directing treatment
resistance in PDAC. For example, pancreatic cancer cells
respond to gemcitabine chemotherapy by further enhancing the oxidative pentose phosphate pathway to produce
high levels of pyrimidine derivatives, including cytosine
monophosphate. Thus, pancreatic cancer cells are flooded
with cytidylates, which directly compete with the phosphorylation and activation of gemcitabine. Gemcitabine
resistance can also emerge due to the expression and activity of complex I of the mitochondrial electron transport
chain (Masoud et al. 2020). In this regard, inhibition of complex I with phenformin potentiates the activity of gemcitabine in several preclinical models of PDAC. Taken
together, rewiring of metabolism is a common feature
that has been shown to evolve in gemcitabine-treated
PDAC tumors and to afford therapeutic resistance (Fig. 2A).
Nutrient acquisition Pancreatic tumors are marked by a
robust fibroinflammatory response, and the associated
stromal cells deposit considerable extracellular matrix
(Whittle and Hingorani 2019). This matrix avidly retains
water, leading to high interstitial fluid pressure and vascular collapse (DuFort et al. 2016). Consequently, cancer
cells and their surrounding microenvironment have limited access to blood-derived nutrients and oxygen. This observation raised an early question concerning pancreatic
tumor metabolism and, specifically, how metabolism
and growth pathways are fueled. Over the past 10 yr, the
consensus from many studies is that cancer cells combat
nutrient austerity by activating scavenging and recycling
pathways.
Macropinocytosis is the regulated uptake of bulk extracellular fluid, more colloquially known as cell drinking
(Canton 2018). This is a critical mechanism by which
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Figure 2. Metabolic mechanisms of therapeutic resistance in PDA. (A) Cell-autonomous mechanisms of therapeutic
resistance. PDAC cells enhance the production of nucleic acids from glucose through
the pentose phosphate pathway (PPP) to promote resistance to gemcitabine. Macropinocytosis and autophagy provide nutrients
(e.g. Fe2+, amino acids) to support biosynthesis and survival. Autophagy also removes
MHC-I from the cell surface to impair recognition by the antitumor immune system.
Malic enzyme 1 (ME1)-derived NADPH and
the nuclear factor erythroid 2-related factor
2 (NRF2) pathway promote resistance to reactive oxygen species (ROS). NRF2 is transcriptionally activated by mutant KRAS
and post-translationally stabilized by the
ataxia-telangiectasia group D-associated
protein (ATDC)-mediated binding and inhibition of Kelch-like ECH-associated protein
1 (KEAP1). (B) Tumor microenvironmentmediated mechanisms of therapeutic resistance. Deoxycytidine (dC) derived from cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs) promotes resistance to gemcitabine. Pyruvate derived from CAFs and circulating asparagine (Asn) promote resistance to mitochondrial inhibitors.

A

B

pancreatic cancer cells obtain the nutrients that support
their growth and survival (Commisso et al. 2013). Several
subsequent studies expounded upon this observation
(Kamphorst et al. 2015; Davidson et al. 2017) and revealed
how macropinocytosis is integrated with progrowth signaling pathways (Palm et al. 2015; King et al. 2020). Indeed, numerous reports have now illustrated specific
micronutrients that can be scavenged from the tumor microenvironment (Sousa et al. 2016; Olivares et al. 2017;
Hollinshead et al. 2020; Kim et al. 2020; Parker et al.
2020) to enhance cancer cell survival, and these are discussed in detail in the following section.
Autophagy Among the nutrient recycling pathways,
autophagy and its role in regulating therapeutic resistance
in PDAC are the most well characterized. Autophagy is a
regulated process in which internal proteins and organelles
are selectively degraded to regulate protein and organelle
homeostasis and provide nutrient building blocks to support bioenergetics (Rabinowitz and White 2010). Intracellular cargo is captured in autophagosomes, which fuse
with lysosomes to break large molecules into their constituent parts (e.g. sugars, lipids, and amino acids). When
autophagy is activated following nutrient deprivation,
this can produce metabolites to fuel energy production
(Fig. 2A). Similarly, autophagy is activated in states of
cell stress, used to target damaged organelles for destruction, and used to regulate signaling programs. Classic examples of this include mitochondrial or DNA damage,
such as those induced by chemotherapy and radiotherapy,
and more recent nuanced examples illustrate how specific
programs can be regulated by autophagy (e.g. iron homeostasis) (Mancias et al. 2014; Kremer et al. 2020).
Both murine and human pancreatic cancer cells depend
on constitutive autophagy, where its inhibition is growth

inhibitory and can potentiate the activity of gemcitabine
chemotherapy (Yang et al. 2011). In a recent study using
a genetically engineered mouse model of PDAC in which
autophagy can be conditionally inactivated, autophagy
was shown to be required for PDAC tumor initiation
and maintenance (Yang et al. 2018). This and related studies illustrate that autophagy, a process that is normally
activated in response to nutrient limitation or stress, is
constitutively active in PDAC, even in cell lines grown
in vitro in nutrient-rich conditions and without
stress. This paradoxical finding is because PDAC transcriptionally activates a lysosome and autophagy response, which is mediated by the MiT/TFE family of
transcription factors (Perera et al. 2015). Through this
mechanism, amino acid levels in pancreatic cancer cells
can be maintained to support cellular homeostasis and
metabolic reprogramming.
Elevation in basal autophagy is observed even in metabolically quiescent PDAC (Viale et al. 2014; Alcalá et al.
2020). Furthermore, genetic inhibition of KRAS was unexpectedly found to enhance autophagy (Viale et al. 2014).
Extinguishing mutant KRAS activity was shown to trigger
metabolic stress and, as a result, activated autophagy to
address the metabolic needs of pancreatic cancer cells
even in the absence of deregulated nutrients downstream
from mutant KRAS signaling.
More recently, studies of the interplay of oncogenic signaling and autophagy have extended to include the MAPK
pathway that is downstream from KRAS signaling. Inhibition of MAPK signaling, like the genetic extinction of mutant KRAS, potently increases autophagy (Bryant et al.
2019; Kinsey et al. 2019). This finding aligns with our understanding of MAPK in PDAC and classical autophagy
models. Specifically, downstream from mutant KRAS signaling, MAPK drives nutrient uptake and utilization in
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PDAC (Ying et al. 2012; Son et al. 2013). Thus, its extinction with MAPK inhibitors engages a catabolic nutrient
program, consistent with autophagy induction. Furthermore, in the setting of MAPK inhibition, autophagy becomes a critical process for maintaining cellular
homeostasis, thereby identifying a therapeutic context
that might be exploited. Indeed, pharmacologic and genetic methods of autophagy inhibition have been shown to
potently synergize with MAPK pathway inhibition in preclinical PDAC models.
The function of constitutively elevated autophagy
serves several protective roles in PDAC. As described
above, and consistent with the classical role of autophagy,
pancreatic cancer cells use autophagy to manage the myriad of stressors in the tumor microenvironment, including
nutrient and oxygen limitation as well as replicative
stress. However, this explanation is unsatisfactory, particularly since pancreatic cancer cells grown in vitro under
nutrient-replete conditions continue to maintain high
basal autophagy. This implies that autophagy may also
be a hard-wired program with additional biological significance. To this end, basal autophagy in PDAC has been
found to remove major histocompatibility complex
(MHC) class I molecules from the cell surface and target
them for degradation in the lysosome (Fig. 2A; Yamamoto
et al. 2020). As such, pancreatic cancer cells are less capable of presenting antigen and thus being recognized by the
immune system. Accordingly, the combination of autophagy inhibition with immune checkpoint inhibitors was
found to synergize in impairing tumor growth in immune-competent preclinical PDAC models in a CD8+
T-cell-dependent fashion. Similarly, another recent study
using a CRISPR/Cas9 screen in a murine PDAC model
found that autophagy can protect cancer cells from
TNFα-dependent killing by CD8+ T cells (Zhu et al.
2021). In summary, pancreatic cancer cells may use metabolic programs as a means to evade immune elimination
and, in doing so, reduce the efficacy of immunotherapy.
Based on these important functions, several clinical trials testing the utility of autophagy inhibitors in PDAC are
ongoing. Results from phase I/II trials indicate that
autophagy inhibition is well tolerated, and modest responses have been observed in some studies (Piffoux
et al. 2020). Chloroquine and hydroxychloroquine are
among the most widely used autophagy inhibitors in preclinical studies and are the only drugs targeting autophagy
that are approved clinically (Mauthe et al. 2018). It is important to note, however, that the pharmacodynamic
properties of hydroxychloroquine limit achievement of
intratumoral therapeutic doses of the drug and thus activity (Kimmelman and White 2017). The development of
new autophagy inhibitors is an active area. Nevertheless,
new trials with hydroxychloroquine are ongoing and include combination treatment with chemotherapy (e.g.
NCT01506973 and NCT04524702) or MAPK pathway inhibitors (NCT04386057, NCT04145297, NCT03825289,
and NCT04132505). In addition, it will be important to establish how hydroxychloroquine performs in combination with immunotherapies, as well as to determine the
efficacy of novel autophagy inducers in combination stud-
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ies with chemotherapy, MAPK pathway inhibitors, and
immunotherapies.
Antioxidant programs The hypoxic nature of PDAC tumors imposes challenges on the maintenance of redox balance. To counteract this, mutant Kras activity drives
pathways that protect cells from reactive oxygen species
(ROS), a byproduct of metabolism. Excess ROS have the
potential to be toxic to cells if their levels are not tightly
regulated (Purohit et al. 2019). To this end, pancreatic cancer cells activate transcriptional and metabolic antioxidant pathways to tolerate the high rate of ROS
generation, leading to elevated ROS flux. Ultimately,
this leads to both overutilization and dependence on antioxidant pathways to maintain redox balance.
There are two well-characterized mechanisms by which
ROS is managed in PDAC (Fig. 2A). First, rewired metabolism downstream from mutant KRAS leads to enhanced
generation of the antioxidant NADPH from malic enzyme
1 (ME1) (Son et al. 2013). Inhibition of this pathway promotes the tumoricidal activity of radiotherapy (Nelson
et al. 2020). Second, mutant KRAS signaling drives expression of the NRF2 transcription factor program (DeNicola
et al. 2011). NRF2 is a master regulator of antioxidant defense, whose activity results in both activation of antioxidant enzymes and regulation of metabolic fluxes to
promote a reduced cellular environment (Hayes and Dinkova-Kostova 2014). In addition, NRF2 regulation protects
pancreatic cancer cells from oxidative stress and the cytotoxic activity of chemotherapy (Purohit et al. 2021). Specifically, ATDC, an oncogene highly expressed in human
PDAC, binds to KEAP1, the negative regulator of NRF2,
leading to NRF2 stabilization and enhanced activity.
Pancreatic cancer cells also must maintain reduced glutathione (GSH) pools to tolerate the high rate of ROS generation. GSH is a principle cellular antioxidant tripeptide
composed of glutamate, glycine, and cysteine, where cysteine serves as the rate-limiting amino acid in GSH biosynthesis. Thus, access to cysteine is required to
maintain antioxidant capacity. For example, in a genetically engineered mouse model of PDAC, inhibition of cysteine uptake was shown to promote ferroptosis, an
oxidative form of cell death (Badgley et al. 2020). In this
study, inhibition of cysteine uptake was induced by systemic deletion Slc7a11, which encodes the xCT subunite
of the cystine antiporter, system xC−. Notably, ferroptotic
cell death could be reversed by systemic administration of
cell-permeable cysteine (N-acetyl cysteine [NAC]). This
finding highlights the unique metabolic demands on redox balance in PDAC and illuminates new therapeutic opportunities to target cysteine import and metabolism and/
or to perpetuate inherent oxidative stress.
Cancer cell-extrinsic targets
Metabolic resistance to therapy by the tumor
microenvironment.
The deregulated metabolic programs in PDAC are
strongly influenced by the tumor microenvironment
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(TME). Hallmarks of metabolic dysfunction in the TME
are nutrient deficiency, accumulation of metabolic waste
products, and disruption in pH, oxygenation, and the redox state (Lyssiotis and Kimmelman 2017; Sullivan
et al. 2019). Historically, studies on therapeutic resistance
imparted by the TME have focused on insufficiencies in
drug delivery (DuFort et al. 2016), and resistance to immune therapies have centered on the function of signaling
factors and signal transduction receptors in cell–cell communication (Balachandran et al. 2019). However, several
recent studies now indicate that metabolites also contribute significantly to therapeutic resistance.
Chemoresistance Tumor-associated
macrophages
(TAMs) can constitute upward of 40% of the cellular content in PDAC tumors (Steele et al. 2020) and are welldescribed mediators of immune suppression and therapeutic resistance. Macrophages can be endowed with
either protumor or antitumor functions (Wattenberg and
Beatty 2020) and are often classified by metabolic programs, for example, how cells metabolize the amino
acid arginine (Murray et al. 2014). In PDAC, metabolites
released by cancer cells promote polarization of naïve
macrophages into TAMs. For example, metabolites released from pancreatic cancer cells participate in programming glucose and glutamine metabolism in TAMs, which
then facilitates release of pyrimidine species at micromolar levels. Among these pyrimidines, TAM-released deoxycytidine can impair the cytotoxic activity of gemcitabine
against pancreatic cancer cells. Mechanistically, this occurs through metabolic competition for the rate-limiting
step in gemcitabine activation; namely, phosphorylation
by deoxycytidine kinase. Genetic or pharmacologic
depletion of TAMs dramatically sensitizes tumors to gemcitabine. Consistent with this, patients with a low macrophage burden in their tumors respond significantly better
to gemcitabine than those with a high macrophage burden
(Halbrook et al. 2019). Similarly, pancreatic cancer-associated fibroblasts (CAFs) have been shown to release deoxycytidine, which promotes gemcitabine resistance by
pancreatic cancer cells (Dalin et al. 2019). Thus, metabolites produced by cells within the tumor microenvironment can influence the sensitivity of PDAC to cytotoxic
stress (Fig. 2B).
Recently, efforts to intervene on metabolism have
turned to the development of drugs that target the mitochondria of pancreatic as well as other cancers (Vasan
et al. 2020). Several of these have shown varying degree
of promise in preclinical models (Viale et al. 2014; Daemen et al. 2015; Alistar et al. 2017; Rajeshkumar et al.
2017; Ashton et al. 2018; Molina et al. 2018; Masoud
et al. 2020). Inhibitors of complex I of the electron transport chain (ETC) are arguably the most well established.
A primary mechanism by which ETC inhibitors mediate
their growth inhibitory effects is through increasing
NADH/NAD+ ratio accumulation, which blocks metabolism. However, while these inhibitors exhibit potent cytostatic and even cytotoxic activity in vitro, their activity in
vivo is limited and context dependent. One explanation
for this discordant biology seen with ETC inhibitors

comes from the recent observation that pyruvate can provide partial rescue of ETC inhibition (Gui et al. 2016). In
this context, pyruvate is used to oxidize NADH to
NAD+ and thereby relieve this “brake” on metabolism.
While pyruvate is present in serum at a low concentration,
additional studies have illustrated that pyruvate is abundantly released by pancreatic CAFs and that this is a
mechanism of therapeutic resistance imparted by the
TME (Fig. 2B; Datta et al. 2020; Kerk et al. 2020). Thus, future preclinical and clinical studies using mitochondrial
inhibitors will need to consider both circulating pyruvate
and the composition of the TME as well as associated
TME-derived pyruvate.
Like pyruvate, asparagine has similarly been shown to
promote therapeutic resistance and support tumor growth
upon inhibition of complex I (Fig. 2B; Halbrook et al. 2020;
Krall et al. 2020). Asparagine promotes therapeutic resistance and permits tumor growth by supporting biosynthesis and aspartate availability, in both mTOR-dependent
and -independent manners. The excitement for these findings stems from the translatability of targeting asparagine
in patients with cancer. Asparagine can be depleted systemically, and thus intratumorally, by diet (Krall et al.
2021) or through treatment with L-asparaginase. Notably,
L-asparaginase has been used therapeutically for decades
in hematologic cancers, and recent on-going clinical trials
are testing its efficacy in PDAC with chemotherapy
(NCT03665441). Furthermore, these studies suggest the
potential for combining asparaginase and complex I targeted therapies (Halbrook et al. 2020; Krall et al. 2021).
Immune resistance Antitumor immune cells require
nutrients to support proliferation and execute effector
functions. To facilitate immune evasion, and thus tumor
survival, neoplastic and nonneoplastic cells in the TME
compete with immune cells for nutrients. Given that immune cells tend to be less adapted for nutrient competition, this may be an important mechanism by which the
antitumor immune response is impaired (Lyssiotis and
Kimmelman 2017). For example, the availability of several amino acids and amino acid catabolites influence Treg
and cytotoxic T-cell activity (Kelly and Pearce 2020). In
particular, arginine and tryptophan are required for
CD8+ T-cell expansion. However, cancer cells and other
cell types in the TME promote the catabolism of these
amino acids. Arginine catabolism into proline positively
influences collagen production, and thus extracellular
matrix deposition, and tryptophan catabolism produces
kynurenine, an aryl hydrocarbon receptor agonist that
drives Treg differentiation and immunosuppression (Lyssiotis and Kimmelman 2017). Kynurenine can be produced from tryptophan by the indolamine dioxygenases
(IDOs). However, the targeting of this amino acid catabolism axis has yet to demonstrate reproducible benefit in
patients (Van den Eynde et al. 2020). Ongoing studies
aim to identify the appropriate context and combinations
to deploy IDO inhibitors clinically for PDAC
(NCT03006302, NCT02077881). For example, a recent
study in PDA has shown that GM-CSF-secreting, allogeneic pancreatic tumor whole-cell vaccine (GVAX) can
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induce IDO1 expression in PDAC tumors, which then
promotes immune suppression (Blair et al. 2019). To this
end, combining IDO1 inhibition with GVAX potentiates
therapeutic efficacy in a preclinical model. These results
reveal a potential approach to harness IDO inhibitors for
PDAC. Collectively, these studies illustrate the significance of metabolites derived from the pancreatic TME,
as well as the importance and ubiquity of metabolic cooperation and competition processes in promoting resistance to various therapies in PDAC.
Neuronal support for PDAC Over recent years, data
have emerged that implicate the sensory and sympathetic
nervous systems as promoters of PDAC development and
progression. Pancreatic cancer cells may actively promote
axonal ingrowth into tumors via secretion of nerve growth
factor (NGF) to leverage neurons for the delivery of key
nutrients to the poorly perfused TME. For example, it
has been demonstrated that axons from the dorsal root
ganglion can release the amino acid serine into the pancreatic TME, which is essential for proper messenger RNA
translation and thus the survival of cancer cells (Banh
et al. 2020). Interestingly, in a subset of human PDAC
that lacks the capability of de novo serine synthesis,
Banh et al. (2020) observed increased NGF signaling and,
consequently, a denser tumor innervation.
NGF has also been implicated as part of the tumor-supportive role of the sympathetic nervous system in PDAC,
offering a possible link between chronic stress and PDAC
development and growth. Elevated norepinephrine levels
as part of the stress response can activate the adrenergic
β-2 receptor (ADRB2) on PDAC cells and mediate epithelial proliferation (Renz et al. 2018a) as well as NGF release,
further promoting ingrowth of sympathetic nerve fibers
and effectively creating a positive feedback loop. Conversely, the parasympathetic nervous system appears to
have a constraining effect on PDAC by, at least in part,
cholinergic signaling through the muscarinic type 1 receptor CHRM1 and downstream inhibition of the MAPK/
EGFR pathway in cancer cells (Renz et al. 2018b).
Targeting of these newly uncovered pathways that regulate cross-talk between pancreatic tumors and the surrounding nerves has shown some therapeutic efficacy in
murine PDAC models (Renz et al. 2018a; Banh et al.
2020). Either antagonism of ADRB2 or the inhibition of
TRK1, the receptor for NGF, was able to block neuronal
ingrowth and concomitantly stunt PDAC growth. These
approaches have the potential for clinical translation,
since adrenergic signaling can be mitigated with the
well-studied drug class of β-blockers, and TRK1 can be targeted with its inhibitor larotrecinib, an FDA-approved
drug in clinical use for solid tumors with NTRK fusions.
The tumor microenvironment in pancreatic cancer
The stromal microenvironment that surrounds pancreatic
cancer is a fundamental determinant of its biology and
treatment resistance. Formation of this microenvironment is triggered at the earliest stages of cancer conception and evolves during cancer development under the

948

GENES & DEVELOPMENT

instruction of cancer cell-intrinsic mechanisms as well
as in response to cues communicated by infiltrating cell
populations, such as leukocytes and fibroblasts (Stone
and Beatty 2019). This coevolutionary process that occurs
between cancer cells and the stroma ultimately supports
immune evasion, metastasis, and remarkable resilience
to cytotoxic stress imposed by therapeutics (Balachandran
et al. 2019). In recent years, our understanding of the signaling pathways that direct this biology has spawned
new treatment opportunities but also emphasized that
simply disrupting stromal elements can signal compensatory and nonredundant mechanisms that maintain and
foster pancreatic cancer progression. Here, we discuss determinants of the stromal microenvironment, their role in
directing cancer cell fate and immune evasion, and their
potential to serve as therapeutic targets.
Determinants of the stromal response Mouse modeling
has provided key insights into the evolution of the stromal
microenvironment in pancreatic cancer. For instance, the
combination of experimentally induced pancreatic inflammation and KRAS activation in pancreatic epithelial
cells is sufficient to trigger PanIN formation, development
of a desmoplastic reaction, and progression to invasive
PDAC (Guerra et al. 2007; Gidekel Friedlander et al.
2009). Interestingly, inactivation of KRAS at an early stage
of cancer conception causes not only lesion regression but
also resolution of the desmoplastic stroma (Collins et al.
2012; Ying et al. 2012). Other genetic aberrations, such
as TP53 inactivation and MYC activation in cancer cells,
are also key switches that trigger formation of a stromal
microenvironment (Guerra et al. 2007; Sodir et al. 2020).
Notably, inactivation of MYC has been shown to cause
disassembly of the stroma with concomitant cancer cell
death (Sodir et al. 2020). Together, these findings illustrate
the importance of oncogenes and tumor suppressor genes
as determinants of the tumor microenvironment in pancreatic cancer.
Cellular contexture of the tumor microenvironment
The microenvironment that surrounds pancreatic cancer
is composed of multiple cell populations and is dominated
by fibroblasts and leukocytes. Fibroblast cell populations
arise, at least in part, from resident cells found in the pancreas that expand and transition into cancer-associated fibroblasts (Sahai et al. 2020). Several functionally distinct
subclasses of CAFs have now been identified in mouse
and human pancreatic cancer and classified as myofibroblast-CAF (myCAF), inflammatory-CAF (iCAF), and antigen-presenting-CAF (apCAF) (Collins et al. 2012; Öhlund
et al. 2017; Helms et al. 2020). These CAF populations are
separated spatially within the microenvironment and
contribute to pancreatic cancer cellular heterogeneity,
metastasis, immune evasion, and chemotherapy resistance (Olive et al. 2009; Feig et al. 2013; Waghray et al.
2016; Öhlund et al. 2017; Biffi et al. 2019; Lee et al.
2019). For example, iCAFs are recognized as a significant
source of IL-6 in the microenvironment and have the ability (1) to stimulate STAT3 activation in cancer cells,
which then drives pancreatic cancer progression (Öhlund
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et al. 2017), and (2) to instruct the formation of a niche environment in the liver that ultimately supports metastatic
spread (Lee et al. 2019). CAF-derived factors (e.g. TGF-β)
also coordinate a phenotypical shift in cancer cells to invasive epithelial-to-mesenchymal transition (EMT) and proliferative phenotypes that are linked to MAPK and STAT3
signaling and associated with increased metastatic potential (Ligorio et al. 2019). Taken together, CAFs are a heterogeneous population of cells with important functions
in shaping pancreatic cancer biology and its surrounding
microenvironment.
Like CAFs, resident myeloid cells are also present in the
normal pancreas. These embryonically derived macrophages expand during cancer progression and exhibit a
profibrotic phenotype suggestive of their role in remodeling the extracellular matrix that is instructed by cancer
cells and CAFs (Zhu et al. 2017). Bone marrow-derived
monocytes and neutrophils are also recruited from the circulation into the stroma by CCR2 and CXCR2 ligands, respectively (Sanford et al. 2013; Steele et al. 2016;
Nywening et al. 2018). These cells contribute to the myeloid response and are recognized for their role in treatment
resistance to immune and cytotoxic therapies (Mitchem
et al. 2013; Nywening et al. 2016; Kalbasi et al. 2017).
In contrast to myeloid cells and fibroblasts, which more
diffusely infiltrate PDAC, T and B cells are found focally
within the stroma that surrounds pancreatic cancer cells
and within tertiary lymphoid structures (TLSs), which
are detected sporadically throughout tumors (Stromnes
et al. 2017). Notably, TLSs, when found in surgically resected PDAC, associate with a favorable prognosis (Hiraoka et al. 2015; Beatty et al. 2017). However, T and B
cells are usually excluded from direct interaction with
cancer cells. In contrast, mouse modeling has shown
that a more pronounced T-cell infiltrate is present within
early PanIN lesions and is comprised of CD4+ T-cell subsets, which contribute to an immunosuppressive microenvironment by repressing the activity of CD8+ T cells
(Zhang et al. 2014). CD4+ T cells that infiltrate PanIN
are comprised of both regulatory T cells (Tregs) and helper
T cells that produce IL-17 (Th17 cells). Selective elimination of Tregs during PanIN development accelerates progression due to a compensatory CCR1-dependent
inflammatory response driven by increased myeloid cell
infiltration and a decrease in CAFs (Zhang et al. 2020b).
In contrast, neutralization of IL-17, which is released by
Th17 cells and γδ T cells, prevents PanIN progression
(McAllister et al. 2014). Consistent with this, IL-17 facilitates recruitment of neutrophils, which, by releasing neutrophil extracellular traps (NETs), can exclude CD8+
T-cell infiltration into tumors (Zhang et al. 2020a). Together, these findings identify an intricate balance between
CD4+ T-cell subsets that contribute influentially to the
stromal inflammatory response that surrounds PanIN lesions and their propensity to progress to invasive PDAC.
Remarkable stromal heterogeneity is a hallmark of
PDAC. The underlying mechanisms that direct the cellular contexture of the stroma are numerous and complex.
In this regard, mouse models have shown a critical role
for cancer cell-intrinsic pathways that instruct the recruit-

ment of cells into the stromal microenvironment. For
instance, KRAS activation up-regulates GM-CSF in
pancreatic epithelial cells to recruit myeloid cells with
immunosuppressive properties (Bayne et al. 2012;
Pylayeva-Gupta et al. 2012). MYC activation also instructs the recruitment of myeloid cell populations (Sodir
et al. 2020). In addition, PTEN loss in cancer cells promotes NF-kB activation and a cytokine response that coordinates protumorigenic inflammation (Ying et al.
2011). Cancer cell production of G-CSF may also restrict
productive immunosurveillance by impairing bone marrow development of dendritic cells, which are essential
to the generation of tumor-reactive T cells (Meyer et al.
2018). In general, the molecular wiring of a cancer cell
can shape the contexture of the stromal microenvironment, and many cancer cell-intrinsic determinants, including USP22, EPHA2, and CXCL1 among others, have
been identified that favor a myeloid-rich and T-cell-poor
community that thwarts the efficacy of cancer therapies
(Li et al. 2018, 2020; Markosyan et al. 2019). Notably,
common to each of these determinants is their role in regulating tumor inflammation. For this reason, strategies to
disrupt the inflammatory response to PDAC by inhibiting
myeloid cell recruitment have garnered significant interest. However, disrupting one chemoattractant pathway
can trigger a compensatory one with equally immunosuppressive properties. For example, blocking recruitment of
CCR2+ inflammatory monocytes into tumors signals for
increased infiltration by CXCR2+ granulocytes and vice
versa (Nywening et al. 2018). This finding illustrates the
pliability of the tumor microenvironment but also its loyalty to supporting tumor progression.
Stromal-directed therapies Strategies that disrupt the
stromal response to pancreatic cancer can impact treatment efficacy. For example, depletion of matrix components, such as hyaluronan and type I collagen, improves
the activity of gemcitabine chemotherapy in mouse models (Olive et al. 2009; Provenzano et al. 2012; Jacobetz
et al. 2013). These strategies though have not shown clinical activity in combination with more intensive chemotherapy regimens in patients (Hingorani et al. 2018;
Ramanathan et al. 2019; Van Cutsem et al. 2020). This observation may reflect the reciprocal relationship between
fibrosis and vascularity. For instance, sustained depletion
of sonic hedgehog, a soluble ligand produced by cancer
cells and that drives formation of a fibroblast-rich stroma,
incites the development of tumors with enhanced VEGFdependent angiogenesis that then support increased cancer cell proliferation (Lee et al. 2014; Rhim et al. 2014;
Hingorani et al. 2018). This finding shows that some elements of the tumor microenvironment can act to restrain
pancreatic cancer progression. However, this is balanced
by other stromal components that aim to foster tumor
growth. For example, blockade of leukemia inhibitory factor (LIF), a paracrine molecule released by pancreatic stellate cells and that acts on cancer cells, slows pancreatic
cancer growth in mouse models and combines with chemotherapy to improve outcomes (Shi et al. 2019). Similarly, disrupting signaling pathways such a focal adhesion
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kinase (FAK) and IL1 receptor-associated kinase 4 (IRAK4)
can shift the tumor microenvironment in pancreatic cancer mouse models from treatment resistant to sensitive
(Zhang et al. 2018). FAK is activated in pancreatic cancer
cells as well as the surrounding stroma and engages a chemokine network that recruits myeloid cells and fibroblasts (Jiang et al. 2016). Interestingly, FAK activity has
been correlated with IRAK4 activation, such that overexpression of IRAK4 in tumor cells drives FAK signaling
(Dodhiawala et al. 2020). IRAK4 expression in CAFs also
triggers NF-kB activity and tumor fibrosis, which culminate in increased cancer cell proliferation, survival, and resistance to chemotherapy (Zhang et al. 2018). Consistent
with these data, pancreatic cancer cells have been found
to respond to microbial-dependent activation of TLR4
by releasing IL-1β, which then promotes the activation
and secretory phenotype of quiescent pancreatic stellate
cells (Das et al. 2020). Together, this signaling cascade orchestrates an immunosuppressive microenvironment.
An alternative approach to inhibiting elements of the
tumor microenvironment in PDAC is to redirect the biology of tumor-infiltrating cells. For example, CD40 and
CD11b agonists can shift the biology of tumor-infiltrating
myeloid cells toward an antitumor and immunostimulatory phenotype that then unveils the activity of cytotoxic
and T-cell immune therapies (Beatty et al. 2011, 2015;
Long et al. 2016; Panni et al. 2019). This finding supports
pliability as a central theme of the tumor microenvironment in PDAC. However, remarkable resilience has
been shown to prevail, suggesting that merely initiating
a shift in the character of the tumor microenvironment

is insufficient and that strategies to maintain this biology
will be needed. This concept of induction followed by
maintenance therapy is supported by studies in other solid
cancers where immunotherapy produces a benefit when
administered after induction chemotherapy (Grivas
et al. 2019; Powles et al. 2020).
Harnessing the immune response Whereas immunotherapy has been successful in other solid cancers, it has
not yet translated to PDAC except for microsatellite instability (MSI)-high tumors, which represent 1% of all PDAC
(Le et al. 2017; Balachandran et al. 2019). Defining strategies capable of overcoming T-cell exclusion has been a priority for leveraging the potential of immunotherapy in
PDAC. In this regard, multiple therapeutic challenges
have been identified that impact the success of immune
surveillance and the disposition of the microenvironment
that surrounds pancreatic cancer cells (Fig. 3). For example, poor T-cell surveillance may be driven by a lack of
priming for tumor-reactive T cells, poor recruitment of
T cells and their limited expansion within tumors, or
both (Beatty and O’Hara 2016). Consistent with this,
mouse models show that pancreatic cancer impairs dendritic cell (DC) biology, which is associated with poor Tcell priming (Hegde et al. 2020; Lin et al. 2020). Deficiencies in DCs and T cells are seen in patients, indicating that
the health of the immune system in PDAC is compromised (Meyer et al. 2018; Xu et al. 2019; Lin et al. 2020).
This poor immune health can be improved by systemic
CD40 activation with enhanced T-cell-priming activity
seen in some transplantable models of murine PDAC

Figure 3. Stromal determinants and therapeutic challenges to intervening on PDAC oathogenesis. The stromal compartment in PDAC is
shaped by tumor-infiltrating leukocytes recruited from the peripheral blood. These leukocytes coordinate therapeutic resistance and aid
in PDAC progression and metastasis. Shown are therapeutic challenges established by this dynamic interaction between host and tumor.
(1) Within the peripheral blood, deficiencies in immune health are observed that may limit the efficacy of immunotherapy. (2) Tumors
recruit immune-suppressive cells and exclude effector T cells. (3) Within tumors, genetic aberrations in the cancer cells instruct the formation of a microenvironment marked by immunosuppression, nutrient deprivation, and a desmoplastic reaction. (4) The tumor microenvironment supports the metastatic cascade. (5) Tumors produce factors that alter host physiology and condition distant organs for
increased metastatic susceptibility.
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(Beatty et al. 2011; Lin et al. 2020). However, a CD40 agonist alone, and even in combination with chemotherapy,
fails to trigger productive T-cell immunity in models of
spontaneous PDAC (Beatty et al. 2011). This exclusion
of T cells can be overcome by depleting phagocytic cells
residing outside of tumors (Beatty et al. 2015). Additionally, recent work has shown that deficiencies in DCs that
limit T-cell activation can be resolved using a FLT3 ligand
that stimulates DC development in the bone marrow.
Combing a FLT3 ligand with a CD40 agonist to “license”
DCs with T-cell stimulatory properties can subsequently
trigger productive T-cell immunity in mouse models of
PDAC. Together, this combination of FLT3 ligand and a
CD40 agonist suggests that defects in both DC function
and abundance are limiting for generating tumor-reactive
T cells (Hegde et al. 2020; Lin et al. 2020).
However, T cells that infiltrate PDAC tumors ultimately encounter a hostile microenvironment and acquire a
hypofunctional state associated with up-regulation of immunoregulatory molecules (Moon et al. 2014; Stromnes
et al. 2015). Consistent with this, adoptive cell therapy
studies using chimeric antigen receptor (CAR)-modified
T cells indicate that T-cell trafficking and expansion within tumors are also impaired in patients with PDAC (Beatty
et al. 2018; Haas et al. 2019). To this end, efforts to improve the activity of T cells in PDAC will likely need to
surmount multiple barriers associated with immune
health, T-cell priming, T-cell infiltration, and T-cell
hypofunction.
The microbiome in pancreatic cancer
Cancer can affect the integrity of the epithelial barrier
and, in doing so, expose tissues to commensal organisms.
In this regard, the gut microbiome has been shown to influence cancer and immune biology with implications
on therapeutic outcomes. The gut microbiome is a complex ecosystem in constant communication with its
host and is vitally important for intestinal epithelial, energy, hormone, and immune cell homeostasis (Zitvogel
et al. 2018). Notably, the microbiome has been implicated
as a key determinant of epithelial cancer biology where it
can influence the efficacy of immunotherapy and shape
cancer-associated inflammation (Gopalakrishnan et al.
2018; Routy et al. 2018).
The microbiome and its relationship with carcinogenesis and antitumor immunity have sparked interest in understanding its role in pancreatic cancer. The pancreas
and microbiome interface through local, intestinal, and
systemic factors (Sun et al. 2015; Stenwall et al. 2019).
Consistent with this, distinct changes in the composition
and diversity of the gut microbiome (Ren et al. 2017), and
even the oral flora (Michaud et al. 2013; Fan et al. 2018),
have been seen in patients with PDAC. Pancreas-intrinsic
microbiota have also recently been identified in the context of general health, pancreatitis, and PDAC. This observation challenges a long-held belief that the pancreas is a
sterile organ (Geller et al. 2017; Thomas et al. 2018;
Riquelme et al. 2019). Notably, in PDAC, vastly expanded
numbers of bacteria suggest that the pancreatic TME is

uniquely suited for microbial colonization and expansion.
However, it remains unclear whether bacteria actively
shape, or simply coevolve with, the overall state of the
TME. Nonetheless, recent observational data show that
specific microbes within the tumors associate with longterm survival (Riquelme et al. 2019) after pancreaticoduodenectomy and may even confer resistance to chemotherapy (Geller et al. 2017).
The human pancreas harbors a microbiome The pancreas stands in direct anatomic communication with the
duodenum via the major and minor papillae. However, antimicrobial properties of pancreatic digestive juices, unidirectional flow, and an intact sphincter of Oddi have
been thought to maintain the pancreas as a sterile site. Recently, several groups have demonstrated bacteria in the
normal pancreas, in the setting of pancreatitis, and in
PDAC (Geller et al. 2017; Thomas et al. 2018; Riquelme
et al. 2019). While the pancreatic microbiome is similar
in its composition across various disease states (Thomas
et al. 2018), the PDAC TME shows a roughly 1000-fold expansion (Geller et al. 2017) of bacteria. The most abundant
class of bacteria present is Gammaproteobacteria, which
are highly prevalent in the duodenal flora, suggesting direct bacterial translocation via the ampulla of Vater as a
predominant source of colonization. In support of this hypothesis, higher numbers of bacteria are observed in the
pancreases of patients with preoperative biliary tract instrumentation. Other potential routes of bacterial colonization are controversial but include hematogenous spread
via the portal venous circulation and trafficking through
mesenteric lymph nodes (Diehl et al. 2013).
The relationship between the gut microbiome and biology in the pancreatic TME is an active area of investigation. Efforts to alter the microbiome in tumors have
focused on the use of fecal microbial transfer. In this regard, matched fecal and tumor samples from three patients undergoing resection were shown to have a 25%
overlap between the two bacterial communities. Remarkably, the transfer of human stool into antibiotic-treated
mice resulted in a 40% engraftment of human-derived
bacteria in the murine gut. Subsequent orthotopic tumor
implantation into these mice revealed ∼5% of the PDAC
microbiome to be derived from the original human donor
(Riquelme et al. 2019). In addition, homing of the relatively small fraction of donor bacteria to the pancreas shifted
the intratumoral microbiome to a distinct taxonomic profile. Collectively, these data suggest that the pancreas is
endowed with a unique microbiome, derived at least in
part from the intestine, and that it can be manipulated using fecal microbial transfer.
Gut and pancreatic microbiome act as biomarkers The
microbiome has recently been shown to associate with
outcomes in patients with PDAC. Specifically, a retrospective analysis showed that bacterial ribosomal 16S
subunit sequencing of archived tissue specimens can be
used to distinguish short-term survivors (STSs; <5 yr)
and long-term survivors (LTSs; >5 yr) after surgical resection (Riquelme et al. 2019). Higher intratumoral α
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diversity, defined as the number of bacterial species within a sample, correlates with greater CD8+ T-cell infiltration, higher granzyme B expression, and long-term
survival. In this study, three genera (Pseudoxanthomonas,
Saccharopolyspora, and Streptomyces) and the species
Bacillus clausii were enriched in LTS, and the combination of these four taxa produced a prediction model of survival outcome. Intriguingly, fecal microbial transfer of
stool from LTS into mice challenged with orthotopic tumor implantation recapitulated the inflammatory immune infiltrate observed in human samples and
conferred tumor protection. Taken together, the data imply that the intratumoral microbiome in PDAC may be a
useful prognostic biomarker and a correlate of the immunogenicity of PDAC. In addition to the intratumoral
microbiome, the gut microbiome is also altered in patients with PDAC. For example, one study profiled stool
samples from 85 stage I/II PDAC patients and 57 matched
healthy controls in a Chinese population and observed decreased α diversity in the context of cancer, independent
of anatomic location of the tumor (head versus tail) or
presence of malignant biliary obstruction. On the phylum
level, the PDAC gut microbiome was significantly enriched for Bacteroidetes, with a reduction in Firmicutes
and Proteobacteria. This dysbiotic change can result in
higher lipopolysaccharide and reduced short chain fatty
acid production (Ren et al. 2017). The investigators of
this study further compiled 40 individual genera enriched
in PDAC into a prediction model that achieved 85% accuracy in predicting the presence of pancreatic cancer, supporting the microbiome as a diagnostic biomarker. To
this end, unique microbial signatures may offer an early,
noninvasive detection method for identifying individuals
at high-risk for PDAC development. However, some challenges will need to be considered, including a myriad of
confounding variables of PDAC such as obstructive jaundice and the resulting lack of bile and pancreatic juices in
the intestine, endocrine and exocrine dysfunction, biliary
stenting/instrumentation, antibiotic administration, and
dietary and lifestyle factors.
Implications of correlative and preclinical data Currently, the overwhelming proportion of human microbiome studies is correlative in nature and offers a
limited understanding of causal relationships of the complex interplay of host–cancer–microbiome. For example,
no conclusive evidence exists to delineate phenotypical
contributions of the gut versus the pancreatic tumor
microbiome, simply because selective ablation of one bacterial community cannot be achieved experimentally. In
this regard, one study deployed subcutaneous xenotransplants of human PDAC cell lines, which are devoid of an
intrinsic microbiome, into immune-deficient mice (Thomas et al. 2018). Microbial ablation with antibiotics in
these mice resulted in lower rates of successful engraftment, reduced tumor growth, cancer cell-intrinsic transcriptomic changes, and increased infiltration by CD45+
leukocytes. A second study found in immunocompetent
mice injected with pancreatic cancer cell lines that antibiotic treatment reduced tumor size and enhanced tumor

952

GENES & DEVELOPMENT

infiltration by IFNγ+ T helper cells and cytotoxic
T cells (Sethi et al. 2018). Finally, using the KRASG12D/
PTENlox/+ genetic mouse model of PDAC, microbial ablation with oral antibiotics or germ-free husbandry was
shown to delay progression of PanIN lesions to PDAC. Together, these data suggest a mechanistic role for the gut
microbiome in defining pancreatic tumor pathogenesis.
Proposed mechanisms of host–microbiome–cancer interactions Mechanisms by which the microbiome exerts
its potent influence over the pancreatic TME are likely
to be multifactorial (Fig. 4). One mechanism involves
the ligation of innate toll-like receptors (TLRs) by bacterial-derived, pathogen-associated molecular patterns
(PAMPs), which then leads to modulation of local and systemic inflammation. For example, the prototypical bacterial antigen lipopolysaccharide can ligate its cognate
receptor TLR4 on tumor cells and induce IL-1β production. IL-1β can subsequently activate pancreatic stellate
cells and orchestrate an immunosuppressive TME. Conversely, IL-1β blockade has been found to increase IFNγ
and granzyme B-expressing CTLs and, by doing so, enhance the antitumor activity of anti-PD-1 therapy (Das
et al. 2020). Other TLRs have also been implicated in regulating the biology of cancer cells, cancer-associated fibroblasts, and immune cells (Grimmig et al. 2016; Dajon
et al. 2017). Thus, TLR signaling triggered by bacteria
may promote inflammation-driven oncogenesis and restrict antitumor immunity in established cancers.
Bacterial metabolites can directly shape host and tumor
metabolism (Cani et al. 2019), induce direct cellular damage (Rooks and Garrett 2016), and regulate tolerogenic immune cell recruitment. Short chain fatty acids, produced
by bacterial fermentation of carbohydrates in the colon,
positively regulate antimicrobial peptide production in
the pancreas, which in turn recruits TGF-β-producing
macrophages, regulatory DCs, and Tregs (Sun et al.
2015). Similarly, microbial-derived secondary bile acids
can induce direct cellular damage but also repress natural
killer T-cell (NKT) infiltration and activation in primary
and secondary liver tumors (Ma et al. 2018), implicating
a potential role in metastatic PDAC. Bacteria can also
contribute to drug metabolism and confer resistance to
chemotherapy. For instance, Gammaproteobacteria (e.g.
E. coli and P. aeruginosa), the most abundant class of microbes in the pancreas, express the enzyme cytidine deaminase, which can metabolize gemcitabine to its inactive
form difluorodeoxyuridine. In an experimental model
of subcutaneous colon cancer implantation, E. coli inoculation into tumor-bearing mice conferred gemcitabine
resistance, whereas antibiotic ablation of the tumor
microbiome restored gemcitabine efficacy (Geller et al.
2017).
Bacteria may also influence the immunogenicity of
PDAC and, in doing so, impact T-cell infiltration into tumors. For instance, the quantity and quality of neoantigens in human PDAC along with the degree of CD8+
T-cell infiltration into tumors have been shown to correlate with survival (Balachandran et al. 2017). Notably,
identified neoantigens in human PDAC tumors from
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Figure 4. Overview over the pleotropic effects of the microbiome on the pancreatic tumor microenvironment. (1) TLR ligation by
pancreas-intrinsic bacteria-derived peptides
skews the immune system toward a tolerogenic phenotype. (2) Bacterial metabolites
and peptides from the gut microbiome further
promote a tolerogenic immune infiltrate. (3)
Bacteria produce cytidine deaminase, which
metabolizes gemcitabine to its inactive
form difluorodeoxyuridine (dFdU). (4) Digestive juices and antimicrobioal peptides
(AMPs) shape the intestinal flora, which
then influence the pancreatic TME. (5) Bacterial peptides with similarity to human proteins may trigger cognate T-cell priming and
activation of antitumor immunity.

long-term survivors show homology with bacterial-derived epitopes, suggesting that T-cell entrainment or
activation may occur through molecular mimicry of the
microbiome.
Cumulatively, these data underscore the multifaceted
interaction of the microbiome with PDAC. TLRs, metabolites, chemotherapy inactivation, and molecular mimicry are distinct mechanisms (Fig. 4) that may be exploited
by the microbiome for regulating the pathogenesis of
PDAC. However, as we deepen our understanding of the
role of bacteria in PDAC, the significance of the virome
and mycobiome remains largely unexplored. In addition,
future studies will need to disentangle the complexity of
interactions that the microbiome may have on PDAC
biology to realize potential therapeutic opportunities.
Support from other epithelial cancers The field of
microbiome research in PDAC has only begun to unravel
the complex fabric of host–microbiota–cancer interactions. To this end, the therapeutic potential of targeting
the microbiome in PDAC remains ill-defined. However,
translational work from other human cancers highlights
potential avenues for leveraging the microbiome as a
treatment strategy. For instance, stools from non-small
cell lung cancer (NSCLC) and renal cell carcinoma patients responding to immune checkpoint blockade (ICB)
show a higher bacterial αdiversity as well as enrichment
for Akkermansia muciniphila (Routy et al. 2018). Intriguingly, fecal microbial transplant of stool from an ICB “responder” patient or selective administration of A.
mucinophila into tumor-bearing mice can improve outcomes to ICB. Similar observations have been made in
melanoma patients (Gopalakrishnan et al. 2018; Matson
et al. 2018), suggesting that the microbiome may be a
strategy for potentiating the activity of ICB. However,
there are limitations to extrapolating these data to
PDAC. Notably, pancreatic cancer has so far been largely
resistant to ICB (Royal et al. 2010; Brahmer et al.
2012; Weiss et al. 2017), and thus, identification of a

“responder” microbiome has proven challenging. Additionally, the administration of antibiotics in nongastrointestinal malignancies is generally associated with worse
outcomes (Routy et al. 2018) after ICB, whereas preclinical data in PDAC support an opposite effect. Nonetheless,
the gut and tumor microbiota have emerged as clear

Figure 5. Key determinants of therapeutic resistance in pancreatic cancer. Therapeutic resistance in pancreatic ductal adenocarcinoma is influenced by a myriad of biological pathways directed
by (1) genetics, including alterations in oncogenes and tumor suppressor genes; (2) the microenvironment, including fibrosis and
poor vascularity, which are hallmarks of pancreatic cancer and
contribute to limit drug delivery and impact the contexture of
the host immune response; (3) metabolism, including metabolites that shape tumor and host biology as well as cancer cell sensitivity to cytotoxic agents; (4) immune evasion, the capacity to
avoid detection and elimination by T cells and other effector immune cell populations; and (5) the microbiome, including gut and
intratumoral microbes as well as their byproducts.
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pivotal determinants in cancer, and their therapeutic implications warrant continued investigation in PDAC.
Conclusions
Pancreatic ductal adenocarcinoma is characterized by
remarkable therapeutic resistance driven by cancer cellintrinsic and -extrinsic pathways. The tumor microenvironment that surrounds PDAC is pliable and resilient. It
represents a bidirectional evolution arising from crosstalk between cancer cells and the host and is influenced
by cancer and host genetics, the immune system, the
microbiome, fibrosis, and the metabolic state of cells
within and outside of tumors (Fig. 5). These key biological
determinants of PDAC form the basis for ongoing therapeutic interventions. Here, we highlighted recent advances in deciphering key pathways in PDAC and their
targetable components. Notably, it has become increasingly evident that no one single target will emerge as
the Achilles’ heel of PDAC. To this end, our review underscores the need for a “precision medicine” approach. We
propose that therapies will need to be patient-centric
and tailored based on high-throughput analysis of genetic
alterations, as well as transcriptomic, metabolomic, immunologic, and microbial profiling. To achieve this mission, a coordinated effort involving clinicians, basic
scientists, patients, advocacy agencies, and industry partners will be necessary. Together, this strategy rooted in
sound science and rigorous clinical trial design holds
promise for improving outcomes for patients with PDAC.
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