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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 capac-
ity 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 devas-
tating disease with a 5-yr overall survival of 10% (Siegel
et al. 2021). A hallmark of PDAC is its remarkable thera-
peutic resistance. This biology has been attributed to sev-
eral key features including genetic instability, metabolic
aberrations (Perera and Bardeesy 2015; Halbrook and Lys-
siotis 2017), immune suppression (Balachandran et al.
2019), and a heterogeneous and hostilemicroenvironment
that is marked by dense fibrosis and low vascularity
(Ligorio et al. 2019). Improved understanding of themech-
anisms underlying therapeutic resistance has revealed
novel targets with potential promise.

Although chemotherapy remains the mainstay of treat-
ment for PDAC, new efforts are now focused on interven-
ing 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), unravel-
ing the harmful contributions of the microenvironment

(Beatty et al. 2017), and leveraging the connection be-
tween cancer and the microbiome (Riquelme et al.
2019). In this regard, PDAC has historically been consid-
ered as a single entity, but more recently, genetic variants
such as those harboringmicrosatellite instability ormuta-
tions in BRCA genes have confirmed that PDAC is a con-
glomerate 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 ab-
sence of cytotoxic therapies (Golan et al. 2019; Pishvaian
et al. 2020). This review focuses on efforts to dissect ther-
apeutic 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

Themutational landscape of pancreatic adenocarcinoma

Over a decade ago, pioneering work identified 12 core sig-
naling pathways that are genetically altered in PDAC
(Jones et al. 2008). Since then, numerous genome sequenc-
ing studies have been performed to broadly define the ge-
nomic landscape of PDAC. Each study, powered by
progress in sequencing technology, has contributed an in-
cremental advancement in our knowledge of PDAC etiol-
ogy and progression, clarified the relationship between
primary andmetastatic lesions, and provided the rationale
for a more personalized approach to treatment. PDAC is
driven largely bymutations in four genes; namely, the on-
cogene KRAS and the tumor suppressor genes TP53,
CDKN2A, and SMAD4. Mutations in these four genes[Keywords: genetics; metabolism;microbiome; PDAC; pancreatic cancer;

pancreatic tumor microenvironment; targeted therapy; therapeutic
resistance]
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were initially identified prior to the next-generation se-
quencing (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 evi-
dent in early premalignant lesions (pancreatic intraepithe-
lial neoplasia [PanIN]). In addition, multiple clonal and
subclonal KRAS mutations are concurrently detected in
a small percentage of cases, suggesting convergent evolu-
tion of multiple tumor clones (The Cancer Genome Atlas
Research Network 2017). Other mutations in genes regu-
lating 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 accu-
mulate in the primary lesion according to a stepwise pro-
gressionmodel during a period of several years, although a
single chromothripsis event may accelerate PDAC pro-
gression by promoting the simultaneous copy loss of sev-
eral 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%). No-
tably, 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 alter-
ations 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 replica-
tion or as a result of exogenous factors such as ionizing ra-
diation 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 themutational rate, which eventually drives tu-
mor evolution and progression (Feldmann et al. 2011; Dro-
sos 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 BRCA2mutations was first noted to increase
sensitivity to platinum-based chemotherapy in breast
(Tutt et al. 2018) and ovarian cancer (Cass et al. 2003; Bol-
ton 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 effec-
tiveness 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 exploita-
tion of synthetic lethality has been the use of poly-ADP ri-
bose polymerase (PARP) inhibitors to treat tumors
defective in HR repair (Sancar et al. 2004). PARP inhibi-
tors (PARPis) “trap” PARP to theDNA 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. Scien-
tific studies have determined that a synthetic lethal rela-
tionship 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 signifi-

cant PDAC subtype, constituting up to 20%–25% of cas-
es, 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 character-
ized by an “unstable genome,” as well as increased che-
mosensitivity (Waddell et al. 2015). Notably, genes
associated withDNA damage repair are frequentlymutat-
ed in the germline in patients with PDACand aremutated
at higher frequency in familial PDAC (Bartsch et al. 2012).
Small retrospective clinical studies initially demon-

strated that patients with HR-deficient PDAC due to
germline mutations in BRCA1 and BRCA2 have a sur-
vival benefit when treated with platinum-based chemo-
therapy regimens (Golan et al. 2019; O’Reilly et al. 2020;
Wattenberg et al. 2020). In parallel, clinical trials con-
ducted in patients with HR-deficient breast and ovarian
cancers have shown treatment efficacy with PARP inhib-
itors (Coleman et al. 2019; Tung et al. 2020). These two in-
dependent 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 con-
ducted in patientswith PDACwhoharbor germlinemuta-
tions 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 Ola-
parib Ongoing (POLO) studywas designed to assess the ef-
ficacy 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 ad-
vantage of the POLO trial over the previously failed com-
bination 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 sur-
vival was the primary endpoint and determined to be sig-
nificantly 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 pa-
tients are in progress. Specific efforts to targetATMmuta-
tions in PDAC are also underway (NCT02511223) (Gout
et al. 2021).

Not all patients with germline BRCA mutations re-
spond to platinum-containing regimens or PARPi. In
this regard, emerging data suggest that biallelic inactiva-
tion of DDR genes is associated with a favorable therapeu-
tic response and that genomic hallmarks such as an
unstable genome (Waddell et al. 2015), single-base signa-
ture 3 (Polak et al. 2017), or theHRDetect compositemod-
el 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 tumormicroenvironment in defin-
ing the therapeutic response to DNA damage. For in-
stance, double-strand DNA breaks can stimulate up-
regulation 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 signal-
ing 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 dinu-
cleotides that are sensed by STING, resulting in subse-
quent activation of interferon regulatory factor 3 (IRF3),
nuclear factor κB (NF-κB), and the STAT6 signaling path-
ways to induce a robust type I interferon-driven proin-
flammatory cytokine response (Kwon and Bakhoum
2020). In a BRCA1-deficient breast cancer model, treat-
ment with a PARP inhibitor in vivo augmented DNA
damage and activated the cGAS/STING pathway, result-
ing in increased CD8+ T-cell infiltration into tumors (Pan-
telidou et al. 2019). Consequently, the potential value of
combiningDDR inhibitors with immunotherapy is begin-
ning 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 func-
tions to identify and repair mismatched DNA base pairs.

A small but notable subgroup of patients with PDAC
(1%–2%) harbor a mutation in a distinct set of DNA mis-
match repair genes (MLH1, MSH2, MSH6, and PMS2), ei-
ther 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 tumormutational burden, result-
ing in a high level of neoantigen expression. Consequent-
ly, these tumors are more visible to immune surveillance
and show significantly improved responses to PD‐1 block-
ade, which was approved by the FDA for use in this specif-
ic patient population (Connor et al. 2017). The presence of
a MMR-deficient PDAC can be discerned by immunohis-
tochemical assays for MSH1, MLH1, MSH6, and PMS2
expression or by use of next-generation genomic sequenc-
ing (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 check-
point 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 inmutant KRAS as a therapeutic
target. To date, direct blockade of oncogenic KRAS has
been challenging, due to a lack of ability to identify an ad-
equate binding pocket for smallmolecule inhibitors (Kess-
ler 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 inhib-
itors of KRASG12C (Hong et al. 2020a). This mutation is
most frequent in lung adenocarcinomas (14%), and early
phase I/II clinical trials usingKRASG12C inhibitors demon-
strated significant responses in lung cancer patients (Hong
et al. 2020a). However, only 1%–2%of PDACcases harbor
KRASG12C mutations. In the examination of 12 patients
withKRASG12CmutatedPDACtreatedwith a selective in-
hibitor, disease stability, albeit transient, was seen in sev-
eral patients,with one patient achieving a response lasting
>10mo (Hong et al. 2020b). Currently, the rest of the onco-
genic KRAS isoforms remain undruggable, although con-
certed research efforts to develop KRASG12D inhibitors
areunderway, particularly given that 55%of PDACharbor
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 feed-
back loops resulting in adaptive resistance (Drosten and
Barbacid 2020).Nonetheless, newer strategies show prom-
ise, such as targeting of the SHP2 protein-tyrosine phos-
phatase, an important mediator of cellular signaling
through the RAS/MAPK pathway that is thought to act
via activation of SOS1-regulated RAS-GTP loading (Hof-
mann et al. 2020). Preclinical studies using SHP2 inhibi-
tors and SHP2/MEK inhibitor combinations prevented
adaptive resistance in multiple cancer models expressing

Beatty et al.

942 GENES & DEVELOPMENT



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 forma-
tion of GTP-loaded RAS (Hofmann et al. 2020). In preclin-
ical xenograft studies, the combination of BI-3406 with
the MEK inhibitor trametinib resulted in tumor regres-
sion in multiple KRAS-driven cancer models, leading to
this combinatorial regimen now being tested in a phase
1 clinical trial in patientswith advancedKRASmutant tu-
mors (NCT04111458). A third promising approach in-
volves 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 muta-
tion, PDACs have been found to exhibit alterations in oth-
er 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 (Collis-
son 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
andmetastatic tumor samples (TheCancerGenomeAtlas
ResearchNetwork 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 sub-
typing and show that high GATA6 expression is associat-
ed 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 individ-
ual tumors has led to the recognition that in fact, a contin-
uum exists between basal-like/squamous and classical
tumors, with single-cell sequencing demonstrating that
most tumors harbor both basal-like/squamous and classi-
cal tumor cells. The varying proportions of these cells cre-
ate a transcriptional continuum at the bulk RNA-
sequencing 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 (Somer-
ville et al. 2018), GLI2 (Adams et al. 2019), and EZH2 (Patil
et al. 2020), as well as the classical subtype (a GATA6-me-
diated gene regulatory network involving HNF1A and
HNF4A) (Kloesch et al. 2021). In addition, subtype plastic-
ity has been documented in response to drug treatments
(Porter et al. 2019; Gabitova-Cornell et al. 2020), high-
lighting 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 comprehensivemolecular profil-
ing of tumors in a period of weeks have now opened the
way for large studies (COMPASS, KnowYourTumor, Pan-
cSEQ, IMPaCT, and others) aimed to evaluate the feasibil-
ity 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; Pish-
vaian et al. 2020). In these studies, results were returned to
the treating clinicianwithin several weeks, and feasibility
was inmost cases >90%. These results indicate that time-
sensitive prospective molecular profiling of PDAC is fea-
sible within the clinical setting. Of note, this requires
proper coordination of multiple disciplines and that dedi-
cated procedures for tissue procurement and processing
are in place.
Actionable targets have been identified in many pa-

tients 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, action-
able targets defined as somatic alterations with a FDA-ap-
proved 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 evi-
dence that suggests response to a drug increases the per-
centage of patients with an actionable target to 30%
(Lowery et al. 2017). In the KnowYour Tumor study (Pish-
vaian 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 biomarker-
directed clinical trial, or other logistical or economic
issues. To advance our understanding of genomic alter-
ations and classifications to predict therapeutic responses,
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the deployment of platform trials, such as Precision Prom-
ise (NCT04229004), that capture molecular data before
and on treatment in well-annotated cohorts will assist
in the development ofmolecular information as therapeu-
tic 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 metabol-
ic processes to combat the challenges imposed by aberrant
growth and proliferation. These include adaptations that
facilitate nutrient acquisition, the rewiring of central car-
bon metabolism to support bioenergetics and biosynthe-
sis, 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 prolifera-
tion (Perera and Bardeesy 2015; Halbrook and Lyssiotis
2017). Deregulated signaling downstream from mutant
KRAS and tumor suppressor loss are key contributors to al-
terations in metabolic pathways. For example, P53 muta-
tions reprogram mitochondrial metabolism to promote
malignant gene expression (Morris et al. 2019). Similarly,
mutant KRAS signaling drives nutrient uptake and diver-
sion 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

pentose phosphate pathway, which facilitates the produc-
tion 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 enhanc-
ing 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 phos-
phorylation and activation of gemcitabine. Gemcitabine
resistance can also emerge due to the expression and activ-
ity of complex I of the mitochondrial electron transport
chain (Masoud et al. 2020). In this regard, inhibition of com-
plex I with phenformin potentiates the activity of gemcita-
bine 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 aremarked 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 vascu-
lar collapse (DuFort et al. 2016). Consequently, cancer
cells and their surroundingmicroenvironment have limit-
ed access to blood-derived nutrients and oxygen. This ob-
servation 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 extra-
cellular fluid, more colloquially known as cell drinking
(Canton 2018). This is a critical mechanism by which

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.)
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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 sig-
naling pathways (Palm et al. 2015; King et al. 2020). In-
deed, numerous reports have now illustrated specific
micronutrients that can be scavenged from the tumor mi-
croenvironment (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 dis-
cussed 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 inwhich internal proteins and organelles
are selectively degraded to regulate protein and organelle
homeostasis and provide nutrient building blocks to sup-
port bioenergetics (Rabinowitz and White 2010). Intracel-
lular cargo is captured in autophagosomes, which fuse
with lysosomes to break largemolecules into their constit-
uent 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 destruc-
tion, and used to regulate signaling programs. Classic ex-
amples 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 homeo-
stasis) (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
andmaintenance (Yang et al. 2018). This and related stud-
ies 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 tran-
scriptionally activates a lysosome and autophagy re-
sponse, 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 meta-

bolically quiescent PDAC (Viale et al. 2014; Alcalá et al.
2020). Furthermore, genetic inhibition of KRASwas unex-
pectedly found to enhance autophagy (Viale et al. 2014).
Extinguishingmutant KRAS activitywas 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 sig-

naling and autophagy have extended to include theMAPK
pathway that is downstream fromKRAS signaling. Inhibi-
tion ofMAPK signaling, like the genetic extinction ofmu-
tant KRAS, potently increases autophagy (Bryant et al.
2019; Kinsey et al. 2019). This finding aligns with our un-
derstanding of MAPK in PDAC and classical autophagy
models. Specifically, downstream frommutant KRAS sig-
naling, MAPK drives nutrient uptake and utilization in

BA Figure 2. Metabolic mechanisms of the-
rapeutic resistance in PDA. (A) Cell-auto-
nomous mechanisms of therapeutic
resistance. PDAC cells enhance the produc-
tion of nucleic acids from glucose through
the pentose phosphate pathway (PPP) to pro-
mote resistance to gemcitabine.Macropino-
cytosis and autophagy provide nutrients
(e.g. Fe2+, amino acids) to support biosynthe-
sis and survival. Autophagy also removes
MHC-I from the cell surface to impair rec-
ognition by the antitumor immune system.
Malic enzyme 1 (ME1)-derivedNADPH and
the nuclear factor erythroid 2-related factor
2 (NRF2) pathway promote resistance to re-
active oxygen species (ROS). NRF2 is tran-
scriptionally activated by mutant KRAS
and post-translationally stabilized by the
ataxia-telangiectasia group D-associated
protein (ATDC)-mediated binding and inhi-
bition of Kelch-like ECH-associated protein
1 (KEAP1). (B) Tumor microenvironment-
mediated mechanisms of therapeutic resis-

tance. Deoxycytidine (dC) derived from cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs) promotes resis-
tance to gemcitabine. Pyruvate derived from CAFs and circulating asparagine (Asn) promote resistance to mitochondrial inhibitors.
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PDAC (Ying et al. 2012; Son et al. 2013). Thus, its extinc-
tion with MAPK inhibitors engages a catabolic nutrient
program, consistent with autophagy induction. Further-
more, in the setting of MAPK inhibition, autophagy be-
comes a critical process for maintaining cellular
homeostasis, thereby identifying a therapeutic context
thatmight be exploited. Indeed, pharmacologic and genet-
ic methods of autophagy inhibition have been shown to
potently synergize withMAPK pathway inhibition in pre-
clinical 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 myr-
iad of stressors in the tumormicroenvironment, including
nutrient and oxygen limitation as well as replicative
stress. However, this explanation is unsatisfactory, partic-
ularly 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 signif-
icance. 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 capa-
ble of presenting antigen and thus being recognized by the
immune system.Accordingly, the combination of autoph-
agy inhibition with immune checkpoint inhibitors was
found to synergize in impairing tumor growth in im-
mune-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 met-
abolic programs as a means to evade immune elimination
and, in doing so, reduce the efficacy of immunotherapy.

Based on these important functions, several clinical tri-
als 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 re-
sponses have been observed in some studies (Piffoux
et al. 2020). Chloroquine and hydroxychloroquine are
among the most widely used autophagy inhibitors in pre-
clinical studies and are the only drugs targeting autophagy
that are approved clinically (Mauthe et al. 2018). It is im-
portant to note, however, that the pharmacodynamic
properties of hydroxychloroquine limit achievement of
intratumoral therapeutic doses of the drug and thus activ-
ity (Kimmelman and White 2017). The development of
new autophagy inhibitors is an active area. Nevertheless,
new trials with hydroxychloroquine are ongoing and in-
clude combination treatment with chemotherapy (e.g.
NCT01506973 and NCT04524702) or MAPK pathway in-
hibitors (NCT04386057, NCT04145297, NCT03825289,
andNCT04132505). In addition, it will be important to es-
tablish how hydroxychloroquine performs in combina-
tion with immunotherapies, as well as to determine the
efficacy of novel autophagy inducers in combination stud-

ies with chemotherapy, MAPK pathway inhibitors, and
immunotherapies.

Antioxidant programs The hypoxic nature of PDAC tu-
mors imposes challenges on themaintenance of redox bal-
ance. 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 can-
cer cells activate transcriptional and metabolic antioxi-
dant pathways to tolerate the high rate of ROS
generation, leading to elevated ROS flux. Ultimately,
this leads to both overutilization and dependence on anti-
oxidant pathways to maintain redox balance.

There are two well-characterized mechanisms by which
ROS is managed in PDAC (Fig. 2A). First, rewired metabo-
lism downstream from mutant KRAS leads to enhanced
generation of the antioxidant NADPH frommalic enzyme
1 (ME1) (Son et al. 2013). Inhibition of this pathway pro-
motes the tumoricidal activity of radiotherapy (Nelson
et al. 2020). Second, mutant KRAS signaling drives expres-
sion of the NRF2 transcription factor program (DeNicola
et al. 2011). NRF2 is a master regulator of antioxidant de-
fense, whose activity results in both activation of antioxi-
dant enzymes and regulation of metabolic fluxes to
promote a reduced cellular environment (Hayes and Din-
kova-Kostova 2014). In addition, NRF2 regulation protects
pancreatic cancer cells from oxidative stress and the cyto-
toxic activity of chemotherapy (Purohit et al. 2021). Specif-
ically, 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 glu-
tathione (GSH) pools to tolerate the high rate of ROS gen-
eration. GSH is a principle cellular antioxidant tripeptide
composed of glutamate, glycine, and cysteine, where cys-
teine serves as the rate-limiting amino acid in GSH bio-
synthesis. Thus, access to cysteine is required to
maintain antioxidant capacity. For example, in a geneti-
cally engineeredmousemodel of PDAC, inhibition of cys-
teine 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 sys-
temic 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 re-
dox balance in PDAC and illuminates new therapeutic op-
portunities to target cysteine import andmetabolism 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 re-
dox 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 im-
mune therapies have centered on the function of signaling
factors and signal transduction receptors in cell–cell com-
munication (Balachandran et al. 2019). However, several
recent studies now indicate that metabolites also contrib-
ute significantly to therapeutic resistance.

Chemoresistance Tumor-associated macrophages
(TAMs) can constitute upward of 40% of the cellular con-
tent in PDAC tumors (Steele et al. 2020) and are well-
described mediators of immune suppression and thera-
peutic resistance. Macrophages can be endowed with
either protumor or antitumor functions (Wattenberg and
Beatty 2020) and are often classified by metabolic pro-
grams, 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 re-
leased frompancreatic cancer cells participate in program-
ming glucose and glutaminemetabolism in TAMs, which
then facilitates release of pyrimidine species at micromo-
lar levels. Among these pyrimidines, TAM-released deox-
ycytidine can impair the cytotoxic activity of gemcitabine
against pancreatic cancer cells. Mechanistically, this oc-
curs 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 gem-
citabine. Consistent with this, patients with a lowmacro-
phage burden in their tumors respond significantly better
to gemcitabine than thosewith a highmacrophage burden
(Halbrook et al. 2019). Similarly, pancreatic cancer-associ-
ated fibroblasts (CAFs) have been shown to release deoxy-
cytidine, which promotes gemcitabine resistance by
pancreatic cancer cells (Dalin et al. 2019). Thus, metabo-
lites produced by cells within the tumor microenviron-
ment 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 mito-
chondria 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; Dae-
men 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 trans-
port 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 metabo-
lism. However, while these inhibitors exhibit potent cyto-
static 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 pro-
vide 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 abun-
dantly 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, fu-
ture 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 resis-
tance and permits tumor growth by supporting biosynthe-
sis and aspartate availability, in both mTOR-dependent
and -independentmanners. The excitement for these find-
ings stems from the translatability of targeting asparagine
in patients with cancer. Asparagine can be depleted sys-
temically, 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 tar-
geted 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 im-
mune cells tend to be less adapted for nutrient competi-
tion, this may be an important mechanism by which the
antitumor immune response is impaired (Lyssiotis and
Kimmelman 2017). For example, the availability of sever-
al 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 (Lys-
siotis and Kimmelman 2017). Kynurenine can be pro-
duced from tryptophan by the indolamine dioxygenases
(IDOs). However, the targeting of this amino acid catabo-
lism 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, alloge-
neic 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 signifi-
cance of metabolites derived from the pancreatic TME,
as well as the importance and ubiquity of metabolic coop-
eration and competition processes in promoting resis-
tance 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 pancre-
atic 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-sup-
portive 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 epithe-
lial proliferation (Renz et al. 2018a) aswell asNGF release,
further promoting ingrowth of sympathetic nerve fibers
and effectively creating a positive feedback loop. Con-
versely, the parasympathetic nervous system appears to
have a constraining effect on PDAC by, at least in part,
cholinergic signaling through themuscarinic type 1 recep-
tor CHRM1 and downstream inhibition of the MAPK/
EGFR pathway in cancer cells (Renz et al. 2018b).

Targeting of these newly uncovered pathways that reg-
ulate cross-talk between pancreatic tumors and the sur-
rounding 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 tar-
geted with its inhibitor larotrecinib, an FDA-approved
drug in clinical use for solid tumors with NTRK fusions.

The tumor microenvironment in pancreatic cancer

The stromalmicroenvironment that surrounds pancreatic
cancer is a fundamental determinant of its biology and
treatment resistance. Formation of this microenviron-
ment is triggered at the earliest stages of cancer concep-
tion and evolves during cancer development under the

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 sig-
naling pathways that direct this biology has spawned
new treatment opportunities but also emphasized that
simply disrupting stromal elements can signal compensa-
tory and nonredundant mechanisms that maintain and
foster pancreatic cancer progression. Here, we discuss de-
terminants of the stromalmicroenvironment, 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 in-
flammation 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 pan-
creatic cancer.

Cellular contexture of the tumor microenvironment
The microenvironment that surrounds pancreatic cancer
is composed ofmultiple cell populations and is dominated
by fibroblasts and leukocytes. Fibroblast cell populations
arise, at least in part, from resident cells found in the pan-
creas that expand and transition into cancer-associated fi-
broblasts (Sahai et al. 2020). Several functionally distinct
subclasses of CAFs have now been identified in mouse
and human pancreatic cancer and classified as myofibro-
blast-CAF (myCAF), inflammatory-CAF (iCAF), and anti-
gen-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 resis-
tance (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 abil-
ity (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 en-
vironment in the liver that ultimately supportsmetastatic
spread (Lee et al. 2019). CAF-derived factors (e.g. TGF-β)
also coordinate a phenotypical shift in cancer cells to inva-
sive epithelial-to-mesenchymal transition (EMT) and pro-
liferative phenotypes that are linked toMAPK and STAT3
signaling and associated with increased metastatic poten-
tial (Ligorio et al. 2019). Taken together, CAFs are a het-
erogeneous population of cells with important functions
in shaping pancreatic cancer biology and its surrounding
microenvironment.
LikeCAFs, residentmyeloid cells are also present in the

normal pancreas. These embryonically derived macro-
phages expand during cancer progression and exhibit a
profibrotic phenotype suggestive of their role in remodel-
ing 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 cir-
culation into the stroma by CCR2 and CXCR2 ligands, re-
spectively (Sanford et al. 2013; Steele et al. 2016;
Nywening et al. 2018). These cells contribute to the mye-
loid 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, whichmore

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 re-
sected PDAC, associate with a favorable prognosis (Hir-
aoka 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 sub-
sets, which contribute to an immunosuppressive micro-
environment 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 elimina-
tion of Tregs during PanIN development accelerates pro-
gression 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 facili-
tates recruitment of neutrophils, which, by releasing neu-
trophil extracellular traps (NETs), can exclude CD8+

T-cell infiltration into tumors (Zhang et al. 2020a). Togeth-
er, these findings identify an intricate balance between
CD4+ T-cell subsets that contribute influentially to the
stromal inflammatory response that surrounds PanIN le-
sions and their propensity to progress to invasive PDAC.
Remarkable stromal heterogeneity is a hallmark of

PDAC. The underlying mechanisms that direct the cellu-
lar 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 in-
structs the recruitment of myeloid cell populations (Sodir
et al. 2020). In addition, PTEN loss in cancer cells pro-
motes NF-kB activation and a cytokine response that co-
ordinates protumorigenic inflammation (Ying et al.
2011). Cancer cell production of G-CSF may also restrict
productive immunosurveillance by impairing bone mar-
row 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 microenviron-
ment, and many cancer cell-intrinsic determinants, in-
cluding 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 reg-
ulating tumor inflammation. For this reason, strategies to
disrupt the inflammatory response to PDAC by inhibiting
myeloid cell recruitment have garnered significant inter-
est. However, disrupting one chemoattractant pathway
can trigger a compensatory onewith equally immunosup-
pressive 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 tumormicroenvironment but also its loy-
alty to supporting tumor progression.

Stromal-directed therapies Strategies that disrupt the
stromal response to pancreatic cancer can impact treat-
ment efficacy. For example, depletion of matrix compo-
nents, such as hyaluronan and type I collagen, improves
the activity of gemcitabine chemotherapy in mouse mod-
els (Olive et al. 2009; Provenzano et al. 2012; Jacobetz
et al. 2013). These strategies though have not shown clin-
ical activity in combination with more intensive chemo-
therapy regimens in patients (Hingorani et al. 2018;
Ramanathan et al. 2019; VanCutsem et al. 2020). This ob-
servation 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 VEGF-
dependent angiogenesis that then support increased can-
cer cell proliferation (Lee et al. 2014; Rhim et al. 2014;
Hingorani et al. 2018). This finding shows that some ele-
ments 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 fac-
tor (LIF), a paracrine molecule released by pancreatic stel-
late cells and that acts on cancer cells, slows pancreatic
cancer growth in mouse models and combines with che-
motherapy to improve outcomes (Shi et al. 2019). Similar-
ly, 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 can-
cer 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 che-
mokine network that recruits myeloid cells and fibro-
blasts (Jiang et al. 2016). Interestingly, FAK activity has
been correlated with IRAK4 activation, such that overex-
pression 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 culmi-
nate in increased cancer cell proliferation, survival, and re-
sistance 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 or-
chestrates an immunosuppressive microenvironment.

An alternative approach to inhibiting elements of the
tumor microenvironment in PDAC is to redirect the biol-
ogy of tumor-infiltrating cells. For example, CD40 and
CD11b agonists can shift the biology of tumor-infiltrating
myeloid cells toward an antitumor and immunostimula-
tory 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 microenviron-
ment 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 immuno-
therapy has been successful in other solid cancers, it has
not yet translated to PDACexcept formicrosatellite insta-
bility (MSI)-high tumors, which represent 1% of all PDAC
(Le et al. 2017; Balachandran et al. 2019). Defining strate-
gies capable of overcoming T-cell exclusion has been a pri-
ority 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 themicroenvironment
that surrounds pancreatic cancer cells (Fig. 3). For exam-
ple, 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 den-
dritic cell (DC) biology, which is associated with poor T-
cell priming (Hegde et al. 2020; Lin et al. 2020). Deficien-
cies inDCs andT cells are seen in patients, indicating that
the health of the immune system in PDAC is compro-
mised (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 PDACoathogenesis. 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 andmetastasis. 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 for-
mation of a microenvironment marked by immunosuppression, nutrient deprivation, and a desmoplastic reaction. (4) The tumor micro-
environment 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 ago-
nist 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). Additional-
ly, 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 ultimate-

ly encounter a hostile microenvironment and acquire a
hypofunctional state associated with up-regulation of im-
munoregulatory 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 expansionwith-
in tumors are also impaired in patientswith PDAC (Beatty
et al. 2018; Haas et al. 2019). To this end, efforts to im-
prove 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 in-
fluence cancer and immune biology with implications
on therapeutic outcomes. The gut microbiome is a com-
plex ecosystem in constant communication with its
host and is vitally important for intestinal epithelial, ener-
gy, hormone, and immune cell homeostasis (Zitvogel
et al. 2018). Notably, themicrobiome 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 carcinogene-

sis and antitumor immunity have sparked interest in un-
derstanding 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 con-
text of general health, pancreatitis, and PDAC. This obser-
vation 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 long-
term survival (Riquelme et al. 2019) after pancreaticoduo-
denectomy andmay even confer resistance to chemother-
apy (Geller et al. 2017).

The human pancreas harbors a microbiome The pan-
creas stands in direct anatomic communication with the
duodenumvia themajor andminor papillae. However, an-
timicrobial properties of pancreatic digestive juices, uni-
directional flow, and an intact sphincter of Oddi have
been thought tomaintain the pancreas as a sterile site. Re-
cently, 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 PDACTME shows a roughly 1000-fold ex-
pansion (Geller et al. 2017) of bacteria. Themost abundant
class of bacteria present is Gammaproteobacteria, which
are highly prevalent in the duodenal flora, suggesting di-
rect bacterial translocation via the ampulla of Vater as a
predominant source of colonization. In support of this hy-
pothesis, higher numbers of bacteria are observed in the
pancreases of patients with preoperative biliary tract in-
strumentation. Other potential routes of bacterial coloni-
zation 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 biol-

ogy in the pancreatic TME is an active area of investiga-
tion. Efforts to alter the microbiome in tumors have
focused on the use of fecal microbial transfer. In this re-
gard, matched fecal and tumor samples from three pa-
tients undergoing resection were shown to have a 25%
overlap between the two bacterial communities. Remark-
ably, 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 relative-
ly small fraction of donor bacteria to the pancreas shifted
the intratumoral microbiome to a distinct taxonomic pro-
file. 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 us-
ing 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 retro-
spective 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 resec-
tion (Riquelme et al. 2019). Higher intratumoral α
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diversity, defined as the number of bacterial species with-
in a sample, correlates with greater CD8+ T-cell infiltra-
tion, 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 combina-
tion of these four taxa produced a predictionmodel of sur-
vival outcome. Intriguingly, fecal microbial transfer of
stool from LTS into mice challenged with orthotopic tu-
mor implantation recapitulated the inflammatory im-
mune infiltrate observed in human samples and
conferred tumor protection. Taken together, the data im-
ply that the intratumoral microbiome in PDAC may be a
useful prognostic biomarker and a correlate of the immu-
nogenicity of PDAC. In addition to the intratumoral
microbiome, the gut microbiome is also altered in pa-
tients 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 de-
creased 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 en-
riched 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 predictionmodel that achieved 85% accu-
racy in predicting the presence of pancreatic cancer, sup-
porting 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 chal-
lenges will need to be considered, including a myriad of
confounding variables of PDAC such as obstructive jaun-
dice 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 Cur-
rently, the overwhelming proportion of human micro-
biome studies is correlative in nature and offers a
limited understanding of causal relationships of the com-
plex 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 bac-
terial community cannot be achieved experimentally. In
this regard, one study deployed subcutaneous xenotrans-
plants of human PDAC cell lines, which are devoid of an
intrinsic microbiome, into immune-deficient mice (Tho-
mas et al. 2018). Microbial ablation with antibiotics in
these mice resulted in lower rates of successful engraft-
ment, reduced tumor growth, cancer cell-intrinsic tran-
scriptomic changes, and increased infiltration by CD45+

leukocytes. A second study found in immunocompetent
mice injectedwith pancreatic cancer cell lines that antibi-
otic treatment reduced tumor size and enhanced tumor

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 abla-
tion with oral antibiotics or germ-free husbandry was
shown to delay progression of PanIN lesions to PDAC. To-
gether, these data suggest a mechanistic role for the gut
microbiome in defining pancreatic tumor pathogenesis.

Proposed mechanisms of host–microbiome–cancer inter-
actions 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 bacte-
rial-derived, pathogen-associated molecular patterns
(PAMPs), which then leads tomodulation of local and sys-
temic inflammation. For example, the prototypical bacte-
rial antigen lipopolysaccharide can ligate its cognate
receptor TLR4 on tumor cells and induce IL-1β produc-
tion. IL-1β can subsequently activate pancreatic stellate
cells and orchestrate an immunosuppressive TME. Con-
versely, IL-1β blockade has been found to increase IFNγ
and granzyme B-expressing CTLs and, by doing so, en-
hance the antitumor activity of anti-PD-1 therapy (Das
et al. 2020). Other TLRs have also been implicated in reg-
ulating the biology of cancer cells, cancer-associated fibro-
blasts, and immune cells (Grimmig et al. 2016; Dajon
et al. 2017). Thus, TLR signaling triggered by bacteria
may promote inflammation-driven oncogenesis and re-
strict antitumor immunity in established cancers.

Bacterial metabolites can directly shape host and tumor
metabolism (Cani et al. 2019), induce direct cellular dam-
age (Rooks andGarrett 2016), and regulate tolerogenic im-
mune 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 mi-
crobes in the pancreas, express the enzyme cytidine deam-
inase, which can metabolize gemcitabine to its inactive
form difluorodeoxyuridine. In an experimental model
of subcutaneous colon cancer implantation, E. coli inocu-
lation 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 tu-
mors. For instance, the quantity and quality of neoanti-
gens in human PDAC along with the degree of CD8+

T-cell infiltration into tumors have been shown to corre-
late with survival (Balachandran et al. 2017). Notably,
identified neoantigens in human PDAC tumors from

Beatty et al.

952 GENES & DEVELOPMENT



long-term survivors show homology with bacterial-de-
rived 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, metab-
olites, chemotherapy inactivation, and molecular mimic-
ry 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 interac-
tions. 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 pa-
tients responding to immune checkpoint blockade (ICB)
show a higher bacterial αdiversity as well as enrichment
forAkkermansia muciniphila (Routy et al. 2018). Intrigu-
ingly, fecal microbial transplant of stool from an ICB “re-
sponder” patient or selective administration of A.
mucinophila into tumor-bearing mice can improve out-
comes 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. Addi-
tionally, the administration of antibiotics in nongastroin-
testinal malignancies is generally associated with worse
outcomes (Routy et al. 2018) after ICB, whereas preclini-
cal data in PDAC support an opposite effect. Nonetheless,
the gut and tumor microbiota have emerged as clear

Figure 4. Overview over the pleotropic ef-
fects of themicrobiome on the pancreatic tu-
mor microenvironment. (1) TLR ligation by
pancreas-intrinsic bacteria-derived peptides
skews the immune system toward a tolero-
genic phenotype. (2) Bacterial metabolites
andpeptides fromthegutmicrobiome further
promote a tolerogenic immune infiltrate. (3)
Bacteria produce cytidine deaminase, which
metabolizes gemcitabine to its inactive
form difluorodeoxyuridine (dFdU). (4) Diges-
tive juices and antimicrobioal peptides
(AMPs) shape the intestinal flora, which
then influence the pancreatic TME. (5) Bacte-
rial peptides with similarity to human pro-
teins may trigger cognate T-cell priming and
activation of antitumor immunity.

Figure 5. Key determinants of therapeutic resistance in pancre-
atic cancer. Therapeutic resistance in pancreatic ductal adenocar-
cinoma is influenced by a myriad of biological pathways directed
by (1) genetics, including alterations in oncogenes and tumor sup-
pressor 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 metabo-
lites that shape tumor and host biology as well as cancer cell sen-
sitivity to cytotoxic agents; (4) immune evasion, the capacity to
avoid detection and elimination by T cells and other effector im-
mune cell populations; and (5) themicrobiome, including gut and
intratumoral microbes as well as their byproducts.
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pivotal determinants in cancer, and their therapeutic im-
plications warrant continued investigation in PDAC.

Conclusions

Pancreatic ductal adenocarcinoma is characterized by
remarkable therapeutic resistance driven by cancer cell-
intrinsic and -extrinsic pathways. The tumor microenvi-
ronment that surrounds PDAC is pliable and resilient. It
represents a bidirectional evolution arising from cross-
talk 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 thera-
peutic interventions. Here, we highlighted recent advanc-
es in deciphering key pathways in PDAC and their
targetable components. Notably, it has become increas-
ingly evident that no one single target will emerge as
the Achilles’ heel of PDAC. To this end, our review under-
scores 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, im-
munologic, and microbial profiling. To achieve this mis-
sion, a coordinated effort involving clinicians, basic
scientists, patients, advocacy agencies, and industry part-
ners 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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KalofonosH,Radulović S, DemeyW,UllénA, et al. 2020. Ave-
lumab maintenance therapy for advanced or metastatic uro-
thelial carcinoma. N Engl J Med 383: 1218–1230. doi:10
.1056/NEJMoa2002788

Provenzano PP, Cuevas C, Chang AE, Goel VK, Von Hoff DD,
Hingorani SR. 2012. Enzymatic targeting of the stroma ablates
physical barriers to treatment of pancreatic ductal adenocarci-
noma.CancerCell 21: 418–429. doi:10.1016/j.ccr.2012.01.007

Puleo F, Nicolle R, Blum Y, Cros J, Marisa L, Demetter P, Quer-
tinmont E, Svrcek M, Elarouci N, Iovanna J, et al. 2018. Strat-
ification of pancreatic ductal adenocarcinomas based on
tumor and microenvironment features. Gastroenterology
155: 1999–2013.e3. doi:10.1053/j.gastro.2018.08.033

Therapeutic resistance in pancreatic cancer

GENES & DEVELOPMENT 959



Purohit V, Simeone DM, Lyssiotis CA. 2019. Metabolic regula-
tion of redox balance in cancer. Cancers (Basel) 11: 955.
doi:10.3390/cancers11070955

Purohit V, Wang L, Yang H, Li J, Ney GM, Gumkowski ER, Vai-
dya AJ, Wang A, Bhardwaj A, Zhao E, et al. 2021. ATDC binds
to KEAP1 to drive NRF2-mediated tumorigenesis and chemo-
resistance in pancreatic cancer. Genes Dev 35: 218–233.
doi:10.1101/gad.344184.120

Pylayeva-Gupta Y, Lee KE, Hajdu CH,Miller G, Bar-Sagi D. 2012.
Oncogenic Kras-induced GM-CSF production promotes the
development of pancreatic neoplasia. Cancer Cell 21: 836–
847. doi:10.1016/j.ccr.2012.04.024

Rabinowitz JD, White E. 2010. Autophagy and metabolism. Sci-
ence 330: 1344–1348. doi:10.1126/science.1193497

Rajeshkumar NV, Yabuuchi S, Pai SG, De Oliveira E, Kamphorst
JJ, Rabinowitz JD, Tejero H, Al-Shahrour F, HidalgoM,Maitra
A, et al. 2017. Treatment of pancreatic cancer patient-derived
xenograft panel with metabolic inhibitors reveals efficacy of
phenformin. Clin Cancer Res 23: 5639–5647. doi:10.1158/
1078-0432.CCR-17-1115

Ramanathan RK, McDonough SL, Philip PA, Hingorani SR, Lacy
J, Kortmansky JS, Thumar J, Chiorean EG, Shields AF, Behl D,
et al. 2019. Phase IB/II randomized study of FOLFIRINOXplus
pegylated recombinant human hyaluronidase versus FOLFIR-
INOX alone in patients with metastatic pancreatic adenocar-
cinoma: SWOG S1313. J Clin Oncol 37: 1062–1069. doi:10
.1200/JCO.18.01295

Ren Z, Jiang J, Xie H, Li A, Lu H, Xu S, Zhou L, Zhang H, Cui G,
Chen X, et al. 2017. Gut microbial profile analysis by miSeq
sequencing of pancreatic carcinoma patients in China.Onco-
target 8: 95176–95191. doi:10.18632/oncotarget.18820

Renz BW, Takahashi R, Tanaka T, Macchini M, Hayakawa Y,
Dantes Z, Maurer HC, Chen X, Jiang Z, Westphalen CB,
et al. 2018a. β2 adrenergic-neurotrophin feedforward loop pro-
motes pancreatic cancer. Cancer Cell 33: 75–90.e7. doi:10
.1016/j.ccell.2017.11.007

Renz BW, Tanaka T, Sunagawa M, Takahashi R, Jiang Z, Mac-
chini M, Dantes Z, Valenti G, White RA, Middelhoff MA,
et al. 2018b. Cholinergic signaling via muscarinic receptors
directly and indirectly suppresses pancreatic tumorigenesis
and cancer stemness. Cancer Discov 8: 1458–1473. doi:10
.1158/2159-8290.CD-18-0046

Rhim AD, Oberstein PE, Thomas DH, Mirek ET, Palermo CF,
Sastra SA, Dekleva EN, Saunders T, Becerra CP, Tattersall
IW, et al. 2014. Stromal elements act to restrain, rather than
support, pancreatic ductal adenocarcinoma. Cancer Cell 25:
735–747. doi:10.1016/j.ccr.2014.04.021

Riquelme E, Zhang Y, Zhang L, Montiel M, Zoltan M, Dong W,
Quesada P, Sahin I, Chandra V, San Lucas A, et al. 2019. Tu-
mor microbiome diversity and composition influence pancre-
atic cancer outcomes. Cell 178: 795–806.e12. doi:10.1016/j
.cell.2019.07.008

Roa-Peña L, Leiton CV, Babu S, Pan CH, Vanner EA, Akalin A,
Bandovic J, Moffitt RA, Shroyer KR, Escobar-Hoyos LF.
2019. Keratin 17 identifies the most lethal molecular subtype
of pancreatic cancer. Sci Rep 9: 11239. doi:10.1038/s41598-
019-47519-4

Rooks MG, Garrett WS. 2016. Gut microbiota, metabolites and
host immunity. Nat Rev Immunol 16: 341–352. doi:10
.1038/nri.2016.42

Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Dail-
lère R, Fluckiger A, Messaoudene M, Rauber C, Roberti MP,
et al. 2018. Gut microbiome influences efficacy of PD-1-based
immunotherapy against epithelial tumors. Science 359: 91–
97. doi:10.1126/science.aan3706

Royal RE, LevyC, Turner K,Mathur A, HughesM, Kammula US,
Sherry RM, Topalian SL, Yang JC, Lowy I, et al. 2010. Phase 2
trial of single agent ipilimumab (anti-CTLA-4) for locally ad-
vanced or metastatic pancreatic adenocarcinoma. J Immun-
other 33: 828–833. doi:10.1097/CJI.0b013e3181eec14c

Sahai E, Astsaturov I, Cukierman E, DeNardoDG, EgebladM, Ev-
ans RM, Fearon D, Greten FR, Hingorani SR, Hunter T, et al.
2020. A framework for advancing our understanding of can-
cer-associated fibroblasts. Nat Rev Cancer 20: 174–186.
doi:10.1038/s41568-019-0238-1

Sancar A, Lindsey-Boltz LA, Ünsal-Kaçmaz K, Linn S. 2004. Mo-
lecular mechanisms of mammalian DNA repair and the DNA
damage checkpoints. Annu Rev Biochem 73: 39–85. doi:10
.1146/annurev.biochem.73.011303.073723

SanfordDE, Belt BA, Panni RZ,MayerA,DeshpandeAD,Carpen-
ter D, Mitchem JB, Plambeck-Suess SM, Worley LA, Goetz
BD, et al. 2013. Inflammatory monocyte mobilization de-
creases patient survival in pancreatic cancer: a role for target-
ing the CCL2/CCR2 axis. Clin Cancer Res 19: 3404–3415.
doi:10.1158/1078-0432.CCR-13-0525

Sato H, Niimi A, Yasuhara T, Permata TBM, Hagiwara Y, Isono
M, Nuryadi E, Sekine R, Oike T, Kakoti S, et al. 2017. DNA
double-strand break repair pathway regulates PD-L1 expres-
sion in cancer cells. Nat Commun 8: 1751. doi:10.1038/
s41467-017-01883-9

Seeber A, Puccini A, Xiu J, Goldberg RM, Grothey A, Shields AF,
Salem ME, Battaglin F, El-Deiry WS, Tokunaga R, et al. 2019.
Association of BRCA-mutant pancreatic cancer with high tu-
mor mutational burden (TMB) and higher PD-L1 expression. J
Clin Oncol 37: 4133–4133. doi:10.1200/JCO.2019.37
.15_suppl.4133

Sethi V, KurtomS, TariqueM, Lavania S,Malchiodi Z, Hellmund
L, Zhang L, Sharma U, Giri B, Garg B, et al. 2018. Gut micro-
biota promotes tumor growth inmice bymodulating immune
response. Gastroenterology 155: 33–37.e6. doi:10.1053/j
.gastro.2018.04.001

Shi Y, Gao W, Lytle NK, Huang P, Yuan X, Dann AM, Ridinger-
Saison M, DelGiorno KE, Antal CE, Liang G, et al. 2019. Tar-
geting LIF-mediated paracrine interaction for pancreatic can-
cer therapy and monitoring. Nature 569: 131–135. doi:10
.1038/s41586-019-1130-6

Shukla SK, Purohit V,Mehla K,GundaV, ChaikaNV, Vernucci E,
King RJ, Abrego J, Goode GD, Dasgupta A, et al. 2017. MUC1
and HIF-1α signaling crosstalk induces anabolic glucose me-
tabolism to impart gemcitabine resistance to pancreatic can-
cer. Cancer Cell 32: 392. doi:10.1016/j.ccell.2017.08.008

Siegel RL, Miller KD, Fuchs HE, Jemal A. 2021. Cancer statistics,
2021. CA Cancer J Clin 71: 7–33. doi:10.3322/caac.21654

Sodir NM, Kortlever RM, Barthet VJA, Campos T, Pellegrinet L,
Kupczak S, Anastasiou P, Swigart LB, Soucek L, Arends MJ,
et al. 2020. MYC instructs and maintains pancreatic adeno-
carcinoma phenotype. Cancer Discov 10: 588–607. doi:10
.1158/2159-8290.CD-19-0435

Somerville TDD, Xu Y, Miyabayashi K, Tiriac H, Cleary CR,
Maia-Silva D, Milazzo JP, Tuveson DA, Vakoc CR. 2018.
TP63-mediated enhancer reprogramming drives the squa-
mous subtype of pancreatic ductal adenocarcinoma. Cell
Rep 25: 1741–1755.e7. doi:10.1016/j.celrep.2018.10.051

Son J, Lyssiotis CA, Ying H, Wang X, Hua S, Ligorio M, Perera
RM, Ferrone CR,Mullarky E, Shyh-ChangN, et al. 2013. Glu-
tamine supports pancreatic cancer growth through a KRAS-
regulated metabolic pathway. Nature 496: 101–105. doi:10
.1038/nature12040

Sousa CM, Biancur DE, Wang X, Halbrook CJ, Sherman MH,
Zhang L, Kremer D, Hwang RF, Witkiewicz AK, Ying H,

Beatty et al.

960 GENES & DEVELOPMENT



et al. 2016. Pancreatic stellate cells support tumour metabo-
lism through autophagic alanine secretion. Nature 536: 479–
483. doi:10.1038/nature19084

Steele CW, Karim SA, Leach JDG, Bailey P, Upstill-Goddard R,
Rishi L, Foth M, Bryson S, McDaid K, Wilson Z, et al. 2016.
CXCR2 inhibition profoundly suppresses metastases and aug-
ments immunotherapy in pancreatic ductal adenocarcinoma.
Cancer Cell 29: 832–845. doi:10.1016/j.ccell.2016.04.014

Steele NG, Carpenter ES, Kemp SB, Sirihorachai VR, The S, Del-
rosario L, Lazarus J, Amir E-a, Gunchick V, Espinoza C, et al.
2020. Multimodal mapping of the tumor and peripheral blood
immune landscape in human pancreatic cancer. Nature Can-
cer 1: 1097–1112. doi:10.1038/s43018-020-00121-4

Stenwall A, Ingvast S, Skog O, Korsgren O. 2019. Characteriza-
tion of host defense molecules in the human pancreas. Islets
11: 89–101. doi:10.1080/19382014.2019.1585165

Stone ML, Beatty GL. 2019. Cellular determinants and therapeu-
tic implications of inflammation in pancreatic cancer.
Pharmacol Ther 201: 202–213. doi:10.1016/j.pharmthera
.2019.05.012

Stromnes IM, Schmitt TM, Hulbert A, Brockenbrough JS,
NguyenH,CuevasC,DotsonAM,TanX,Hotes JL, Greenberg
PD, et al. 2015. T cells engineered against a native antigen can
surmount immunologic and physical barriers to treat pancre-
atic ductal adenocarcinoma. Cancer Cell 28: 638–652. doi:10
.1016/j.ccell.2015.09.022

Stromnes IM, Hulbert A, Pierce RH, Greenberg PD, Hingorani
SR. 2017. T-cell localization, activation, and clonal expansion
in human pancreatic ductal adenocarcinoma. Cancer Immu-
nol Res 5: 978–991. doi:10.1158/2326-6066.CIR-16-0322

SullivanMR,Danai LV, LewisCA,Chan SH,GuiDY, KunchokT,
Dennstedt EA, Vander HeidenMG,Muir A. 2019. Quantifica-
tion ofmicroenvironmentalmetabolites inmurine cancers re-
veals determinants of tumor nutrient availability. Elife 8:
e44235. doi:10.7554/eLife.44235

Sun J, Furio L, Mecheri R, van der Does AM, Lundeberg E,
Saveanu L, Chen Y, van Endert P, Agerberth B, Diana J.
2015. Pancreatic β-cells limit autoimmune diabetes via an im-
munoregulatory antimicrobial peptide expressed under the in-
fluence of the gut microbiota. Immunity 43: 304–317. doi:10
.1016/j.immuni.2015.07.013

Thomas RM, Gharaibeh RZ, Gauthier J, Beveridge M, Pope JL,
Guijarro MV, Yu Q, He Z, Ohland C, Newsome R, et al.
2018. Intestinal microbiota enhances pancreatic carcinogene-
sis in preclinical models. Carcinogenesis 39: 1068–1078.
doi:10.1093/carcin/bgy073

Tung NM, RobsonME, Ventz S, Santa-Maria CA, Nanda R, Mar-
com PK, Shah PD, Ballinger TJ, Yang ES, Vinayak S, et al.
2020. TBCRC 048: phase II study of olaparib for metastatic
breast cancer and mutations in homologous recombination-
related genes. J Clin Oncol 38: 4274–4282. doi:10.1200/JCO
.20.02151

Tutt A, Tovey H, Cheang MCU, Kernaghan S, Kilburn L, Gazin-
ska P, Owen J, Abraham J, Barrett S, Barrett-Lee P, et al. 2018.
Carboplatin in BRCA1/2-mutated and triple-negative breast
cancer BRCAness subgroups: the TNT Trial. Nat Med 24:
628–637. doi:10.1038/s41591-018-0009-7

VanCutsemE, TemperoMA, Sigal D, OhDY, FazioN,Macarulla
T, Hitre E, Hammel P, Hendifar AE, Bates SE, et al. 2020. Ran-
domized phase III trial of pegvorhyaluronidase alfa with Nab-
paclitaxel plus gemcitabine for patients with hyaluronan-high
metastatic pancreatic adenocarcinoma. J Clin Oncol 38:
3185–3194. doi:10.1200/JCO.20.00590

Van den Eynde B, van BarenN, Baurain J-F. 2020. Is there a clinical
future for IDO1 inhibitors after the failure of epacadostat in

melanoma? Ann Rev Cancer Biol. 4: 241–256. doi:10.1146/
annurev-cancerbio-030419-033635

Vasan K, Werner M, Chandel NS. 2020. Mitochondrial metabo-
lism as a target for cancer therapy. Cell Metab 32: 341–352.
doi:10.1016/j.cmet.2020.06.019

Viale A, Pettazzoni P, Lyssiotis CA, Ying H, Sánchez N, Marche-
sini M, Carugo A, Green T, Seth S, Giuliani V, et al. 2014. On-
cogene ablation-resistant pancreatic cancer cells depend on
mitochondrial function. Nature 514: 628–632. doi:10.1038/
nature13611

Vinayak S, Tolaney SM, Schwartzberg L, Mita M, McCann G,
Tan AR, Wahner-Hendrickson AE, Forero A, Anders C, Wulf
GM, et al. 2019. Open-label clinical trial of niraparib com-
bined with pembrolizumab for treatment of advanced or met-
astatic triple-negative breast cancer. JAMA Oncol 5: 1132–
1140. doi:10.1001/jamaoncol.2019.1029

Waddell N, Pajic M, Patch AM, Chang DK, Kassahn KS, Bailey P,
Johns AL, Miller D, Nones K, Quek K, et al. 2015. Whole ge-
nomes redefine the mutational landscape of pancreatic can-
cer. Nature 518: 495–501. doi:10.1038/nature14169

WaghrayM,YalamanchiliM,DziubinskiM, ZeinaliM, Erkkinen
M, YangH, Schradle KA, Urs S, PascaDiMaglianoM,Welling
TH, et al. 2016. GM-CSF mediates mesenchymal–epithelial
cross-talk in pancreatic cancer. Cancer Discov 6: 886–899.
doi:10.1158/2159-8290.CD-15-0947

Wattenberg MM, Beatty GL. 2020. Overcoming immunothera-
peutic resistance by targeting the cancer inflammation cycle.
Semin Cancer Biol 65: 38–50. doi:10.1016/j.semcancer.2020
.01.002

Wattenberg MM, Asch D, Yu S, O’Dwyer PJ, Domchek SM,
Nathanson KL, Rosen MA, Beatty GL, Siegelman ES, Reiss
KA. 2020. Platinum response characteristics of patients with
pancreatic ductal adenocarcinoma and a germline BRCA1,
BRCA2 or PALB2 mutation. Br J Cancer 122: 333–339.
doi:10.1038/s41416-019-0582-7

Weiss GJ, Waypa J, Blaydorn L, Coats J, McGahey K, Sangal A,
Niu J, LynchCA, Farley JH, Khemka V. 2017. A phase Ib study
of pembrolizumab plus chemotherapy in patients with ad-
vanced cancer (PembroPlus). Br J Cancer 117: 33–40. doi:10
.1038/bjc.2017.145

WhittleMC, Hingorani SR. 2019. Fibroblasts in pancreatic ductal
adenocarcinoma: biological mechanisms and therapeutic tar-
gets. Gastroenterology 156: 2085–2096. doi:10.1053/j.gastro
.2018.12.044

WimmerK, KratzCP, VasenHF, CaronO,Colas C, Entz-WerleN,
Gerdes AM, Goldberg Y, Ilencikova D, Muleris M, et al. 2014.
Diagnostic criteria for constitutional mismatch repair defi-
ciency syndrome: suggestions of the european consortium
‘care for CMMRD’ (C4CMMRD). J Med Genet 51: 355–365.
doi:10.1136/jmedgenet-2014-102284

Xu J, Sai H, Li Y, Jordan AC, McGettigan SE, Chen JH, Bedoya F,
Fraietta JA, GladneyWL,Melenhorst JJ, et al. 2019. Peripheral
blood T-cell fitness is diminished in patients with pancreatic
carcinoma but can be improved with homeostatic cytokines.
Cell Mol Gastroenterol Hepatol 8: 656–658.e6. doi:10.1016/j
.jcmgh.2019.07.008

Yamamoto K, Venida A, Yano J, Biancur DE, Kakiuchi M, Gupta
S, Sohn ASW,Mukhopadhyay S, Lin EY, Parker SJ, et al. 2020.
Autophagy promotes immune evasion of pancreatic cancer by
degrading MHC-I. Nature 581: 100–105. doi:10.1038/s41586-
020-2229-5

Yang S,Wang X, ContinoG, LiesaM, Sahin E, YingH, BauseA, Li
Y, Stommel JM, Dell’antonio G, et al. 2011. Pancreatic can-
cers require autophagy for tumor growth. Genes Dev 25:
717–729. doi:10.1101/gad.2016111

Therapeutic resistance in pancreatic cancer

GENES & DEVELOPMENT 961



Yang A, Herter-Sprie G, Zhang H, Lin EY, Biancur D, Wang X,
Deng J, Hai J, Yang S, Wong KK, et al. 2018. Autophagy sus-
tains pancreatic cancer growth through both cell-autonomous
and nonautonomousmechanisms.Cancer Discov 8: 276–287.
doi:10.1158/2159-8290.CD-17-0952

Ying H, Elpek KG, Vinjamoori A, Zimmerman SM, ChuGC, Yan
H, Fletcher-Sananikone E, Zhang H, Liu Y, Wang W, et al.
2011. PTEN is a major tumor suppressor in pancreatic ductal
adenocarcinoma and regulates an NF-κB-cytokine network.
Cancer Discov 1: 158–169. doi:10.1158/2159-8290.CD-11-
0031

YingH, KimmelmanAC, Lyssiotis CA,Hua S, ChuGC, Fletcher-
Sananikone E, Locasale JW, Son J, Zhang H, Coloff JL, et al.
2012. Oncogenic Kras maintains pancreatic tumors through
regulation of anabolic glucose metabolism. Cell 149: 656–
670. doi:10.1016/j.cell.2012.01.058

Ying H, Dey P, Yao W, Kimmelman AC, Draetta GF, Maitra A,
DePinho RA. 2016. Genetics and biology of pancreatic ductal
adenocarcinoma. Genes Dev 30: 355–385. doi:10.1101/gad
.275776.115

Zhang Y, YanW, Mathew E, Bednar F, Wan S, Collins MA, Evans
RA, Welling TH, Vonderheide RH, di Magliano MP. 2014.
CD4+ T lymphocyte ablation prevents pancreatic carcinogen-
esis in mice. Cancer Immunol Res 2: 423–435. doi:10.1158/
2326-6066.CIR-14-0016-T

Zhang D, Li L, Jiang H, Li Q, Wang-Gillam A, Yu J, Head R, Liu J,
Ruzinova MB, Lim KH. 2018. Tumor–stroma IL1β-IRAK4
feedforward circuitry drives tumor fibrosis, chemoresistance,

and poor prognosis in pancreatic cancer.Cancer Res 78: 1700–
1712. doi:10.1158/0008-5472.CAN-17-1366

Zhang Y, Chandra V, Riquelme Sanchez E, Dutta P, Quesada PR,
Rakoski A, Zoltan M, Arora N, Baydogan S, Horne W, et al.
2020a. Interleukin-17-induced neutrophil extracellular traps
mediate resistance to checkpoint blockade in pancreatic can-
cer. J Exp Med 217: e20190354. doi:10.1084/jem.20190354

Zhang Y, Lazarus J, Steele NG, Yan W, Lee HJ, Nwosu ZC, Hal-
brook CJ, Menjivar RE, Kemp SB, Sirihorachai VR, et al.
2020b. Regulatory T-cell depletion alters the tumor microen-
vironment and accelerates pancreatic carcinogenesis. Cancer
Discov 10: 422–439. doi:10.1158/2159-8290.CD-19-0958

Zhu Y, Herndon JM, Sojka DK, Kim KW, Knolhoff BL, Zuo C,
Cullinan DR, Luo J, Bearden AR, Lavine KJ, et al. 2017. Tis-
sue-resident macrophages in pancreatic ductal adenocarcino-
ma originate from embryonic hematopoiesis and promote
tumor progression. Immunity 47: 597. doi:10.1016/j.immuni
.2017.08.018

Zhu XG, Chudnovskiy A, Baudrier L, Prizer B, Liu Y, Ostendorf
BN, Yamaguchi N, Arab A, Tavora B, Timson R, et al. 2021.
Functional genomics In vivo reveal metabolic dependencies
of pancreatic cancer cells. Cell Metab 33: 211–221.e6. doi:10
.1016/j.cmet.2020.10.017

Zitvogel L, Ma Y, Raoult D, Kroemer G, Gajewski TF. 2018. The
microbiome in cancer immunotherapy: diagnostic tools and
therapeutic strategies. Science 359: 1366–1370. doi:10.1126/
science.aar6918

Beatty et al.

962 GENES & DEVELOPMENT


