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Abstract: Pancreatic cancer remains the most lethal adult cancer in the US that is in large part due to
the lack of effective early detection biomarkers. Although a variety of blood based technologies have been
developed, each of these assays have different advantages and disadvantages. Here, we will review the
landscape of blood based biomarkers in the context of pancreatic cancer early detection. Tumor biomarkers
(CA19-9, CEA) are widely used, but often have limited specificity to cancer, and panel-based approaches
combining multiple serum proteins may prove more promising in early detection of pancreatic cancer.
Metabolic markers, including the substrates, intermediates, and by-products of aberrant pathways can also
be quantified and used as biomarkers, particularly since pancreatic cancer almost universally exploits KRAS
mutations leading aberration activation of the MEK/ERK/AKT pathways. More recent approaches have
also attempted to use cell-free DNA released from tumor cells into the bloodstream to directly sequence
and identify mutations and serve as a ‘liquid biopsy.” Alternatively, approaches are being used to capture rare
circulating epithelial cells that have entered into the bloodstream (circulating tumor cells, or CTCs) even
in pre-neoplastic lesions. Extracellular vesicles (EVs) found in plasma are a new emerging source of tumor
enriched cargo (DNA, RNA, proteins) providing a multi-prong approach towards early tumor detection.
Although many of these approaches are promising, they need to be validated in large-scale human trials using
appropriate controls. Altogether, the complementary performance characteristics of different biomarkers

point to a combination of these technologies as the future of a pancreatic cancer early detection liquid biopsy.
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Introduction predisposition for PDAC (i.e., mutations in BRCAI,

BRCA2, p53, LKB1-STKI11, MSH genes), there are no

Pancreatic cancer, the bulk of which is pancreatic ductal robust biomarkers to aid in screening for the development

adenocarcinoma (PDAC), has very poor prognosis, as more of pancreatic malignancy.

than 50% of cases are diagnosed at an advanced stage (1).
Pancreatic cancer has several known risk factors, including
smoking, long-standing diabetes, chronic pancreatitis,

and obesity (2). Even among patients with known genetic
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Retrospective studies have shown that the most common
presenting symptoms in PDAC include fatigue and
weakness, weight loss, abdominal pain, or the development
of jaundice particularly in patients whose tumor is localized
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Figure 1 Blood based biomarkers being developed for pancreatic cancer.

to the pancreatic head (3). In the minority (15-20%) of
patients with disease localized to the pancreas without
significant vascular involvement, surgical resection can
prove curative. Many patients also undergo adjuvant
treatment with chemotherapy (usually a FOLFOX or
gemcitabine based regimen) with or without radiation
therapy. Despite available therapies, the 5-year survival for
these patients stands at less than 10% (4).

Given the significant morbidity and mortality associated
with PDAC, there is a need for the development of
robust biomarkers to use as screening tools in detecting
asymptomatic premalignant or localized tumors amenable
to early intervention. Despite this mortality, PDAC only
represents 2.5% of all cancers, necessitating the need for a
highly specific and sensitive test to avoid false positives that
can prove economically and emotionally burdensome given
follow-up diagnostic imaging for individuals and healthcare
systems alike (5). Sequencing analyses to evaluate the clonal
relationships between primary and metastatic PDAC have
shown that nearly five years elapse between the first non-

© Annals of Pancreatic Cancer. All rights reserved.

(CTCs)

metastatic malignant cell and the emergence of distant
disease, suggesting a window for possible clinical screening
and intervention in selected patients that may improve
outcomes (6).

In this review, we explore the landscape of available and
emerging blood based biomarkers in the diagnosis of PDAC
(Figure I).

Protein biomarkers, auto-antibodies, and T-cell
receptors

Carbohydrate antigen 19-9 (CA 19-9) is among the most
widely used biomarkers to aid in the diagnosis of PDAC.
A recent meta-analysis of about 2,000 patients to evaluate
the utility of CA 19-9 in pancreatic cancer indicated a
pooled sensitivity and specificity of 0.8, and an AUC of
0.87 (7). However, it is key to note that these patients
were predominantly symptomatic, and CA 19-9 is not a
particularly good screening tool in asymptomatic patients
(positive predictive value 0.5-0.9% (8).
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Moreover, since CA 19-9 is an epitope of sialylated
Lewis group antigen, about 5-10% of Caucasian patients
lack this genotype and could have a false-negative
test (9). CA 19-9 can also be elevated in many benign
gastrointestinal conditions as well as other malignancies,
including pancreatitis, cirrhosis, cholangitis, and colorectal
cancers, which can further complicate accurate diagnosis of
pancreatic malignancy in the undifferentiated patient.

Carcinoembryonic antigen (CEA) is a glycoprotein that
is also known to be elevated across several malignancies,
including in about 30-60% of pancreatic cancer patients.
Meta-analyses examining the value of CEA (~3,600 patients
across 19 studies) indicated a pooled sensitivity of 0.43 and
a specificity of 0.82, which is slightly worse than those of
CA 19-9 (10).

Given these analyses, there has also been interest in
using combinations of biomarkers isolated from serum,
with the hope that panel-based approaches might increase
the positive predictive value in early identification of
pancreatic cancer. For instance, one study examined over
80 different serum proteins across pancreatic cancer
patients, and demonstrated that a panel of CA19-9, ICAM-
1, and osteoprotegerin (OPG) enhanced the sensitivity and
specificity of discerning malignancy from healthy controls
in a validation cohort compared to CA19-9 alone (11). Still
another study examined combining CA19-9 with cathepsin
D and MMP-7 similarly improved the sensitivity compared
to CA19-9 alone (88% vs. 74%) (12).

In recent years, the interplay between evasion of
immune destruction and the onset of malignancy has been
increasingly appreciated, and it is conceivable that markers
of immune modulation may be detected prior to onset of
clinical disease (13). Aberrant tumor-specific mutations
are now known to result in neoantigens that could be
immunogenic and detected by the immune system, and can
also result in auto-antibodies that can be detected in sera (14).
For instance, MUCI is known to be overexpressed in PDAC,
and an anti-MUCI antibody assays showed a sensitivity and
specificity of 77% and 95%, respectively, in discriminating
pancreatic cancer from pancreatitis (15,16). Along this
vein, identification of auto-antibodies to overexpressed
or mutated proteins in PDAC can aid in early detection.
Indeed, studies have also identified T-cell reactivity with
specific MUC16 neoantigens in PDAC to correlate
with long-term survival in pancreatic cancer (>5 years),
suggesting that this approach may be both diagnostic and
prognostic in PDAC (17).

The immune microenvironment surrounding the tumor
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is also often rich with inflammatory cells (i.e., macrophages,
regulatory T-cells, myeloid-derived suppressor cells) that
secrete various cytokines that can be detected in sera.
A prior systematic review compiling studies across 41
cytokines indicated that individual cytokines often exhibit
poor diagnostic performance (sensitivity and specificity ~
50-90%), but showed that six cytokines (IL-1f; IL-6, IL-
8, VEGEF, TGE, IL-10) were consistently correlated with
PDAC (18). The levels of these cytokines in sera have been
correlated with PDAC stage (higher levels implying poor
patient prognosis), but the principal limitation is that these
cytokines are commonly elevated across many malignancies
and many other benign conditions where systemic
inflammation is present.

These combination approaches do represent a promising
strategy in enhancing the AUC and sensitivity/specificity
for PDAC, and are actively being explored. However, the
limited specificity of these proteins to cancer, the lack
of consistent protein biomarker utility in early cancer
detection, and the variability of multi-parameter protein
assays dependent on antibody performance remain key
barriers in the success of purely protein-based assays.
In addition, many of these studies have used healthy
controls that may not be age- or comorbidity-matched,
and can prove challenging to apply in the clinical setting
without larger scale validation (19). However, some of
these biomarkers are being developed for molecular
imaging of PanIN lesions using sophisticated liposomal
and radiolabeled targets. The ability to localize protein
biomarkers with imaging is necessary to advance early
detection strategies to the point of intervention.

Metabolites

It is well established that pancreatic cancer cells undergo
significant metabolic pathway modification to enhance
survival in hypoxic and nutrient poor environments (20).
The substrates, intermediates, and by-products of these
aberrant metabolic pathways can be quantified, and may be
useful in developing metabolomics signatures of early stage
pancreatic cancer (21). Specifically, in PDAC, the near-
universal mutations in KRAS lead to activation of the MEK/
ERK/PI3K/AKT pathways, and cause cells to engage in
autophagy and micropinocytosis to provide substrates for
accelerated metabolic demand (22,23).

Preclinical models examining the metabolic landscape of
pancreatic intraepithelial neoplasia (PanIN), an early stage
of the disease, to PDAC using NMR spectroscopy revealed
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significant differences in kynurenate and methionine
levels (24). These levels were elevated in PanIN but
decreased in PDAC, likely because of alterations in
methionine and tryptophan metabolism from upregulation
of specific amino-acid transporters that allows for disease
progression and metastasis. PanINs are too small to discern
from non-tumor regions on conventional imaging, but
these metabolomics approaches may aid in detection of
early-stage disease if similar approaches are validated in
human trials. A separate large (914 subject) cohort showed
that blood derived metabolite biomarkers can successfully
distinguish between chronic pancreatitis and pancreatic
cancer (25). Using GC-MS and LC-MS metabolomics
techniques, these authors identified a signature of 9
metabolites (i.e., sphingolipids, ceramides) and CA19-9 that
showed an NPV of >99% in the training set and >99% in
the validation set.

Another approach profiling metabolites in plasma from
pancreatic cancer patients and matched controls indicated
that patients had elevated branched-chain amino acids
(Ile, Leu, Val) up to 5 years prior to PDAC diagnosis,
corresponding to the 2x increased risk (26). These results
suggest that protein breakdown occurs much earlier than
clinical overt evidence of cachexia that PDAC patients often
present with. Follow-up murine studies showed that these
findings are driven by Kras mutations, validating the notion
that alterations in metabolic pathways driven by genetic
predispositions can be quantified and prove diagnostic in
early detection of PDAC.

Cell-free DNA (cfDNA) and RNA

cfDNA is non-encapsulated DNA found in the bloodstream,
released by apoptosis and cell necrosis. Cell-free DNA
released from tumor cells is referred to as circulating-tumor
DNA (ctDNA) or tumor-derived cfDNA. Advances in next-
generation sequencing now allow for characterization of
ctDNA to identify mutations and serve as a ‘liquid biopsy’
for early detection of pancreatic malignancies. Indeed,
a study examining a cohort of 640 patients with various
malignancies found ctDNA to be detected in sera in >75%
of cases. More specifically, its sensitivity and specificity in
identification of clinically relevant KRAS mutations was 87%
and 99% respectively (27). In addition, there was a greater
than 90% concordance between the mutations identified in
cfDNA and those identified from the primary tumor biopsy.
A separate study examining 26 patients with pancreas
and biliary malignancies showed similar results, where 90%
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of the mutations noted in tumor biopsies were also seen in
cfDNA (28). A more recent approach termed CancerSEEK
combining mutations in cfDNA with protein tumor
biomarkers examined 1,005 patients with localized cancers
of the lungs, gastrointestinal, or genitourinary tract (29).
Their study showed sensitivities between 69-98%, and
sensitivities >99% for detection of cancers for which there
are no screening tests (i.e., ovarian, pancreas).

Several additional genetic polymorphisms and mutations
have also been implicated in the development of PDAC,
and could help facilitating screening or be corroborative
in diagnosis (30). For example, a recent study examining
about 2,900 PDAC cases alongside over 5000 controls
demonstrated that BRCA2 mutation K3326X and CHEK2
mutation I157T were associated with an increased risk
(~1.8x) of developing PDAC (31). Similarly, the telomerase
(TERT) gene locus, as well as caspase-9 and survivin gene
polymorphisms have been implicated in pancreatic cancer
development (32,33). Although several of these pathways are
known to be involved in oncogenesis, the exact mechanism
remains to be elucidated.

Long non-coding RNA (IncRNA) and micro RNAs
have also been implicated in the pathogenesis of pancreatic
cancer. LncRINAs in particular demonstrates high molecular
stability, and has been shown to be detectable in plasma (34).
For example, higher expression of IncRNA MALAT'1 has
been shown to correlate with poorer PDAC survival, likely
though MALAT'1 mediated upregulation of genes involved
in EMT (35). Several microRNAs have also been associated
with PDAC (i.e., miR-21 and miR-155), and correlate
with tumor stage or prognosis (36). Additional studies
are required to tease out the exact post-transcriptional
regulatory mechanisms involved with different miRNAs to
determine why they correlate with disease progression.

Beyond ¢fDNA mutation analysis, studies have also
examined using cfDNA epigenetic markers to further refine
diagnostic sensitivity and specificity. One study examining
a cohort of patients with chronic pancreatitis versus
pancreatic cancer studied the methylation status across a set
of gene promoters from cfDNA (37). Their results showed
a 91% sensitivity and 90% specificity in distinguishing
malignancy from more benign inflammatory disorders. A
more recent study demonstrated the ability of methylation
profiles of cfDNA to discriminate between patients with
different malignancies (38). In this work, 24 early stage
PDAC and 24 healthy control methylation cfDNA profiles
were used to demonstrate the ability to use differentially
methylated regions (DMRs) to detect early cancer. They
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then developed DMR in a discovery cohort of 189 plasma
samples from a broad range of cancers including PDAC,
colorectal cancer, breast, cancer, lung cancer, renal cancer,
bladder cancer and acute myeloid leukemia. Testing in a
validation cohort of 199 samples of PDAC, lung cancer,
leukemia, and healthy controls yielded an area under the
receiver operator characteristic curve of 0.918 for PDAC
detection. Altogether, cfDNA methylation profiles provide
additional information to mutational analysis.

Taken together, these studies demonstrate that
detection of malignancies is possible with high sensitivity
and specificity without # priori knowledge of the tumor
genotype. However, cfDNA KRAS mutation detection
alone is limited in the ability to determine the tumor site
of origin and there are a minority of PDAC cases that lack
classic KRAS mutations leading to possible false-negatives.
The combination of c¢fDNA genotyping with methylation
profiling and protein based biomarkers appears to be a
robust strategy to boost diagnostic accuracy.

Extracellular vesicles (EVs)

EVs are lipid-bilayer enclosed vesicles that are released
from the surface of plasma membranes and are thought
to facilitate cell-cell communication. Exosomes are a
population of EVs that are 40-120 nm in size that are the
most common EVs used in studies. They have the potential
to transmit cargo, including DNA, mRNA, miRNA,
and proteins between cells and have been implicated in
tumor progression, invasion, immune tolerance, and drug-
resistance (39).

In the context of PDAC, studies have demonstrated
that tumor-derived EVs are taken up by cells in the liver,
thereby causing upregulation of T'GF-beta and uptake of
macrophage migration inhibitory factor (40). This enables
the creation of a fibrotic microenvironment that facilitates
the metastasis of pancreatic cancer to the liver. Indeed,
blockade of MIF transmission prevented liver metastasis,
and MIF was elevated in PDAC patients who progressed
to liver metastasis compared to those who did not progress.
Another study indicated that pancreatic cancer derived EVs
carrying a specific miRNA (miR-203) downregulated innate
immune responses and cytokines (TNFa, IL-12) involved
in dendritic cell activation, likely helping the tumor evade
immune detection (41).

Therefore, understanding the composition and function
of PDAC-derived EVs can provide clues in the events
leading to PDAC progression and can aid in early diagnosis.

© Annals of Pancreatic Cancer. All rights reserved.

Page 5 of 8

A key challenge in using exosomes is in identifying cancer-
specific exosomes from those made by healthy cells, and
specific markers are required to eliminate this confounding
effect. As proof-of-concept, one study showed that PDAC-
derived exosomes were enriched in glypican-1 (GPC1, a
cell surface proteoglycan), and also showed that these EVs
carried mutant KRAS DNA (42). Their analysis indicated
that GPC1 EVs could be detected in both precursor lesions
like PanIN and pancreatic cancer, and could distinguish
between any evidence of malignancy and healthy patients
with an AUC of 1 (100% sensitivity, 100% specificity).
Although subsequent studies have not been able to
replicate the performance of GPCl+ EVs, these studies
have demonstrated the utility of EV content as a strategy
to enhance sensitivity and specificity for blood based
biomarkers (43,44).

Two additional studies have also attempted to use EV
DNA to identify KRAS mutations known to drive PDAC.
KRAS G12D mutations were identified in 7.4% of control
patients, 67% of localized PDAC, 80% of locally advanced
PDAC, and 85% of metastatic PDAC patients (45). A
separate study showed that KRAS G12D was seen in
EV DNA in nearly 40% of patients with PDAC, 29% of
patients with IPMN, and only 3% in controls (46).

A study with miRNA isolated from EVs revealed
a cocktail of miRNAs (miR-1246,4644,3976,4306)
upregulated in 83% of pancreatic cancer derived EVs, but
not in control groups (47). Measurement of these specific
miRNAs in combination with a protein panel (CD44v6,
Tspan8, EpCAM, MET, and CD104) allowed for distinction
between PDAC and non-PDAC controls with sensitivity
100% and specificity 80%. The control group in this study
had also included cases of chronic pancreatitis and benign
pancreatic lesions.

There are several advantages in using exosome-based
strategies for early PDAC detection, namely that exosomes
are stable even in frozen plasma or serum derived from
patients, exhibit high sensitivity as shown above, and contain
heterogeneous cargo (DNA, RNA, proteins) providing a
multi-prong approach towards distinguishing PDAC from
healthy patients.

Circulating tumor cells (CTCs)

CTGCs are cells derived from the primary that have entered
into the bloodstream and may seed a distant metastatic site (48).
CTCs are low-frequency, occurring in 1 per billion cells in
patients with malignancies, and therefore present challenges in
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isolation for characterization and further study (49).

In PDAC, several studies have demonstrated isolation of
CTCs regardless of stage among localized, locally advanced,
or metastatic patients (50-52). For instance, a prospective
study of 100 PDAC patients prior to treatment indicated a
sensitivity of 75%, specificity of 96%, and 100%, AUC of
0.867 concordance of Kras mutation subtype between the
primary tumor and CT'Cs (53). Interestingly, the presence of
>3 CTCs per 4mL of blood was able to distinguish between
locoregional and metastatic disease.

These data suggest that early stage PDAC patients
would show even rarer CTCs in circulating sera compared
to those with advanced disease, and as such, methods
development to better isolate and characterize CTCs has
been of keen interest. Microfluidic devices chemically
functionalized with anti-EPCAM (epithelial-cell-adhesion-
molecule) provide specificity for CTC capture as EPCAM is
overexpressed in CTCs but absent in hematologic cells (54).
Given this methodology, both flow velocity and shear
force are key parameters in ensuring that CTCs can be
successfully captured for study. Molecular analysis of CTCs
has also yielded insights into PDAC biology, and one
study identified Wnt2 to be enriched in CTC populations,
suggesting its role in promoting anchorage-independence
and metastasis (55). However, one key limitation of
EPCAM-based enrichment is that it may miss malignant
cells that have undergone epithelial to mesenchymal
transition.

More recent studies utilizing a negative depletion
microfluidic platform (to reduce WBC contaminants)
demonstrated that it was possible to collect CTCs from
precursor lesions like IPMN. This platform called the CTC-
iChip avoids the previous issues of EPCAM enrichment
bias from previous CTC technologies. In this study, RINA-
sequencing analysis of MUC genes confirmed that the
origin of CTCs was from the pancreas, thereby increasing
the window of sensitivity in diagnosing earlier stage
disease (56). Given these promising results, there is a need
for large-scale validation of these results in human trials
prior to clinical adoption.

Conclusions

The majority of patients diagnosed with pancreatic
cancer present with advanced disease, and succumb to
their disease within a few years of diagnosis. Screening
methodologies that enable earlier detection of PDAC hold
significant promise in directing patients towards curative
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surgical therapies. Among circulating biomarkers, many
options exist, including development of proteomic-panels,
discerning immunologic and cytokine signatures of PDAC,
identifying mutations or methylation changes in cfDNA,
and isolating EVs or CTCs in moving towards early
detection. Development of a test with optimal sensitivity
and specificity will likely involve a combination of these
approaches, and active collaboration will be required to
coordinate future prospective trials in high-risk population
to validate assays prior to widespread adoption.
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