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Abstract: Patients with pancreatic ductal adenocarcinoma (PDAC) are frequently staged as unresectable
locally advanced pancreatic cancer (LAPC) at the time of diagnosis. Recently, the administration of multi-agent
induction chemotherapy has resulted in treatment response in up to 60% of these patients rendering their
tumors technically resectable. Operative strategies have evolved to allow for successful oncologic resection of
LAPC. These technically complex procedures involving vascular resections and reconstructions are now being
performed with increasing safety at high-volume centers. However, even after induction therapy and successful
resection, disease recurrence sometimes occurs early on, limiting the benefit of resecting the local tumor.
Therefore, selection of surgical candidates should factor in each patient’s tumor biology which could result in
accurate treatment guidance to improve patient outcomes while avoiding overtreatment. Well-informed patient
selection is critical to improve outcomes in LAPC. Multidisciplinary teams have to determine the appropriate
care for LAPC patients at the time of reevaluation after administration of induction chemotherapy. At this
point the concept of favorable vs. unfavorable tumor biology becomes highly relevant and having access to
biomarkers that are predictive of tumor behavior are of paramount importance. Currently, CA19-9 remains
the only clinically utilized biomarker for PDAC, however, its use is limited by factors discussed in this review.
While CA19-9 holds value in patient assessment, additional biomarkers are required that could supplement
and improve the current ability to classify tumor biology and predict behavior in individual patients. Recent
investigations on the use of circulating tumor DNA (ctDNA) and circulating tumor cells (CTCs) using liquid
biopsies, as well as patient-derived organoids to characterize tumor biology have shown promise in achieving
precise tumor biology-based patient stratification. Serial assessment of these biomarkers throughout therapy

could supplement or even replace the anatomic criteria for resectability in the future.
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Introduction incidence (1,2). Despite improvements in operative

techniques and development of more effective systemic
Pancreatic ductal adenocarcinoma (PDAC) remains a and locoregional therapies, the outcomes remain dismal
devastating disease, with an estimated global incidence of with a 5-year survival of approximately 10% for all stages at

approximately 450,000 with a trend towards an increasing diagnosis combined (1). Poor outcomes in PDAC are driven
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by its asymptomatic nature resulting in diagnosis at a later
stage of disease and early propensity for systemic spread.

A complete oncologic resection remains the only
curative-intent option for PDAC; however, at diagnosis,
only 10-20% of patients are deemed resectable (no
involvement of adjacent vascular structures). Additionally,
approximately 50% of patients present with metastatic
disease, while the remaining 30-40% present with localized
disease with vascular involvement. Based on anatomic
criteria, patients with vascular involvement can be further
divided into borderline resectable pancreatic cancer (BRPC)
and locally advanced pancreatic cancer (LAPC), which is
considered unresectable. The National Comprehensive
Cancer Network (NCCN) precisely defines LAPC in their
2017 guidelines, which are currently utilized clinically,
by implementing an anatomic criteria. Herein, LAPC is
defined as localized disease with tumor abutment (>180°
contact) of the surrounding celiac or superior mesenteric
artery, or mesoportal venous involvement which is
considered unreconstructible (3).

With the introduction of multi-agent chemotherapies
such as FOLFIRINOX, it became possible to more
effectively treat this cohort of patients (4,5). Aimed at
potentially resecting disease over the course of treatment,
this initiated therapeutic approach is referred to as
“induction” chemotherapy, in contrast to neoadjuvant
(resectable tumor stages only with definitively planned
surgery) or palliative (no surgery intended) treatment (6). If
resection can be performed after induction chemotherapy,
it is referred to as “conversion” surgery as the tumor
stage became resectable even though initially considered
unresectable (LAPC). Recent reports have shown that
this approach can result in successful resection in some of
these patients resulting in improved survival. However,
multiple factors need to be considered when treating this
cohort of patients. While extensive pancreatic resections
with potential venous and/or arterial reconstructions have
now become increasingly safe (acceptable perioperative
mortality), the morbidity associated with them remains high.
Although obtaining a macroscopically margin-free resection
is technically complex in LAPC, increasing experience in
novel operative strategies at high-volume surgical centers
has demonstrated improved long-term oncologic outcomes
for carefully selected cases after induction chemotherapy
(5-8). Importantly, when treating PDAC both localized and
systemic disease needs to be controlled. Emerging literature
shows that despite successful resection and frequent
administration of systemic therapy, the rate of recurrence
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remains high with approximately 70% of patients
experiencing recurrence within the first two years and
the predominant pattern being systemic (9,10). It can be
inferred that PDAC becomes a systemic (micrometastatic)
disease early on and disseminated disease results in
recurrence even after successful resection (11). Therefore it
is imperative that patient selection should be based not only
on the feasibility of a successful oncological resection, but
also on tumor biology. Currently, limited tools are available
to predict patient’s specific tumor biology (12,13).

Biomarkers need to be identified that could help inform
the process of decision-making when weighing the potential
benefits of performing curative-intent therapy against
the potential risk of morbidity associated with a complex
surgical procedure, especially in PDAC where systemic
disease predominantly dictates long-term outcomes. Herein,
we outline the prognostic capabilities that are required
from a biomarker that could help guide treatment decisions
after successful induction chemotherapy in LAPC. We
review the utility of CA19-9 which is the most widely used
and validated biochemical tumor marker in PDAC aiming
to reflect tumor activity as one parameter of its biology.
Furthermore, we discuss potential novel biomarkers that
could potentially provide more reliable molecular data on
tumor biology and are now under translational investigation
to better inform the design of individualized treatment
plans in the aspired era of precision medicine.

Biomarkers in LAPC to guide management after
induction chemotherapy

Biomarker portrait—what does “favorable tumor biology”
mean?

The designation of favorable vs. unfavorable tumor biology
is attributed to a patient’s oncological outcome that is
driven by the underlying PDAC biology. For patients with
LAPC who undergo induction chemotherapy without
progression of disease, favorable tumor biology would be
more specifically characterized by either the absence of
early recurrence after conversion surgery, or stable disease if
surgery is not performed.

Several tumor characteristics can influence oncological
outcomes and thereby contribute to the classification of
favorable vs. unfavorable biology. Firstly, the molecular
biology of the local tumor is relevant. While multiple well-
established factors obtained during the histopathological
analysis of the surgical specimen are prognostically
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important, these are not known during the preoperative
period and therefore a discussion on them is beyond the
scope of this review. Contrastingly, the mutational profile
of the local tumor (sequencing of FNA specimen) can
be studied preoperatively. It has been shown that PDAC
harboring SMAD4 mutations are at a higher risk of distant
spread of disease (14). Similarly, germline carriers of
BRCA1/BRCA?2 mutations experienced worse outcomes as
opposed to patients with a wild-type germline status (15).
While the rate of targetable mutations in PDAC remains
low, Blair et al. reported that in PDAC patients with
germline BRCA1/BRCA2 mutations the administration
of platinum-based chemotherapy resulted in a marked
improvement of survival. This suggests that genomic
profiling of the local tumor can not only inform about the
mutations that can be prognostic, but also help identify
potential therapies that may be more effective in treating a
particular tumor.

Another aspect of tumor biology that could yield
important information is the tumor response to
chemotherapeutics. Recent reports have demonstrated
that CT imaging cannot precisely evaluate local response
to systemic therapy, as it lacks sensitivity to differentiate
viable tumor from fibrotic scar tissue in response to
multi-agent chemotherapy (16). Therefore, alternative
biomarkers are required. As discussed earlier, it has been
shown that responsiveness of available chemotherapeutics
could be dependent on a patient’s tumor mutational profile
because certain mutations are potentially targetable by
specific agents as indicated by The Cancer Genome Atlas
data (17). Furthermore, comprehensive gene expression
analyses separated up to four biologic subtypes in PDAC
which can be categorized into either “classical” or “basal-
like” (17,18). The patient’s primary tumor genome and
transcriptome may also provide insights into the tumor
behavior when confronted with a selective pressure due to
chemotherapeutic agents. Here, a clonal shift characterized
by treatment resistance with the potential for acquired
abilities to enter the bloodstream [circulating tumor
cells (CTCs)] and to disseminate into distant organs as
disseminated tumor cells (D'T'Cs) or micrometastasis is
of prognostic significance (19). Molecular analyses of
this systemic tumor disease fraction, which by principle
is involved in driving the unfavorable recurrent disease
burden after margin-free resection of the primary tumor,
could be even more accurate in estimating the “prospect
of oncological success” as these tumor cells (selected by
overcoming induction chemotherapy) remain in the body
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even after resection. Assessment of this liquid component of
disease can provide further information that can help assess
tumor biology.

Beyond tumor biology, the host’s ability to combat (local
and systemic) tumor cells via the immune system is also
relevant. Efforts to reactivate the immune system against
cancer cells with immune-oncologic treatments (e.g.,
checkpoint inhibitors) in PDAC have been disappointing in
the vast majority of trials. This is believed to be the result
of a characteristically low immunogenicity in PDAC where
a dense fibrotic tumor stroma and tumor microenvironment
signals prevent mechanistic and biochemical tumor
infiltration by T-cells (20). Except in patients with a
high mutational burden, some long-term survivors have
benefitted from specifically developed neoantigens as T-cell
targets (21-23). Further research is required to investigate
if biomarkers relevant to the host immune system can be
identified that can inform towards clinical decision making.

Lastly, the period of time between initial diagnosis and
sequential patient reevaluations without detectable distant
metastases could be a powerful selection parameter of
favorable tumor biology, possibly also indicating sufficient
treatment response or/and tumor immunogenicity.
However, because time itself is critical in tumor evolution
which may potentially lead to chemotherapy-resistant
clones, the optimal therapeutic window for curative-intent
surgery could be lost if relied on too extensively (24,25).

In summary, favorable tumor biology is dependent
on both the local and systemic elements of the tumor. It
is currently not feasible and would be invasive to obtain
serial tissue biopsies after initiation of induction therapy.
Therefore, a particularly valuable source of biomarkers that
could be informative of tumor biology would be samples
obtained non-invasively. Such blood-based markers could
help develop liquid biopsies that could provide information
on tumor biology at multiple temporal points during patient
management. Having access to these data would be helpful
to guide patient care and may enable an accurate selection
of patients who are most likely to benefit from a curative-
intent resection.

The value of CA19-9 in LAPC

Carbohydrate antigen (CA) 19-9, or sialyl-Lewis’, is
the most-widely used tumor marker for PDAC, acting
as a surrogate of tumor activity and the overall tumor
burden (26). However, there are some innate characteristics
of CA19-9 that make it less useful for universal assessment
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of tumor biology in PDAC. Firstly, the synthesis of the
physiologic Lewis® glycoprotein and CA19-9, which is a
sialylated derivative of Lewis’, is dependent on the FUT3
allele and expressed in 90-95% of humans. In contrast,
5-10% of patients with absent Lewis glycoprotein
expression are classified as Lewis-negative phenotypes
(27,28). These characteristics are important for the
interpretation of CA19-9 in PDAC given that Lewis-
negative patients will not express CA19-9 yielding false
negative results (29). Of note, the prevalence of Lewis-
negative patients varies across races with up to 22% of
African-Americans being CA19-9 non-expressors (28).

Additionally, while CA19-9 can help discriminate
between PDAC and other non-neoplastic benign pancreatic
diseases, it can be elevated in other gastrointestinal
pathologies, having a sensitivity of 78.2% and a specificity
of 82.8% (26). Challenges in the interpretation of
CA19-9 also arise in patients with concurrent cholestasis
or obstructive jaundice resulting from the tumor which can
result in elevated CA19-9.

Several single-center studies have investigated the role
of CA19-9 in LAPC after administration of chemotherapy.
Two reasonable CA19-9 metrics have commonly been
investigated when aiming to estimate prognosis: the
actual levels of CA 19-9 in reference to a rather arbitrary
threshold [e.g., 1,000 U/mL, 400 U/mL, or 37 U/mL
(normalization)] as well as the dynamic change (relative
difference in percent or absolute difference) in reference to
a valid CA19-9 value at time of diagnosis (e.g., in absence
of hyperbilirubinemia). van Veldhuisen et 4/. investigated
the prognostic value of CA19-9 dynamics after three
months of induction chemotherapy in 54 LAPC patients.
Patients with a >30% decrease in CA19-9 had improved
overall survival (OS) as compared to patients with less than
30% decrease or increasing CA19-9 (median OS: 22.4 vs.
12.7 months, respectively). This cutoff of a 30% reduction
was found to be most accurate when combined with the
radiographically determined Response Evaluation Criteria
in Solid Tumors (RECIST) to predict the ability to perform
conversion surgery (30). Furthermore, as consistent with
prior reports, RECIST response did not correlate well with
CA19-9 dynamics for RECIST-stable or RECIST-
progressive cancers which emphasizes the discrepancy
between biologic tumor activity and morphologic
changes observed on imaging (16). For patients where
operative resection was possible, Strobel et 4/. defined a
post-treatment cutoff of 400 U/mL and demonstrated
significantly improved OS in patients with a CA19-9
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of <400 U/mL (N=227 patients, mainly Gemcitabine-
based chemotherapy) (31). An updated analysis of the
LAPC cohort from the same center focused specifically
on CA19-9 levels and included a subgroup analysis on
patients receiving FOLFIRINOX induction chemotherapy
and subsequent resection (N=64). In this cohort a post-
treatment CA19-9 value <92 U/mL showed improved
prognosis, but a 32% change in CA19-9 could not
discriminate overall survival (both cutoffs were derived
from a c-statistic analyzing post-treatment resectability
after exploration) (32). Two recently published studies
reported CA19-9 for selected patients in which surgery
was performed with arterial resections after chemotherapy.
Truty et al. reported normalization of CA19-9 after
induction chemotherapy to be correlated with improved
postoperative survival. Importantly, the authors observed
that post-treatment CA19-9 was only clinically applicable
in about 60% of patients, as 10% did not express CA19-9
and 30% of patients had normal CA19-9 values at time of
diagnosis (8). In contrast, surprisingly, in a single-center
case series by Bachellier ez /. primarily included patients
with PDAC undergoing arterial resections (N=101), CA19-
9 normalization was not associated with OS (7).

Further evidence concerning CA19-9 is available
from a few case series comprised of LAPC patients
who underwent definitive chemoradiation (33,34). Yang
et al. analyzed pre- and post-treatment CA19-9 levels in
54 patients and found that post-treatment CA19-9 of
<50 U/mL (arbitrarily selected cutoff) and <85.5 U/mL
(median post-treatment value in their cohort) were both able
to successfully discriminate patients based on OS showing a
superior prognosis for these patients (median survival 11.1
vs. 7.1 months and 10.3 vs. 7.1 months, respectively). When
analyzing the dynamic change of CA19-9 between pre- and
post-treatment levels, only a >90% decrease demonstrated
a significant benefit in median OS (16.3 vs. 7.5 months),
and had an increased magnitude over absolute post-
treatment values (33). In another retrospective study with
a comparable number of patients, tumor stage, and type
of treatment regimens it was found that a post-treatment
CA19-9 below <100 U/mL or a >40% reduction were
both associated with improved OS (34). However, multiple
absolute cutoff values that were investigated (defined in
increments of 100, e.g., 200 U/mL, 300 U/mL etc.) and
multiple different cutoffs of a percent reduction (e.g.,
10%, 50%) reached statistical significance. Interestingly,
in this case series a CA19-9 decrease >90% vs. <90% could

not discriminate survival as suggested previously by Yang
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et al. Besides these results, both study cohorts that were
treated with chemoradiation and chemotherapy without
surgery (importantly, FOLFIRINOX was rarely used) had
relatively poor outcomes for LAPC patients compared
to reported outcomes which can potentially be achieved
for highly-selected patients who undergo conversion
surgery after induction multi-agent chemotherapy
(7,8). Of note, a recently published study analyzing
CA19-9 dynamics in 131 patients with resectable tumor
stages who underwent neoadjuvant therapy found that
patients with a normalization of CA19-9 demonstrated
superior postoperative OS (46 vs. 23 months) (35).
In contrast, the relative magnitude of change was not
predictive of survival.

In summary, the quality of evidence available on CA19-9
in LAPC patients is relatively poor for the precise evaluation
of CA19-9 after induction chemotherapy when aiming to
define a clinically applicable cutoft stratifying prognosis.
Even though it could be assumed that a more significant
reduction in CA19-9 after chemotherapy is associated with
improved prognosis, a longer interval between diagnosis
and resection (prolonged duration of chemotherapy) in
patients who do not experience disease progression could
impact the prognostic ability of CA19-9 in these patients.
Nevertheless, a general decreasing trend over the course of
treatment and lower CA19-9 levels tend to confer a better
conditional prognosis with normalization of levels being
the most encouraging metric to study. CA19-9 remains the
only clinically utilized biomarker for PDAC, and while it
holds value in patient assessment, additional biomarkers are
required that could supplement it and improve our current
ability to classify tumor biology and predict behavior in
individual patients.

Candidates of “liquid biopsies” to derive genomic and
transcriptomic tumor traits—circulating tumor DNA
(ctDNA) and circulating tumor cells (CTCs)

Recent investigations of blood-based biomarkers have
shown promise. In circulation, fragments of non-
encapsulated DNA present in blood outside of cells
are referred to as circulating free DNA (cfDNA, also
described as cell-free DNA). They are hypothesized to
chiefly originate from apoptotic or necrotic cells (passive
release), or alternatively be even actively transported across
cell membranes (36). In patients with cancer, associated
mutations of the tumor from specific genomic loci, e.g.,
from known driver genes, are detectable as circulating
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tumor DNA (ctDNA) with increasing sensitivity in plasma
(minor allele frequency down to 0.01%) using innovative
next generation sequencing (NGS) technologies (37).
About 95% of PDAC harbor a mutation in the KRAS gene
(especially in, but not limited to the hotspot codons 12 and
13), which makes KRAS a promising target for liquid biopsy
with high sensitivity to identify pancreatic cancers (38).
However, specificity is comparatively lower, because KRAS
mutations can also occur in other malignancies (e.g.,
colorectal or lung cancer), and in pre-malignant lesions such
as pancreatic intraepithelial neoplasms (PanIN) or chronic
pancreatitis (39).

Due to these genomic characteristics of PDAC, ctDNA
exploration of KRAS has received considerable attention
for the development of screening tools for early detection.
In 2017, Cohen ez al. were able to detect early stage PDAC
using a combination of KRAS-mutant ctDNA and four
protein biomarkers (CA19-9, carcinoembryonic antigen,
hepatocyte growth factor, or osteopontin) with a sensitivity
of 64% and specificity of 99.5% (40). The sensitivity of
KRAS-mutant ctDNA alone in that study was 30% with the
detected specific point mutation being 100% concordant
with the primary tumor. Importantly, sensitivity substantially
increased with higher tumor burden, and reached 88%
in patients with metastatic PDAC (41). For patients
harboring an LAPC stage, McDuff ez 4/. measured ctDNA
levels of 38 patients after initiation of chemoradiation
and prior to resection and found that ctDNA allele
frequency was significantly associated with histologic
regression grading (overall survival not assessed) (42).
These results indicate that not only the qualitative
measurement of ctDNA (presence vs. absence) but also
a quantitative metric (mutation allele frequency, i.e., the
fraction of mutant-KRAS among all circulating free KRAS-
DNA fragments) may be a valuable indicator of tumor
biology, and therefore hold value as a biomarker that could
help clinical decision making.

Subsequently, Groot e al. preoperatively investigated
KRAS ctDNA as a biomarker to detect tumor recurrence
in a cohort of 59 patients (spectrum of all PDAC stages,
41% underwent neoadjuvant chemotherapy before
measurement), and 46 of these patients were followed
longitudinally. The preoperative detection rate of ctDNA
was 21% in patients after neoadjuvant treatment vs. 69% in
treatment-naive plasma samples. Interestingly, detectable
ctDNA and tumor size were associated with shorter
recurrence-free survival (RFS) and OS, while preoperative
CA19-9 value >200 U/mL was not independently associated
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with RFS and OS. Immediately postoperatively, ctDNA
positivity rate and levels (measured in mutant KRAS
droplets per 10,000 total genomic droplets) decreased in
most initially positively tested patients when compared to
the nearest pre-surgical level. For postoperative monitoring
of tumor recurrence, KRAS ctDNA had a sensitivity of
90% and specificity of 88% and displayed an ability to
predict tumor recurrence at a median of 84 days earlier
than conventional imaging. Here, KRAS ctDNA was
particularly valuable for patients who did not express
CA19-9 and in patients with postoperatively constantly
low CA19-9 levels. For several patients who underwent
subsequently initiated chemotherapy after disease
recurrence, ctDNA changes were associated with response
on imaging, again indicating its potential property as
a biomarker for tumor burden including monitoring
of therapies (43). However, in a study by Bernard ez 4l
which evaluated ctDNA in 34 patients before and after
administration of chemoradiation for localized PDAC
(positivity rate one third in treatment-naive measurements),
ctDNA dynamics were not correlated with tumor
progression based on imaging. For the 20/34 patients who
developed metastatic disease, the additionally investigated
parameter of circulating exosomal DNA demonstrated a
superior performance (44). Even though these findings do
not necessarily reflect the property of ctDNA to reflect the
overall tumor burden, ctDNA alone could be limited for the
identification of an unfavorable tumor biology. This could
be reasoned in the observation that such an aggressive trait
of evolutionary selected subclones cannot be determined
alone from the underlying genome (e.g., KRAS point
mutations).

Remarkably, the application of ctDNA by liquid biopsy
has gained recent momentum as the FDA has approved an
assay to identify EGFR mutations in non-small cell lung
cancer. It serves as a non-invasive test to detect and track
the sensitivity to a tyrosine kinase inhibitor (osimertinib)
targeting specific mutated forms of the epithelial growth
factor receptor (45). Such developments rely on rapid
testing turnover which has become feasible for ctDNA
with modern NGS technologies. For effective monitoring,
ctDNA could identify the specific windows of opportunity
for therapy, whether systemic or surgical. Such a use-case is
promising for patients with LAPC.

Besides the emerging analyses of circulating nucleic
acids (cfDNA or exosomal DNA of tumors) from liquid
biopsy, circulating tumor cells (CTCs) have been identified
as another potentially powerful biomarker with its unique
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capability to unravel transcriptomic cancer phenotypes.
Tumor cells can either be mechanistically shed into
circulation, or detach biochemically from the epithelial
lining of the primary or metastatic cancer lesion (46).
This circulatory invasion has been strongly theorized as a
dominating mechanism of metastatic spread in numerous
cancers, including PDAC. The obtainment of biological
properties to separate from cell-adhesion and survive
outside of the tumor microenvironment in the blood stream
is referred to as the epithelial-mesenchymal transition (47).
This reversible state reflects a tumor cell’s plasticity to
express a different set of genes, providing the tumor with
an increased ability to metastasize. Importantly, proteins
characteristic for an epithelial or mesenchymal phenotype
can be analyzed on CTCs reflecting biologic functions.
Common examples for epithelial markers are cytokeratins,
E-cadherin, or EpCAM, whereas a mesenchymal gene
program is frequently characterized by the expression of
vimentin, N-cadherin, Snail, Zeb1, or TWIST (47). Further
markers of interest are generally immunologic markers such
as the absence of MHC class I molecules or overexpression
of PD-L1, as well as markers typically expressed in stem-
cells such as ALDH.

CTCs have been detected in both peripheral and portal
venous blood of patients with PDAC (48-50). Similarly to
ctDNA, CTCs could originate from primary or metastatic
disease, and can be thought of as a potential representation
of systemic tumor burden at a particular point in time.
Poruk er al. detected epithelial-CTCs in 39/50 mainly
stage I/II patients. This was associated with poorer overall
survival. Of these 39 patients, two third additionally had
CTCs which expressed both pan-cytokeratin (epithelial
marker) and vimentin (mesenchymal marker); classified as
transitional CTCs. Whereas the presence of transitional
CTCs was not correlated with overall survival, it was
predictive of earlier recurrence when compared to
transitional-CTC-negative patients (51). In the CLUSTER
trial, CTCs were prospectively investigated in 136 PDAC
patients preoperatively and longitudinally after resection
(all tumor stages). The study confirmed the presence of
epithelial and/or transitional CTCs preoperatively in
96% of patients (neoadjuvant treatment in 42% of the
included patients). When enumerating the total number
of CTCs (epithelial and transitional subtype combined),
a significant reduction was observed in patients after
neoadjuvant treatment (11 vs. 7 CTCs per mL blood). In
multivariable regression analyses performed to predict
tumor recurrence within 1 year postoperatively in patients
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after neoadjuvant chemotherapy, a total number of CTCs
>5/mL, epithelial CTCs alone >5/mL, or the presence
of at least one transitional CTC per mL of blood were
independent predictors (52). This finding emphasizes the
potential value of CTC detection even in the setting of
prior administration of chemotherapy as it can be applied
in the setting of LAPC. In addition to protein-based
characterization, recent approaches have been successful
to sequence the transcriptome of CTCs in 35 PDAC
patients (localized and metastatic disease) and resulted in
heterogenous RNA expression profiles which were clustered
into three different profiles, each of which enriched by a
different stem-cell characteristic gene (53). The 40% of
patients with the highest expression of LIN28B in their
CTCs, which characterized one of these three gene sets, had
a significantly poorer survival compared to the remaining
60%. Subsequently performed mechanistic cell and animal
models confirmed LIN28B as a metastatic driver and potential
drug target (53). Although CTCs promise exclusive insights
into tumor biology, a major challenge is its overall rarity and
the technical complexity to detect and enumerate these cells,
which is currently not high-throughput for pancreatic cancer
(technologies described elsewhere) (48). The Food and Drug
Administration (FDA) has approved the high-throughput
CellSearch system for CTC detection in metastatic breast,
prostate and colorectal cancer (54). This technology filters cells
from blood by epithelial markers, and thereby cannot detect
the potentially unfavorable mesenchymal CTCs. In a clinical
trial utilizing the CellSearch system, CTCs were detectable
in only 12/211 (5.7%) patients with PDAC or periampullary
cancer (55).

Cumulatively, these findings related to ctDNA in PDAC
are encouraging to introduce a novel biomarker in particular
to reflect overall tumor burden which often becomes
systemic at very early stages. CTCs in PDAC to date
suggest that these cells could be complementary valuable
to provide important knowledge regarding the individual
disease biology and the mechanisms for metastasis. For the
subset of LAPC patients, comprehensive trials investigating
ctDNA or CTCs are currently lacking to precisely classify
a patient’s tumor biology as favorable for the purpose to
inform optimal decision-making.

Patient-derived organoids (PDOs)—an individualized
molecular model on the borizon for LAPC prognostication?

Organoids are three-dimensionally growing cell cultures
used as organ-like ex vivo models, which have successtully
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been derived from cancer cells from surgical specimens
or biopsies of patients (56). These patient-derived
organoid (PDO) cultures have been demonstrated to
be superior in recapitulating the iz vivo biology when
compared to two-dimensional cell cultures or animal
models in pancreatic cancer (57). Furthermore, PDOs
have demonstrated to be in high correspondence with
the mutational and transcriptomic signature of the
human specimen. Therefore, PDAC organoid models are
increasingly being studied to simulate chemotherapeutic
response, called pharmacotyping, in order to personalize
treatment regimens. Tiriac ez /. established a PDO
library of 66 different molecular signatures reflecting the
heterogenous spectrum of PDAC, each with corresponding
responsiveness to chemotherapies (58). Recently, Seppilid
et al. reported that the turnover to infer results from
PDOs who underwent pharmacotyping can be completed
within a median of 48 days, bringing PDOs one step closer
to practical clinical practice. The success rate of PDO
generation for 77 established specimens was 77% (21% of
patients underwent induction chemotherapy before tissue
sampling) and did not differ when established by surgical
specimens vs. fine-needle biopsies (59).

Although the main clinical application of PDO
pharmacotyping is aimed to become a tool to facilitate
recommendations for individualized chemotherapy
guidance, molecular classification after simulated treatment
ex vivo may emerge as another valuable biomarker of the
evolutionary selected tumor biology (selective pressure of
subclones during chemotherapy). Porter et al. reported on
induced clonal selection of more aggressive tumor cells after
the selective pressure of chemotherapy (60). Here certain
subclones persisted and survived the chemotherapeutic
regimen while more susceptible tumor cells were affected.
Further elucidation of this element of tumor biology
and how it pertains to minimal residual disease is highly
attractive using liquid biopsies and PDOs. However, such a
use-case of PDOs in PDAC has not yet been evaluated and
would benefit from future research.

Discussion and future directions

Treatment strategies for patients diagnosed with LAPC
are undergoing transformative changes in clinical practice.
This is largely credited to improved response rates to
multi-agent chemotherapies and, as a consequence, more
extensive surgical techniques have emerged to oncologically
remove the primary tumor. Complex operative resections
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Diagnosis of LAPC | | Clinically established biomarkers to evaluate treatment response and tumor biology

CA19-9 (Assessing local and systemic tumor activity):

Systemic treatment

CT imaging* (Assessing solid tumor burden):

Normalization or significant reduction indicating tumor response

Palliation

High sensitivity to detect local progression and distant metastasis
Low specificity to discriminate viable tumor from scar tissue Switch of Poor response/
chemotherapy regimen unfavorable biology
Induction Frequent evaluations +
chemotherapy (initial and serial non-invasive measurements) >

(precision medicine)

Promising biomarkers to evaluate treatment response and tumor biology

Liquid biopsies — ctDNA and CTCs (Assessing systemic tumor activity and characteristics):
Enabling molecular tumor profiling of the systemically relevant (overall) tumor burden, monitoring of
clonal selection in response to treatment, and potentially identification of individualized targets

Primary tumor biopsies — histology and tissue-derived organoids (Assessing primary tumor characteristics):
Detection of mutational burden and targetable mutations, transcriptomic classification, pathologic
response, and simulation of treatment response by pharmacotyping (tissue-derived organoids)

Good response/
favorable biology

Local treatment
with curative-intent

Surgical assessment
of safe resectability

* Possibly with MRI or PET

** The patient should be assessed by a high-volume pancreatic surgeon

Conversion surgery
with/without radiation

Figure 1 Proposed treatment pathway with integration of biomarkers for a patient diagnosed with LAPC. LAPC, locally advanced

pancreatic cancer; CT, computed tomography; MRI, magnetic resonance imaging; PET, positron emission tomography; ctDNA, circulating

tumor DNA; CTCs, circulating tumor cells; EUS, endoscopic ultrasound.

are becoming increasingly safe due to innovative techniques
and increased surgeon experience in high-volume centers
(5,7,8,61). Nevertheless, even following induction
chemotherapy and successful operative resection, patients
still experience early recurrences mitigating the benefit from
these potentially morbid procedures. The poor prognosis
has largely been attributed to minimal residual disease
and/or clinically undetectable micrometastatic disease in
the form of early disseminated tumor cells. Therefore,
multidisciplinary teams would fundamentally benefit from
precise biomarkers indicating a patient’s tumor biology in
order to guide treatment recommendations wisely.

In this review, we mainly focus on CA19-9 as the only
established PDAC tumor marker and discuss more novel
biomarkers including ctDNA and CTCs as innovative
parameters that can be studied employing liquid biopsies. We
further elaborated on the promising use of molecular tumor
data derived by these liquid biopsies and from patient-derived
organoids as potential future candidates. When evaluating
available data to inform the treatment decisions in the
described setting, it is important to select data which were
specifically collected for the subset of LAPC patients. Current
evidence of studies which include patients with a variety of
tumor stages and treatment settings is conflicting. However,
prognostic validity of biomarkers may be heavily influenced
by these conditions. Early stage or metastatic tumors, as well
as treatment-naive measured parameters may not reflect

© Journal of Gastrointestinal Oncology. All rights reserved.

the expected biologic behavior of LAPC appropriately after
induction chemotherapy. Accordingly, a biomarker should
assess the dynamic tumor burden and factors linked to
chemotherapeutic response. Importantly, available data for
the reviewed biomarkers are overall rare in the LAPC cohort,
and future studies are necessary to precisely determine what
we coined the “prospect of oncological success” and heighten
a personalized medicine approach. For the integration of
genomic and functional tumor characteristics, a combination
of complementary parameters could potentially be superior
to a single variable alone. A composite test based on
multiple biomarkers could provide the opportunity to study
tumor biology at multiple time points and aid in making
informed decisions regarding each patient’s management.
We believe that if such a test became available to us, its
clinical integration would provide greater information about
tumor biology as compared to CA19-9 alone. Utilizing
this tool in clinical practice as depicted by Figure 1 would
improve patient selection, avoid overtreatment, and result in
improved patient outcomes in LAPC. If serial assessments
during induction therapy are indicative of a favorable disease
biology, an assessment of the local (primary) tumor by a high-
volume pancreatic surgeon is warranted. Contrastingly, in the
event that these biomarkers demonstrate poor tumor biology,
a change in chemotherapeutics or switch to palliative therapy
should be considered in a shared decision-making approach
with the patient.
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In conclusion, surgery for LAPC needs to be indicated
from both the surgical-technical and oncological standpoint.
Well-informed patient selection is critical to improve
outcomes in LAPC with potentially curative-intent resections
after induction chemotherapy, while avoiding overtreatment.
Currently, biomarker-based decision making in LAPC is
limited to CA19-9. However, biomarkers are under increasing
investigation to guide personalized therapy. A combination
of blood-based biomarkers (ctDNA, CTCs, proteins)
could provide superior prognostic ability as compared to
CA19-9 alone. These novel biomarkers have shown promise
in achieving precise tumor biology-based patient stratification
and their serial assessment across therapy could supplement
or even replace the anatomic criteria, in the future, when

determining resectability in LAPC (62).
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