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a b s t r a c t 

A major obstacle for the effective treatment of pancreatic ductal adenocarcinoma (PDAC) is its molecular hetero- 

geneity, reflected by the diverse clinical outcomes and responses to therapies that occur. The tumors of patients 

with PDAC must therefore be closely examined and classified before treatment initiation in order to predict the 

natural evolution of the disease and the response to therapy. To stratify patients, it is absolutely necessary to 

identify biological markers that are highly specific and reproducible, and easily measurable by inexpensive sensi- 

tive techniques. Several promising strategies to find biomarkers are already available or under development, such 

as the use of liquid biopsies to detect circulating tumor cells, circulating free DNA, methylated DNA, circulating 

RNA, and exosomes and extracellular vesicles, as well as immunological markers and molecular markers. Such 

biomarkers are capable of classifying patients with PDAC and predicting their therapeutic sensitivity. Interest- 

ingly, developing chemograms using primary cell lines or organoids and analyzing the resulting high-throughput 

data via artificial intelligence would be highly beneficial to patients. How can exploiting these biomarkers ben- 

efit patients with resectable, borderline resectable, locally advanced, and metastatic PDAC? In fact, the utility 

of these biomarkers depends on the patient’s clinical situation. At the early stages of the disease, the clinician’s 

priority lies in rapid diagnosis, so that the patient receives surgery without delay; at advanced disease stages, 

where therapeutic possibilities are severely limited, the priority is to determine the PDAC tumor subtype so as to 

estimate the clinical outcome and select a suitable effective treatment. 
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ancreatic ductal adenocarcinoma 

Pancreatic ductal adenocarcinoma (PDAC) is a common type of pan-

reatic cancer and one of the most lethal malignancies in humans, due to

ts highly metastatic characteristics and poor responsiveness to currently

vailable therapeutics [1] . The earliest genetic event in the progression

f the normal ductal epithelia to premalignant pancreatic intraepithelial

eoplasia (PanIN) is the mutation of the KRAS oncogene [2] . The muta-

ional activation of the KRAS protein triggers diverse downstream effec-

or proteins that sustain proliferation, metabolic reprogramming, anti-

poptosis, evasion of the immune response, and remodeling of the mi-

roenvironment. Subsequently, chromosomal rearrangements, genetic

nactivation, and mutations in CDKN2A, TP53, SMAD4 , and other genes

ause the progression from low-grade to high-grade PanIN leading to

DAC [ 3 , 4 ]. A tumor mass is surrounded by a complex microenviron-

ent enriched with cells such as cancer ‐associated fibroblasts, T cells,

tellate cells, macrophages, regulatory T cells, endothelial cells, and can-

er stem cells [ 5 , 6 ]. These cell types play an active role in maintaining

 microenvironment favoring cancer cell survival. At a molecular level,

he coordination among stromal cells and between tumor and stromal

ells is sustained through the exchange of molecules and extracellular
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esicles (EVs). Since Meenhard Herlyn, from the Koprowski’s laboratory,

iscovered the CA 19–9 antigen 35 years ago, it has become the only

seful blood test in the treatment response monitoring and recurrent

isease diagnosis of patients with PDAC [7] , an exception to this state-

ent is the recent proposed analysis of the BRCA mutations in PDAC

hich are particularly senstitive to PARP inhibitors [8] . However, new

romising methods, that will be presented and discussed in this review,

re under development and will help early diagnosis and the selection

f personalized treatments. 

PDAC has a poor prognosis; only around 7% of patients survive up to

 years after diagnosis [9] . Almost all recent phase II and III clinical trials

mplemented in random PDAC populations revealed no robust survival

enefits. This can probably be attributed to the fact that these stud-

es were conducted in unselected PDAC populations that were highly

eterogeneous [10–12] . In fact, a major impediment for curing PDAC

s the molecular heterogeneity of the disease, reflected by the diverse

linical response patterns to therapy, where patients’ survival time can

ange from 2 to 3 months up to more than 5 years after diagnosis, and

he strong variability in sensitivity to classical as well as novel drugs.

his heterogeneity is controlled by a combination of several aberrations

n intracellular signaling pathways, resulting in variable susceptibility
 November 2020 
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o drugs, metastasis development, and, therefore, survival rates [ 13 , 14 ].

urthermore, “virtual microdissection ” of PDAC transcriptomic data has

ot only allowed the identification of different tumor subtypes, but also

evealed two main distinct stromal subtypes [15] . However, to date no

roposed treatments have allowed for this heterogeneity. Indeed, in clin-

cal practice it is the general performance status and stage of disease that

uides the choice of drugs given to patients with PDAC. Studies thus far

ave been unable to predict patients’ responsiveness to treatment or pro-

ide a prognosis for progression of the disease. As an example, studies

ave reported objective response rates in gemcitabine-treated patients

f 9.4% and in FOLFIRINOX-treated patients of 31.6%, demonstrating

hat around 90% and 70% of patients, respectively, do not respond to

reatment [ 16 , 17 ]. 

One of the major advantages of examining and classifying patients

ith PDAC before the onset of treatment is the ability to predict the

atural evolution of the disease and the patient’s response to therapy

sing established biological markers that are highly specific and repro-

ucible, and easily measurable by inexpensive sensitive techniques. In

his review I will analyze, as critically as possible, the biomarker can-

idates with the potential to predict clinical outcomes of patients with

DAC. 

arkers to classify PDAC 

In an attempt to find tools to guide precision medicine, there have

een considerable efforts made to classify PDAC molecular hallmarks

eyond the known driver mutations. Different molecular subtypes have

reviously been defined: Collisson et al. defined subtypes as classical,

uasi-mesenchymal, and exocrine-like; Moffitt et al. defined subtypes

s basal-like, classical, normal, and activated stroma; and the Inter-

ational Cancer Genome Consortium defined squamous or basal-like,

ancreatic progenitor or classical, exocrine-like, and immunogenic sub-

ypes [ 15 , 18 , 19 ]. Using a patient-derived xenograft-based strategy and

 complex algorithm, we recently demonstrated that PDACs can be bet-

er classified on a continuous gradient and that this molecular gradi-

nt correlates well with patient outcomes [20] . The established basal-

ike/squamous and classical/pancreatic progenitor subtypes have also

een described coupled with low stromal signals. Tumors with high

tromal content have been classified into three subtypes: desmoplas-

ic, immune classical, and stroma-activated. Patients with tumors clas-

ified as classical/pancreatic progenitor have a significantly better prog-

osis than do those with basal-like/squamous tumors [21] . To date,

here have been many challenges that have prevented this transcrip-

omic characterization process being routinely used in clinical practice,

uch as the requirement for fresh-frozen tumor tissue, and so it has failed

o substantially impact guidance around the treatment of PDAC. Fur-

hermore, molecular classification that is determined only by PDAC tu-

or tissue is likely to be inadequate, as the stroma and immune cells

aking up the tumor microenvironment play a pivotal role in progres-

ion of disease and resistance to treatment. Our recent analysis revealed

ve distinct PDAC subtypes based on signatures derived from tumor,

tromal, and immune cells [20] . These findings are similar to previous

olecular classifications; however, the classifications were expanded

y the incorporation of the signals from the tumor microenvironment

 Fig. 2 ). Recently, three consecutive papers report that GATA6 expres-

ion can diferentiate between classical and basal-like subtypes, knowing

hat basal-like subtype is resistant to FOLFIRINOX, therefore GATA6 can

e utilized as a marker of sensitivity of PDAC to FOLFIRINOX [22–24] .

iquid biopsies 

irculating tumor cells (CTCs) 

Recent years have witnessed substantial work investigating CTCs in

he context of a variety of cancers. Increasing levels of CTCs have been

epeatedly shown to correlate with a worse prognosis in cancer patients
25–28] . Similarly, in patients with PDAC, elevated CTCs were associ-

ted with a poor survival rate [29] . CTCs may also provide useful in-

ormation regarding the effectiveness of an ongoing treatment, such as

hrough longitudinal monitoring of real-time treatment response. Eluci-

ating the molecular basis of PDAC in individual patients may provide

he means to personalize treatments, leading to more effective preci-

ion medicine for the treatment of this lethal cancer [ 30 , 31 ]. CTCs are

are cells among the billions of hematopoietic cells circulating in the

lood. This rarity means it has been difficult to develop efficient ways

o track and isolate CTCs [ 32 , 33 ]. A highly attractive aspect of CTCs is

heir ability to assist in clinical management throughout all stages of

ancer, using only a minimally invasive liquid biopsy as opposed to tra-

itional tissue biopsy [31] . This allows for more frequent and repeated

se of CTC measurements to manage patients in a less invasive, lower

isk, and cost-effective manner. 

Existing CTC technologies principally aim to quantify and detect

TCs based on either their immune-affinity profiles or physical prop-

rties. Immunocytostaining is commonly used to detect CTCs [ 34 , 35 ].

owever, there are significant variations in the size of CTCs, even in

n individual sample from one patient [36] . Isolating CTCs based on

ell size may therefore mean that small CTCs are underrepresented or

ven absent. Basing isolation and enrichment of CTCs on their immune-

ffinity is another approach, but CTC heterogeneity - even within an

ndividual patient sample - is a limitation for this approach. Studies us-

ng different isolation approaches have estimated that the sensitivity of

TCs to detect pancreatic cancer is 38% − 100% [37] . The lack of current

onsensus around the best methods to detect and quantify CTCs may ac-

ount for this large range [38] . Exciting and promising future research

reas in CTC are yet to be explored. In particular, further work is re-

uired to standardize methods for the successful culture of CTCs and to

llow study of their genetic and molecular properties. This in turn would

elp to improve and individualize therapy regimens for patients. CTCs

re therefore appealing innovative tools for use in precision medicine. 

irculating free DNA (cfDNA) 

cfDNA is a short deoxyribonucleic fragment that can be isolated from

he plasma or serum by noninvasive procedures. cfDNA is released from

poptotic cells and remains at a consistent level in healthy individuals.

owever, due to the high cell turnover rate of tumors, the release of

fDNA increases and genetic alterations of cfDNA are also more likely

o be present and elevated in cancer patients. When released from tu-

or cells, cfDNA is also called circulating tumor DNA (ctDNA). In terms

f PDAC, cfDNA is considered a promising prognostic factor. Mutations,

oncentration, and hypermethylation of cfDNA are all associated with

ancer progression in and survival of patients with pancreatic cancer

39–49] . A recent meta-analysis revealed that ctDNA, either at base-

ine or a postoperative stage, might be a useful prognostic biomarker

or detecting risk of death and recurrence in resectable PDAC [50] . Im-

ortantly, pembrolizumab demonstrated an 83% objective response rate

n the six pancreatic cancer patients evaluated in one study, suggesting

hat MSI status can predict the response to anti-PD-1/PD-L1 blockade

51] . Consequently, it is now recommended that clinicians assess the

SI status of all patients with PDAC; this can be feasibly done using

fDNA. 

Diagnosing PDAC at an early stage is challenging, as patients typi-

ally develop symptoms at advanced stages of disease and these symp-

oms are often nonspecific. Given the current lack of effective clinical

creening at the early disease stage, ctDNA had been pursued as a way to

vercome this problem. Unfortunately, to date the low levels of ctDNA

n early stage PDAC have presented a barrier to its use in diagnosis. How-

ver, advances in ctDNA detection technology mean that even minute

mounts of ctDNA can now be accurately detected. Some studies re-

ort that ctDNA is detected in around 50% of PDAC patients with lo-

alized disease (stage I to III) and in more than 90% of patients with

etastatic disease (stage IV) [52–54] . There are many mutations ob-
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Fig. 1. Liquid biopsies. Several products, such as CTCs, cfDNA and methylated 

DNA, miRNA, and EVs, are released from PDAC into the blood and other body 

fluids. These products reflect tumor biology and their analysis could reveal pre- 

dicting markers. 
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erved in cfDNA, such as in KRAS, BRCA2, EGFR, KDR , and ERBB2 gene

oci. Among them, KRAS mutation is one of the most concerned muta-

ions. However, the prognostic value of a KRAS mutation in cfDNA as

 biomarker remains controversial. At present, we may assume that the

evel of cfDNA could be used for identifying the advanced metastatic

isease, but the methods used for this purpose are not sensitive enough

or diagnosis at the early stages. Therefore, to diagnose patients at early

tages of disease, methods to detect ctDNA need to improve. A recent

tudy was able to detect mutations in cfDNA from conditioned media

rom PDAC organoids [55] , which opens new possibilities for the use of

fDNA as a diagnostic marker. 

ethylated DNA 

In the entire human genome, approximately 50% to 70% of CpG

inucleotides are methylated. The majority of methylated CpG din-

cleotides are found in repetitive genomic sequences. Because of its

nformative and stable nature, many studies have evaluated DNA

ethylation as a promising epigenetic cfDNA biomarker. During PDAC

evelopment, genetic and epigenetic changes occur. Aberrant DNA

ethylation is detected in precursor pancreatic lesions [56–58] , which

ndicates that promoter hypermethylation occurs in the very early stages

f carcinogenesis. The prevalence of methylation progressively increases

ith increased dysplasia, and it has been proposed that aberrant methy-

ation may occur in different genes at different stages of pancreatic

eoplastic progression [ 56 , 58 ]. DNA hypermethylation of cell-free DNA

n plasma and serum is potentially tumor specific and is undetectable

imilarly to other blood-based diagnostic markers of pancreatic cancer

 59 , 60 ]. Data from several studies suggest that assessing the methylation

f a small number of genes may allow differentiation between patients

ith malignant transformations and healthy individuals [ 61 , 62 ]. Eval-

ating the methylation promoters of BNC1, MESTv2, BMP3, RASSF1A,

FPI2, SFRP1, APC , and SFRP2 in cf DNA has shown high specificity and

ensitivity for PDAC [63] . Interestingly, it has been reported that the

enes ONECU and GSTM1 are differentially methylated in PDAC tissue

f gemcitabine responders and nonresponders [64] . Currently, no epige-

etic biomarker has been approved for PDAC diagnosis. However, it is

nticipated that the availability of modern techniques for genome-wide

nalysis means that future studies will validate this important epigenetic

arker in large patient cohorts. 

Circulating microRNA (miRNA) : miRNAs are noncoding RNAs that

egulate posttranscriptional gene expression. The increasingly recog-

ized role of miRNAs in oncogenesis and tumor metastasis has been

escribed [ 65 , 66 ]. miRNA profiles specific for PDAC have been found

n serum, pancreatic tissue, cyst fluid, and more recently in the whole

lood [67–69] . Among these miRNAs, the plasma level of miR-125b-5p

cts as an independent biomarker in predicting overall survival of pa-

ients with PDAC [70] . Other miRNAs, including miR-21, miR-155, and

iR-196, are upregulated in PDAC tissue samples and are able to dis-

inguish tumors from premalignant lesions [71–74] . Additionally, three

iRNAs (miR-143, miR-223, and miR-30e) can be assessed in urinary

nd fecal samples and are overexpressed in stage I cancer compared

o healthy tissue. Moreover, miR-223 and miR-204 in urine can distin-

uish early stage cancer from chronic pancreatitis [75] . Although a large

umber of miRNAs have been implicated as potential biomarkers able

o distinguish between healthy individual and PDAC patients, the next

teps must involve the clinical validation of such promising markers in

arger patient cohorts, especially focusing on those able to discriminate

etween low-grade and high-grade dysplasia. 

xosomes and extracellular vesicles (EVs) 

All types of cells release exosomes, which are 40–150-nm extracellu-

ar vesicles. Exosomes are made up of a lipid bilayer and at any partic-

lar time can comprise all known molecular cell constituents, including
NA, RNA, and proteins. It is estimated that normal human blood con-

ains around 2 ×10 21 exosomes, while blood taken from patients with

ancer is estimated to contain around 4 ×10 21 exosomes [76] . Exosomes

ave been depicted as tumor progression promoters [ 77 , 78 ]. As they

an be found in liquid biopsies, cancer exosomes can aid the diagnosis

f cancers, including pancreatic cancer [79] . Analysis of the systemic

irculation of patients with ovarian cancer, breast cancer, and PDAC

evealed elevated concentrations of exosomes [79] . Markers that are

pecifically associated with cancer exosomes could improve their isola-

ion/enrichment from the heterogeneous exosome populations found in

ody fluid, and thus help in diagnosis. Several in vitro and preclinical

tudies have increased what we know about the contents of exosomes

nd the potential utility of this to monitor or detect cancer. Although the

ipids and metabolites found in cancer exosomes may offer additional in-

ights into the biology of cancer and for cancer detection, the utility of

ucleic acids and proteins found in exosomes is still being researched.

NA found in exosomes could offer information about cancer-specific

utations [ 80 , 81 ]. Whole-genome sequencing revealed that the com-

lete genomic double-stranded DNA was contained within exosomes

ound in the serum of patients with pancreatic cancer [80] . In addition,

nalysis of the exosomal DNA revealed driver mutations associated with

DAC [80–83] . It therefore appears that whole-genome sequencing of

xosomal DNA taken from the serum exosomes of patients with can-

er may be able to inform diagnosis and predict treatment responses

 Fig. 1 ). 

etabolomics 

Metabolomics, an omics technique able to provide a dynamic pic-

ure of metabolic profiles, is newly emerging in the field of cancer. This

pproach can be a non-invasive approach that may help in managing

atients with a PDAC in terms of diagnosis, prognosis and response to

reatments. Metabolomics analysis of plasma taken from individuals at

 high risk of developing a PDAC display elevated levels of branched-

hain amino, these findings propose the increased whole-body protein

reakdown as an early event in development of PDAC this parame-

er can be potentially used as a screening method early PDAC disease

84] . Another metabolomics study was performed using plasmas from

wo independent cohorts of PDAC patients and compared to plasma of

ealthy individuals. Five metabolites (acetylspermidine, diacetylsper-

ine, an indole-derivative, and two lysophosphatidylcholines) were

etected as to be significantly discriminative [85] . Early diagnosis of

DAC via a non-invasive approach remains a major challenge for on-

ologist. Interestingly, metabolomics analysis using blood samples is

ble to distinguish between patients with PDAC and chronic pancreati-

is cohorts. Results showed that glycocholic acid, N-palmitoyl glutamic



J. Iovanna Translational Oncology 14 (2021) 100965 

Fig. 2. Heterogeneity of PDAC. Transcriptomic analysis is able to classify PDAC into phenotypic subtypes, from classical (well differentiated) to basal (poorly 

differentiated) phenotypes. Several RNAs have been defined as specific markers. These phenotypes are associated with very distinct clinical evolutions. The clinical 

outcome of a new PDAC can be defined by obtaining its transcriptome and analyzing it to classify the PDAC as a classical, intermediate, or basal tumor. 
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cid, hexanoylcarnitine, phenylacetylglutamine and chenodeoxyglyco-

holate were identified as single markers discriminating between PDAC

nd chronic pancreatitis [86] . In addition, a biomarker signature (nine

etabolites and additionally CA19–9) was identified for the differential

iagnosis between PDAC and chronic pancreatitis. This study concludes

hat the clinical use of this newly identified biomarker signature can im-

rove diagnosis and treatment stratification compared to CA19–9 alone

n almost one third of patients [87] . Plasma samples from patients with

ocalized, locally advanced, and metastatic PDAC were analyzed with

ass spectrometry to assess if some metabolites could delineate differ-

nt stages of PDAC. Five metabolic components were identified using

rincipal component analysis but each cohort was characterized with a

nique combination of components that do not occur in a linear step-

ise progression [88] . A preliminary work from Phua et al. reports that

 metabolomics profile using plasma can predict response of patients

reated with gemcitabine as an adjuvant chemotherapy [89] . These re-

orts are very encouraging, however it still need to be validated in larger

ohorts of patients before being transferred to the clinic. 

mmunological landscape 

The host immune response, represented by infiltrating immune cells,

s known to strongly influence cancer progression [ 90 , 91 ]. There are

everal scoring systems that assess the association between the survival

f patients with cancer and the host immune response [92–95] . Tumor-

nfiltrating lymphocytes correlate with survival in gastric, esophageal,

nd rectal cancers [96–98] . Recent research into the inflammatory re-

ponse and tumor microenvironment in PDAC has revealed their sig-

ificance [5] . Several biomarkers have been assessed for their capacity

o act as predictors of prognosis or to guide the therapeutic approach

99] . It is well documented that in PDAC there is an association between

he survival of patients with cancer and the immune microenvironment

f the tumor [ 94 , 100–103 ]. Studies have proposed various inflamma-

ory biomarkers that could be used to predict prognosis. Among these,

he neutrophil to lymphocyte ratio (NLR) is the most accurate. An NLR
f > 5 seems to indicate a poor prognosis in PDAC [104] . A number

f immune markers correlate with a poor prognosis, including CD66b,

D163, CD68, CD204, and FOXP3 [101] ; markers that are associated

ith a better prognosis include CD20, CD4, CD8, and CD3 [94] . One fa-

orable prognostic factor for survival is the presence of a high number of

D4 + /CD8 + tumor-infiltrating lymphocytes following resection [105] .

n addition, the presence of intratumoral tertiary lymphoid organs (lym-

hoid follicles) is a marker of long survival [106] . In addition, our anal-

sis of the soluble forms of the BTN3A subfamily (BTN3A1 and pan-

TN3A), PD-L1, PD-1, and BTLA in the plasma of patients with PDAC

using specific antibodies and ad hoc developed ELISAs) revealed that

igh concentration levels of these immune checkpoint proteins can be

sed as prognostic factors and also correlate with poor outcome [107] .

here is a complex interplay between chronic inflammation and the im-

une response and so, despite the proposal of various combinations of

ntratumoral and peritumoral immune cells as prognostic factors in pan-

reatic cancer tumoral tissue [94] , we are yet to understand the situation

ully. 

Blockade of the PD-1/PD-L1 axis showed encouraging results in

hase II/III clinical trials [108–110] for treatment of several solid tu-

ors. However, for most patients with PDAC, this immunotherapy has

ot shown significant clinical effectiveness [111] . Early clinical stud-

es investigating PD-1/PDL1 antagonists showed no activity in patients

ith PDAC, despite remarkable efficacy seen across a wide range of

alignancies [112] . Similar findings have been reported with CTLA-4

ntagonists [113] and, more recently, when PD-1 blockade was com-

ined with small molecules [114] . The apparent lack of efficacy ob-

erved with checkpoint blockade in PDAC has led to the development

f combination studies with chemotherapy, based on the premise that

hemotherapy can be immunogenic [ 115 , 116 ]. However, to date, ef-

orts to combine immune checkpoint blockade (i.e., anti-PD-1 and anti-

TLA-4 therapies) with chemotherapy have not produced remarkable

linical benefits in human PDAC beyond what is to be expected using

hemotherapy alone [ 17 , 117 , 118 ]. Several new vaccine therapies that

im to induce T-cell responses in order to surpass immune resistance
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Fig. 3. Sensitivity of PDAC. In operable patients, cells 

from PDAC can be obtained and challenged in vitro with 

different drugs to evaluate their sensitivity, which there- 

fore reflects the sensitivity of the individual patients. In 

locally advanced or metastatic patients, a small number 

of cells can be obtained by EUS-FNA; from these cells, 

an RNA profile can be obtained and compared to the ref- 

erence profiles previously defined in order to categorize 

the PDAC as having a sensitive or resistant phenotype to 

a given drug. Patients should be treated with any of the 

drugs eliciting a response rather than given a drug at ran- 

dom. 
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i  
n PDAC are under investigation in clinics, and IL17 expression in the

umor microenvironment is being assessed for use as a biomarker for

accine-induced antitumor responses ( NCT02451982 ). 

arkers to define sensitivity 

Transcriptomic analysis is informative about the prognosis of pa-

ients with PDAC, but the main drawback is the difficulty of obtaining

ufficient useful material for the analysis. For example, surgical samples

re only accessible in 15% − 20% of patients, and biopsies obtained by

ndoscopic ultrasound-guided fine-needle aspiration biopsy (EUS-FNA)

ield small and contaminated samples that are difficult to exploit. PDAC

s a heterogeneous disease that has a variable clinical evolution, exhibits

istinct responses to treatments, and is histopathologically character-

zed by a limited differentiation grades. We [119] and others [19] have

eported that the clinical evolution, the response to the treatments, and

he degree of differentiation cannot be explained by genetic mutations.

n the contrary, we demonstrated that at least the overall survival and

istological characteristics of tumors are determined by the epigenetic

andscape, including DNA methylation [119] and specific histone marks

 120 , 121 ] that carries as consequences a variety of PDAC phenotypes

ith specific clinical outcomes [121] . This is conceptually important,

ince the epigenetic landscape, in contrast with most genetic mutations,

s druggable and can be modified. In addition, it can be identified in

mall samples of PDAC and therefore used as a potential biomarker if

roven to be clinically specific. Given the increasing evidence for the

ole of epigenetics in cancer, we hypothesize that the DNA methyla-

ion landscape and chromatin-associated changes of PDAC tumors are

andatory for the tumor aggressiveness, opening the opportunity to

reat PDAC with specific epidrugs in the contex of personalized terat-

ents ( Fig. 3 ). 

Inactivating mutations in BRCA1, BRCA2 and PALB genes are asso-

iated with an increased risk of PDAC. These genes code for proteins

nvolved in homologous recombination repair of DNA double-strand

reaks and to be noted is that cells with a deficiency in homologous

ecombination repair are sensitive to PARP inhibition. Thus, PARP in-

ibitors cause an accumulation of DNA damage and tumor-cell death

122] . Based on these rational a recent clinical trial on patients with mu-

ated BRCA1 or BRCA2 treated with the PARP inhibitor olaparib showed

 longer progression-free survival [8] . These data indicate that detect-

ng these mutations in PDAC patients will be of interest for their spe-
ific treatment. No other gene mutations-targeted therapies have been

howed to be efficient in patients with PDAC. 

hemograms 

Chemograms are in vitro or ex vivo methods of determining the prog-

osis of an individual with PDAC, or the efficacy of a compound for

reating PDAC in each individual, and so are a practical approach to-

ard personalized treatments. Our preliminary study evaluated the sen-

itivity of PDAC primary cell lines to increasing concentrations (from

.001 to 1000 μM) of five gold-standard chemotherapeutic agents (5FU,

ocetaxel, oxaliplatin, gemcitabine, and SN-38, the active metabolite

f irinotecan). With personalized chemograms for each patient, we ob-

ained dose-response curves characterizing tumor chemosensitivity. Our

tudy resulted in the production of an individual chemogram profile for

ach patient-derived cell line, which revealed a large heterogeneity in

he chemosensitivity of PDAC [123] . This is relevant for clinical prac-

ice; resistance or sensitivity to one agent does not predict resistance or

ensitivity to another. It is important to also note that, despite incuba-

ion times of 72 h with very high concentrations of some agents (100 μM

f SN-38, 1000 μM of docetaxel, oxaliplatin, gemcitabine, or 5FU), some

ells survived. This is explained by the fact that PDAC tumors exhibit

eterogeneity and so these primary cultures represent the different cell

opulations present in the tumors [124] . The clinical relevance of this

s that if a chemogram can detect the proportion of cells that are re-

istant or sensitive to a particular drug, it can be helpful tool to guide

linicians in selecting second-line treatments for individual patients. We

erformed a supervised clustering analysis of the transcriptome to es-

imate whether a correlation between PDAC phenotype and drug re-

ponse existed. Surprisingly, some sets of genes were identified as being

pecifically overexpressed or underexpressed in resistant and sensitive

ells, supporting the hypothesis that the tumor phenotype determines

he response to a treatment. Importantly, only a very small number of

ommon genes were associated with drug resistance or sensitivity, sug-

esting that the phenotype of the sensitivity or resistance is specific to

ach drug. Lastly, another important point to note is that genes associ-

ted with sensitivity or resistance to the drugs are not typically genes

ssociated with survival, indicating that outcome and drug sensitivity

re regulated by independent mechanisms [123] . This observation was

ecently confirmed in a larger cohort [ 20 , 125 ]. More recently, similar

bservations were published using PDAC organoids as models [ 55 , 126 ],

ndicating that the transcriptome may be used to discriminate sensitive

https://clinicaltrials.gov/ct2/show/NCT02451982


J. Iovanna Translational Oncology 14 (2021) 100965 

a  

c  

a  

i  

m  

t  

r  

R

I

H

 

t  

s  

w  

o  

g  

e  

m  

u  

x  

c  

t  

u  

a  

o  

o  

s  

i

 

i  

m  

h  

I  

c  

fi  

i  

o  

h  

H  

s  

a  

m  

g  

d  

i  

m  

c

O

 

t  

u  

i  

[  

e  

m  

g  

a  

p  

o  

t  

w

 

v  

n  

s  

l  

m  

f  

g  

s  

t  

e

O

 

n  

r  

c  

b  

n  

n  

m  

a  

i  

c  

n

 

v  

w  

p  

s  

c  

o  

i  

d  

P  

c  

p  

l  

i  

v

S

 

g  

i  

t  

m  

p  

s  

b  

c  

m  

g  

G  

s  

t  

i  

a  

o  

p  

P  

s  

S  

w  
nd resistant patients. This is a very important concept, since performing

hemograms for each patient requires a substantial amount of material

nd a long time for amplification, whereas a smaller amount of material

s needed for whole transcriptomic analysis. In our lab, we amplify the

aterial obtained by EUS-FNA to yield enough cancer cells and grow

hem in a 3D extracellular matrix to form organoids within a short pe-

iod of only a few days. These organoids can then be dissociated, and

NA is collected to be analyzed by RNA sequencing ( Fig. 3 ). 

ncreasing models with translational relevance 

uman xenograft models 

Animal models have been used as surrogates of human biology due

o the logistical and ethical restrictions of working with cell and tis-

ue samples from human donors. Small animals, especially mice, are

idely used as mammalian model systems due to their small size, ease

f maintenance and handling, a short reproductive cycle, similarity of

enomic and physiological properties with humans and the ability to be

asily manipulated genetically. Patient derived xenograft (PDX) tumor

odels are the most frequently used testing systems for the in vivo eval-

ation of efficacy of novel anticancer drug candidates. Cell line-derived

enograft tumor models are well established with a long history of model

haracterization. PDX models are based on the implantation of human

umor cells into immunocompromised mice. Immunodeficient mice are

sed to avoid graft rejection due to the host immunological reaction

gainst the foreign tumor tissue. PDX can be developed subcutaneously

r orthotopically. Although numerous basic biology knowledge has been

btained from mouse studies, there are limitations to this models, since

everal components of murine biological systems are different than those

n humans, particularly their immune system. 

Currently, humanized mice have begun to fill this gap and becoming

mportant preclinical tools for biomedical research. Immunodeficient

ice with mutations in IL2 receptor common gamma chain (IL2R 𝛾null)

ave already been described during the last years [127] . NOD-scid

L2R 𝛾null mice engrafted with human peripheral blood mononuclear

ells have been utilized successfully in xenograft models to evaluate ef-

cacy and pharmacodynamics of immune checkpoint inhibitors target-

ng epitopes on human T-Lymphocytes. This model offers an advantage

ver conventional xenografts since functional human T-cells can target

uman epitopes on a tumor in a mouse with a better clinical relevance.

umanized tumor xenograft mouse models are powerful experimental

ystems for studying in vivo interactions between human immune cells

nd human tumors. In recent years, humanized tumor xenograft mouse

odels have been integrated into checkpoint inhibitor development pro-

rams at many pharmaceutical and biotechnology companies as an in-

ispensable part of the drug development process. As these models have

mproved, they have been shown to support higher levels of human

yeloid-derived cells and regulatory T cells, and have been used suc-

essfully in recent studies of anti-PD1 drugs in some tumors [128] . 

rganoids 

Organoid is as a group of epithelial cells growing in a 3D struc-

ure, with self-renewal and self-organization capacities, which recapit-

lates the tissue of origin. Organoids can be maintained through indef-

nite passage and preserve their genetic stability. In 2013, Huch et al.

129] described 3D structures for pancreatic tissue. Later, in 2015, Boj

t al. [130] reported the first 3D organoid model from murine and hu-

an PDAC by embedding cells in Matrigel with the addition of several

rowth factors. Human organoids as patient-specific models of PDAC is

 promising tool for a new era of personalized medicine. Organoids can

rovide a platform for drug testing of individual tumors in a short period

f time before or even in parallel to clinical treatment of a PDAC patient,

hereby offering a safe haven for individualized precision medicine as

e recently reported [ 131 , 132 ]. 
However, current organoid technology still represents an imperfect

ersion. Firstly, organoids only contain epithelial layer without compo-

ents of tumor microenvironment, such as immune system and nervous

ystem. Secondly, another obstacle is the dependency on the extracellu-

ar matrix Matrigel to grow produced from mouse tumor lines and that

ight be non suitable for human. Thirdly, culture medium needs to be

urther refined for long-term expansion of some organoids. Fourthly,

rowth factors or molecular inhibitors in culture medium might have

ome effects on drug responses of organoids. Fifthly, under present cul-

ure conditions the differentiated phenotype is strongly favored. Further

fforts should be urgently exerted to surpass these problems. 

rgan-on-chip and multiple-organs-on-chip 

Organ-on-chip and multiple-organs-on-chip systems represent an in-

ovative in vitro cell culture model that utilizes physiologically accu-

ate tissue and organ modeling for pharmacology studies for testing

ancer treatments. These sophisticated platforms result from the com-

ination of tissue engineering, microfluidics and microfabrication tech-

iques. With the developed tissue engineering models, the microengi-

eering techniques allow the integration of multiple sensing units for

onitoring of pH, O2, temperature, or molecules secreted by cells and

utomatic systems for controlling dosing and dilution of multiple drugs

n circulating media. In addition, multiple-organs-on-chip represents a

omplex organism which may includes the diseased tissue with some

ormal tissues connected one to others through vessels-like structures. 

Remarkably, organs-on-chips can be personalized to reflect indi-

idual physiology. The personalized nature of such systems, combined

ith physiologically relevant read-outs, provides new opportunities for

atient-specific assessment of drug efficacy, as well as personalized

trategies for PDAC treatment, however current personalized organs-on-

hips have not yet been used for precision medicine yet. To be noted the

rgans-on-chip models represents recent devices that are rapidly evolv-

ng and will open the possibility for testing the sensitivity to several

rugs concomitantly. There are no reports yet about its utilization in

DAC but in a period of a few years it may become one of the most

ommonly used devices to predict the most efficient drug for each given

atient. This device is complementary to PDX animal models since it is

ess expensive and more rapid. Lastly, the industry of drug development

s starting to implement this technology in their own research and de-

elopment departments. 

ingle-cell RNA sequencing 

In recent years, single-cell RNA sequencing (scRNA-seq) technolo-

ies have provided in-depth analysis of cell heterogeneity in PDAC. It

s highly effective especially in cell-type-specific molecular identifica-

ion and detecting interactions between cancer cells and the stromal

icroenvironment. Transcriptomic analysis of the PDAC epithelial com-

artment revealed the ability of the inter-tumor heterogeneity to clas-

ify into different subtypes such as for example the binary classical and

asal-like [15] or the most accurate continuous gradient PAMG (Pan-

reatic Adenocarcinoma Molecular Gradient) [20] which seems to be

ore precise in terms of prognosis. However, the intra-tumor hetero-

eneity particularly in the epithelial compartment is poorly described.

rowing evidences suggest that this phenotypic segregation is not very

pecific and different cancerous cell subtypes may coexist in a single

umor. We recently performed a scRNA-seq analysis exclusively on ep-

thelial cells from several PDAC samples obtained by EUS-FNA. Remark-

bly, although all these tumors were classified as well diferentiated,

ne cluster presented in all these samples corresponded to a basal-like

henotype. These results reveal an unanticipated high heterogeneity of

DAC and demonstrate that basal-like cells, which have a highly aggres-

ive phenotype, are more widespread than expected. In this way, Chan-

eng-Yue et al. [133] confirmed the presence of several subpopulations

ith differential proliferative and migratory potentials in PDAC. In other
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Fig. 4. Markers that are needed at each stage of the dis- 

ease. 
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ords, very classical or very basal-like subtypes are mainly composed

y pure cells, whereas the intermediate subtype is the consequence of

 mix of classical and basal-like subtypes and/or an intermediate phe-

otype. Clinically relevant is that stratification of PDAC cells, based on

 simple RNA signature, could predict the response to mFOLFIRINOX

 20 , 22 ], Carfilzomib [131] or Gemcitabine [125] . We assume that the

ntratumoral heterogeneity, in which sensitive cells coexist with resis-

anes ones, is responsible, at least in part, of the recurrence of the traite-

ents. Therefore, using scRNA-sequencing we can predict the best com-

inatorial drug regimens to personalize the treatment for each patient. 

rtificial intelligence 

In the near future, high-throughput data analysis, artificial intelli-

ence, and machine learning are expected to help clinicians and oncolo-

ists develop better therapeutic strategies suitable for each patient, par-

icularly for diseases such as PDAC that have high heterogeneity in clin-

cal responses and short survival times after treatment. However, these

romising tools are still in their initial stages. The strong intertumoral

nd intratumoral heterogeneity of PDAC, the unpredictable response to

tandard treatments, and the variability of survival time after diagnosis

re of a singular complexity that only seems to be effectively determined

hrough artificial intelligence approaches. Using artificial intelligence

or concomitant analysis of images, biological and molecular data, so-

atic and germinal genetics, and blood parameters of the same patient

s a reality that will be introduced in the next few years in the field of

recision medicine [ 134 , 135 ]. Artificial intelligence will help scientists

o understand how cancer cells become resistant to anticancer drugs,

hich can help to improve drug development and adjust the drug use

or each patient; and it will aid radiologists to automatically define the

lan radiation treatment programs; to oncologists to manage the use of

hemotherapy drugs and predict the tolerance to chemotherapies; and

ore globaly, to adapt beneficial treatment decisions, reduce unneces-

ary surgeries, and help oncologists improve patients’ cancer treatment

lans. 

ow can biological markers serve patients with resectable, borderline 

esectable, locally advanced, and metastatic PDAC? 

Resectable PDAC tumors are those that can be removed surgically;

urgery often occurs rapidly after diagnosis. These tumors may be lo-

ated solely in the pancreas or may have spread to the area around

t, without extending into nearby veins or arteries. Around 15% of pa-

ients are diagnosed at this stage of disease. Borderline resectable PDAC
umors are not suitable for surgery after the initial diagnosis, as such

umors are difficult or impossible to remove. However, chemotherapy

nd/or radiotherapy can reduce the size of the tumor, which can then

e removed with negative margins. Locally advanced PDAC tumors are

till located in the area around the pancreas; however, these cannot be

emoved surgically as they have grown close to or into nearby organs,

eins, or arteries, and their removal presents a high risk of damaging

hese structures. No signs of the tumor spreading to any distant parts

f the body are present. Around 40% of patients are diagnosed at this

tage of disease. Metastatic PDAC involves a tumor that has spread to

ther organs beyond the pancreatic area, such as the lungs, liver, or

ther parts of the abdomen. Around 45% of patients are at this stage of

isease at diagnosis. 

Clearly, each of these disease stages are associated with a differ-

nt prognosis and therefore require appropriate therapeutic strategies.

one of the current classifications take into account the differentiation

rade or any molecular characteristics (such as mutations or the tran-

criptome). Although tumor classification is well implemented in clin-

cal practice, not all patients have tumors that can be easily classified.

urrent classification takes into account the time course of the disease,

n which resectable PDAC occurs before metastasis and so the survival

ime is longer. However, within the same stage of disease we find hetero-

eneous behavior, which could be explained by the intrinsic molecular

haracteristics of the tumor or the host. At the moment, these charac-

eristics are underestimated. This is why it is important to discuss the

herapeutic needs at each stage of the disease ( Fig. 4 ). 

How can we improve the treatment of patients with resectable

DAC? This stage of the disease has a better outcome, and the most

onvenient treatment is surgical resection; median survival time is 2

ears. Despite the fact that tumors at this stage are small in size, it is not

ncommon that some patients die a few months after resection owing

o general dissemination of the tumor. For these patients, it would be

nteresting to predict the characteristics associated with the poor clin-

cal outcome. Some possibilities that are or will soon be available to

redict disease evolution are blood markers such as CTCs, EVs, miRNA,

nd ctDNA which may be evaluated easily using blood samples. It is

oteworthy that liquid biopsies are also explored for predicition of drug

esponses, disease monitoring and detection of recurrence [ 136 , 137 ]. In

ddition, samples taken during surgery could be analyzed to identify the

DAC subtype (knowing that basal-like subtype tumors have a poorer

rognosis than do classical PDAC subtype tumors) or to define immune

arkers. Somatic mutations do not seem to be very informative, except

n a small number of cases in which targetable mutations are detected

138] . Finding sensitive biomarkers to classify tumors, in addition to
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dentifying new treatments, will greatly improve treatment strategies

or PDAC. Furthermore, in patients with resectable PDAC, who are gen-

rally asymptomatic and in whom tumors are not easily detected by

maging, it would be important to use liquid biopsies to track circulating

arkers such as CTC or ctDNA to accelerate the diagnosis and therefore

nsure patients receive surgery more quickly. Also, organoids, directly

btained from surgical samples, can be utilized to perform chemosensi-

ivity tests. 

What are the needs for patients with borderline resectable PDAC?

ince a borderline resectable PDAC tumor cannot be removed surgi-

ally upon diagnosis but becomes operable after treatment, it is impor-

ant to determine the most effective drug for each patient, to predict

he PDAC subtype and therefore the outcome, and also to characterize

he immunological landscape so that beneficial immunotherapy can be

dentified in the near future. CTCs, EVs, miRNA, and ctDNA may be

valuated easily in blood of these patients. Importantly, PDAC tumoral

amples can be obtained by EUS-FNA and amplified as organoids before

o test their chemosensitivity. 

How we can improve the survival of patients with locally advanced

r metastatic PDAC? Patients with these tumors cannot be operated on

nd therefore the best therapeutic option is to use the most effective

rugs against the disease following a personalized treatment regimen.

n rare cases, these patients can receive surgery after treatment, similar

o patients with borderline resectable PDAC. Patients with locally ad-

anced or metastatic PDAC, and particularly patients with a basal-like

DAC, need to be treated rapidly due to their short survival time. To im-

rove survival of individual patients at this stage of disease, clinicians

eed to be able to identify suitable drugs that will be most effective for

heir disease subtype and their immunological landscape. Most likely, at

his stage of the disease the most important thing is to access to the PDAC

aterial for testing the chemosensitivity of the primary and metastasis

amples which can be obtained by EUS-FNA and amplified as organoids.

In conclusion, the biological markers needed for patients with PDAC

epend on their own clinical situation. At the early stages of disease, the

riority is rapid diagnosis so that the patient can quickly receive surgery

ithout delay; at the advanced stages, where the therapeutic possibili-

ies are limited, to the priority is to determine the PDAC subtype in order

o estimate the clinical outcome and select the most suitable effective

reatments for each patient. Moreover, taking advantage of the distinct

mmunological landscape of PDAC is critical for the identification of

ovel immunological markers and development of new immunothera-

ies able to eradicate this dismal disease. 
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