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Belgium. Tel: þ3225553714; E-mail: jl.vanlaethem@erasme.ulb.ac.be
†Both authors contributed equally as senior authors.

Background: Different histological and molecular subtypes of pancreatic ductal adenocarcinoma (PDAC), with different
molecular composition and survival statistics, have recently been recognised.

Materials and methods: This review describes the currently available studies regarding molecular and histological subtypes
in PDAC. Studies from major cohorts such as International Cancer Genome Consortium as well as smaller cohorts are reviewed.
We discuss where the described subtypes overlap, where the discrepancies are and which paths forward could be taken
regarding diagnosis, ontogeny and therapy.

Results: Four molecular subtypes with strong overlap among the different studies can be found, next to a list of mixed findings.
Two of the four subtypes (epithelial classical and mesenchymal basal-like) were represented in every study and were often
discriminated in other solid tumours as well. These two subtypes differ substantially in prognosis. One biomarker has been
discovered, only discriminating these two subtypes, and insights into subtype-specific therapeutic vulnerabilities are scarce.

Conclusion: Subtypes can be reproducibly detected in cohorts of PDAC patients and two of them directly relate with
prognosis. A consensus on the subtypes is warranted. Further discovery and validation studies are needed to identify strong
biomarkers, to comprehend subtype ontogeny and to define strategies for precision medicine.

Key words: pancreatic ductal adenocarcinoma, subtyping, transcriptomics, cancer, histopathology

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most prevalent

pancreatic carcinoma, with an overall 5-year survival (OS) of 8%

[1–3]. It is the fourth leading cause of cancer death, and is

expected to become the second leading cause of cancer death by

2030 [4–6]. Most PDACs are sporadic cancers, with no more than

10% accounted by familial/hereditary cancer [7]. In patients with

a non-hereditary cancer, genomic analysis uncovered a prevalence

of over 90% activating mutations in the KRAS gene, and common

genetic alterations of TP53, CDKN2A and SMAD4 [8–10]. No

other mutations occur at a high frequency. Besides extensive het-

erogeneity in the mutational landscape among patients, there is

also heterogeneity within a single patient [10–12].

Investigators have started deciphering molecular and histo-

logical subtypes in PDAC, which can lead to a more specific diag-

nosis and prognosis and opens perspectives for subtype-stratified

treatment. This review documents the current knowledge on

histological and transcriptomic subtypes in PDAC and suggests
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ways forward to broaden our understanding and use of tumour

subtyping for clinical perspectives.

Technology-driven subtyping in PDAC

Histological subtypes

At the histological level, PDAC is recognised as a heterogeneous

disease consisting of different variants (e.g. medullary carcinoma,

adenosquamous carcinoma [13–15]), which are described in the

current WHO (World Health Organization) classification [16].

Schlitter et al. created a more comprehensive classification [17],

in which 51% of tumours are classical. They also identified com-

bined phenotypes, with a different histological feature present in

over 30% of the tumour area, namely cribriform, gyriform, clear-

cell, papillary, micropapillary or complex. Finally, they observed

variants, which have no classical features, namely colloid, adenos-

quamous and papillary carcinoma. They also included medullary

and tubular carcinomas as rare PDAC variants. Expert pancreatic

pathologists should verify the reproducibility of this classification

and confirm the most relevant subtypes. It should also be investi-

gated whether and to what extent these histological subtypes and

the molecular subtypes, as described below, overlap.

Transcriptomic driven subtyping

A seminal paper was published by Collisson et al. in 2011 who

used gene expression microarray analysis on two sets of 27 and 36

primary resected microdissected samples, in addition to human

and mouse cell lines [18]. They unveiled three subtypes: classical,

quasi-mesenchymal (QM-PDA) and exocrine-like. The classical

subtype showed high expression of epithelial and adhesion-

associated genes, the QM-PDA subtype of mesenchymal genes

and the exocrine-like subtype of digestive enzyme genes.

Several subsequent studies shared similar findings. Kim et al.

described three molecular subtypes, based on microarray analysis

of 96 resected non-microdissected samples [19]. The subtypes

they reported were subtype 2, similar to the QM-PDA subtype,

subtype 3 which resembles the exocrine-like subtype and subtype

1, which might resemble the classical subtype but was also

enriched for immune pathways. The same team carried out

miRNA expression profiles on 104 samples, again reporting three

subtypes, of which it remains unclear how they match with their

microarray-based subtypes [20].

The previous studies lack depth in their transcriptome analysis

as they used microarray analysis, which is inferior to RNA

sequencing (RNAseq) having a broader dynamic range and

detecting low abundance transcripts; however, this technology

came into practice after these papers were published.

Moffitt et al. analysed subtypes with gene expression microar-

rays by virtually microdissecting the tumour tissue from the stro-

mal tissue, using 145 primary and 61 metastatic samples [21].

The findings were validated with RNAseq using a selection of

these samples. They discerned two subtypes for the stromal tissue:

normal and activated, in which the activated subtype was charac-

terised by, amongst others, macrophage-related genes. They also

described two subtypes for the tumour tissue: classical and basal-

like. The basal-like subtype overlapped with basal-like subtypes

in other cancers, and the classical subtype overlapped with the

classical subtype from Collisson et al. [18]. Moffitt et al. found

that the exocrine-like subtype mainly consisted of genes from

normal exocrine pancreas. They did not investigate the combin-

ation of epithelial tumour cell and stromal cell signatures to

define subtypes.

Janky et al. carried out gene expression microarrays on 118

resected samples [22]. They defined three clusters that overlapped

for 92% with those of Collisson et al.

More recently, Bailey et al. and the International Cancer

Genome Consortium (ICGC) published the first RNAseq-based

subtyping using 96 samples, and integrating genomic analysis

[23]. Four subtypes were identified: pancreatic progenitor (PP,

similar to Collisson’s classical subtype), squamous (similar to

Collisson’s QM-PDA subtype), aberrantly differentiated endo-

crine–exocrine (ADEX, similar to Collison’s exocrine-like sub-

type) and a new subtype named immunogenic. The squamous

subtype resembled squamous subtypes in other cancers and was

associated with hypermethylation and suppression of genes that

control the pancreatic endodermal cell-fate determination. The

PP subtype was characterised by developmental transcriptional

networks. The ADEX subtype was distinguished by transcription-

al networks of later stages of pancreatic differentiation and devel-

opment. The immunogenic subtype displayed signs of infiltrating

B and T cells.

The Cancer Genome Atlas (TCGA) consortium, using 150 pri-

mary samples, applied the clustering techniques from Moffitt

et al., Collisson et al. and Bailey et al., and reproduced the afore-

mentioned classifications [10]. They noticed that in high-purity

tumours, the basal-like and squamous subtypes overlapped

strongly, as with the classical (Moffitt and Collisson) and PP sub-

types. The other subtypes were attributed to lower purity of the

samples, and may reflect gene expression from non-neoplastic

tissues.

Following this report, Mueller et al. analysed the transcrip-

tomic data from Bailey et al., supplemented with undifferentiated

tumours from the ICGC PACA-AU (Pancreatic Cancer

Australia) cohort, and revealed five distinct clusters [24]. In clus-

ter 1, squamous differentiation, TP63DN transcriptional targets

and cell proliferation/cell cycle were overexpressed, which over-

lapped strongly with the squamous subtype. Cluster 4 was similar

to the immunogenic subtype and was enriched for undifferenti-

ated tumours. Undifferentiated tumours were also characterised

by signatures of cluster 3, such as epithelial-to-mesenchymal

transition (EMT) and MAPK signalling. Clusters 2 and 5 were

associated with metabolism, epithelial cell differentiation and

embryonic development.

The Collisson, Bailey and Moffitt studies were furthermore

validated by Birnbaum et al., using fifteen public datasets, com-

prising a total of 846 primary tumours [25]. They concluded that

the prognostic value derived from the Bailey and Moffitt signa-

tures was still substantial in multivariate analysis, while that of

Collisson was not. Multivariate analysis incorporating the Bailey

classification, Collisson classification and Moffitt classification

resulted in statistical significance for the Bailey classification

and Moffitt stroma classification, indicating that these were

complementary.

More recently, Puleo et al. integrated microenvironmental and

epithelial components in their microarray RNA analysis derived
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from 309 paraffin-embedded samples and distinguished five sub-

types: pure classical, immune classical, pure basal-like, stroma

activated and desmoplastic [26]. The pure classical subtype fits

under classical/PP and contains mostly well-differentiated

tumours. Furthermore, the immune classical subtype was also

categorised under classical/PP. Pure basal-like tumours have acel-

lular stroma, contain poorly differentiated tumours and are asso-

ciated with metastatic spread. The stroma activated subtype is

defined by a biologically active stroma, while the desmoplastic

subtype is enriched for low tumour content and high expression

of structural and vascularised stroma components (e.g. elastin).

The immune classical and desmoplastic subtypes were character-

ised by an immune cell infiltrate, which resembles Moffitt’s

‘normal stroma’ subtype, while the stromal infiltrate in the pure

basal-like and stroma activated subtypes resembles Moffitt’s

‘activated stroma’. Activated stroma is defined by the presence of

activated fibroblasts, resident fibroblasts undergoing a phenotyp-

ic shift by acquiring a myofibroblast-like phenotype. Tumours

containing activated stroma are enriched in such myofibroblast-

like cancer associated fibroblasts, expressing high levels of Alpha

Smooth Muscle Actin (ACTA2) as well as Fibroblast Activation

Protein alpha (FAP) and Osteonectin (SPARC) [27].

Another study subtyping epithelial and stromal content came

from Maurer et al. who microdissected the epithelial and tumour

compartments of 60 resected samples and carried out RNAseq

[28]. They proposed two epithelial subtypes, basal-like and clas-

sical, and two stromal subtypes, Extra Cellular Matrix-rich

stroma and immune-rich stroma. They did not find the exocrine-

like subtype.

Finally, Connor et al. studied 224 primary and, importantly, 95

metastatic samples from 289 patients [29]. For the 19 paired sam-

ples, the primary tumour and metastases were molecularly con-

served, and therefore detected as identical subtypes for both the

Moffitt tumour, Collisson and Bailey classification. Interestingly,

they also discovered that the basal-like tumours were enriched

for hypoxia. Moreover, high hypoxia resulted in stable disease

upon neoadjuvant therapy, whereas four patients with a partial

response exhibited low hypoxia.

In summary, three distinct subtypes were identified by most

groups and assigned to the epithelial content of the tumour

(Table 1 and Figure 1). The first subtype is the basal-like, squa-

mous or QM-PDA subtype, and secondly the classical or PP sub-

type. Interestingly, a basal-like and classical subtype can be found

in many solid tumours, such as breast cancer and colorectal can-

cer (Supplementary Table S1, available at Annals of Oncology on-

line). A third subtype found by five studies is the exocrine-like or

ADEX subtype. The fourth subtype, the immunogenic subtype,

displays a high expression of immunity genes that may come

from the tumour epithelium or from immune cells. According to

Moffitt et al., two subtypes of stroma exist: normal or activated.

Puleo et al. integrated the epithelial and stromal transcriptomics

and discovered that immune and stromal content differed be-

tween subtypes.

Several studies question the existence of the ADEX or

exocrine-like subtype, claiming that this subtype could be conta-

minated with exocrine cells. Although most studies included

samples with a relatively high tumour cellularity [18, 22, 23], con-

tamination could be possible. As Puleo et al. described, even a

Table 1. Summary of studies that have subtyped pancreatic ductal adenocarcinoma (PDAC)

Study by Defined subtypes (with potential overlap) Other subtypes

Bailey et al. [23] Squamous PP ADEX Immunogenic
Collisson et al. [18] QM-PDA Classical Exocrine-like
Moffitt et al. [21] Basal-like Classical Activated stroma, Normal stroma
Puleo et al. [26] Pure basal-like Pure classical Immune classic Desmoplastic, Stroma activateda

Maurer et al. [28] Basal-like Classical ECM-rich stroma, Immune-rich stroma
Kim et al. [19] Subtype 2 Subtype 1? Subtype 3 Subtype 1?
Mueller et al. [24] Cluster 1 Cluster 2 Cluster 5? Cluster 4 Cluster 3
Janky et al. [22] k3.cl3 k3.cl1 k3.cl2

Noll et al. [30] KRT81þHNF1A� KRT81�HNF1A� KRT81�HNF1Aþ

Martinelli et al. [60] GATA6low GATA6high

Sivakumar et al. [46] Wnt�/HH� Notch Cell cycle
Daemen et al. [41] Glycolytic Lipogenic Slow proliferating
Seino et al. [39] WRi W� Wþ

Each column corresponds to one overlapping subtype, except for the final column, containing other, non-overlapping subtypes. The first listed studies
looked at transcriptomics to classify the tumours, while those below the bold line have looked at functional characteristics or potential markers.
Question marks are indicated when the study did not find a direct relation to a previously described subtype, but gene expression patterns indicate it likely
belonging to this subtype.
Dark boxes are shown when the study did not find a subtype in this category.
aDesmoplastic and stroma activated contain mainly tumours belonging to the squamous/basal-like subtype.
PP, pancreatic progenitor; ADEX, aberrantly differentiated endocrine exocrine; QM-PDA, quasi-mesenchymal pancreatic adenocarcinoma; KRT81, keratin 81;
HNF1A, hepatocyte nuclear factor 1-Alpha; HH, hedgehog; WRi, Wnt and R-spondin-independent organoids; W-, Wnt-non-secreting organoids; Wþ.
Wnt-secreting organoid.
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small amount of acinar cells can contaminate the transcriptomic

results [26]. This theory is further supported by the fact that

Collisson et al. were not able to find the exocrine-like subtype in

cell lines of both humans (n¼ 19) and mice (n¼ 15) [18], al-

though Noll et al. did find three exocrine-like cell lines [30].

Bailey et al. selected samples with at least 40% epithelial content,

which should have removed impurity in their clustering analysis

[23]. Additionally, Collisson et al. also detected the exocrine-like

subtype in microdissected samples [18]. Another argument in fa-

vour of the existence of the exocrine-like subtype is that acinar

enzymes stain positive in PDAC (see Human protein Atlas). This

question remains an area for further investigation.

Subtypes based on metabolic and signal
transduction pathway analysis

While the previous studies analysed human (resected) pancreatic

tissue, other studies have used experimental models of PDAC, such

as organoids and patient-derived xenografts (PDX), as well as cell

lines. Although cell lines are easy to work with, they are limited as

only the epithelial tumour cells are represented. Mouse models such

as KPC mice have a Kras and Tp53 mutation, replicating the tumour

and its microenvironment; however, it is not fully clear if human

PDAC heterogeneity is reflected well in this model [31]. Another ex-

perimental model is the PDX model, in which a piece of the tumour

of a patient is implanted in an immunodeficient mouse. The model

is efficient in studying human tumours and their response to ther-

apy [32–34]; however, while this model reflects the original tumour,

the implantation is not always successful and this model in immu-

nodeficient mice may not fully reflect what happens in a patient.

Humanised mouse models offer a valid alternative [35]. Organoids

as experimental 3D model are becoming very popular because the

architecture of the tumour is retained, and efforts are undertaken to

co-culture with stromal cells [36, 37]. Therefore, this model has po-

tential in performing (higher throughput) experiments on human

tumours. Several studies have used organoids to study subtypes or

therapeutic responses in PDAC [38–40].

Using 38 PDAC cell lines, Daemen et al. applied metabolite

profiling using liquid chromatography/tandem mass spectrom-

etry and gas chromatography/mass spectrometry and discovered

that PDAC could be divided into three subtypes: slow proliferat-

ing, glycolytic and lipogenic [41]. The slow proliferating subtype

displayed a high doubling time and was low in amino acids and

carbohydrates. It is unclear if it corresponds to one of the tran-

scriptomics driven subtypes. In contrast, the glycolytic subtype

was driven by glycolytic and serine pathways and corresponded

to the QM-PDA subtype. The lipogenic subtype was enriched for

lipid and mitochondrial metabolites and correlated with the clas-

sical subtype [41]. It would be interesting to confirm the associ-

ation between the glycolytic subtype and the QM-PDA subtype

using a Ki67 staining, since only a positive correlation of Ki67

with recurrence has been described yet. The effect on survival

remains conflicting between studies [42–44].

Global tyrosine patterns (phosphorylation of tyrosine) were

investigated by Humphrey et al. using mass spectrometry on two

series of PDAC cell lines (19 cell lines from ATCC, the American

Type Culture Collection, and 17 cell lines from TKCC, The

Kinghorn Cancer Centre), which could both be classified into

three subtypes [45]. Cell–cell adhesion and EMT were character-

istic for one subtype, perturbations in mRNA metabolism for the

second subtype, and the third subtype was enriched for receptor

tyrosine kinase signalling and showed enhanced sensitivity to

erlotinib; however, the authors did not find a direct overlap with

the other studies.

Sivakumar et al. applied master regulator analysis on co-

expression networks on 7 existing datasets such as TCGA and

ICGC for a total of 560 samples, and identified pathways associ-

ated with the Bailey subtypes [46]. The squamous subtype was

characterised by repression of Hedgehog/Wnt signalling, while

cell cycle signalling was involved in the immunogenic subtype,

and ADEX and PP subtypes were enriched for Notch signalling.

Recently, Seino et al. carried out transcriptome analysis on

a tumour organoid library from 39 patients to identify three

subtypes based on Wnt signalling pathway association:

Collisson (176) 36 35 28

71

31

29

17

10

26

28

29

26

10 22

Basal-like Classical OtherImmunogenicADEX

Moffitt (125)

Bailey (96)

Puleo (241)

Figure 1. The distribution of subtypes in percentage for the main classification studies. Puleo’s basal-like subtype is a combination of the
pure basal-like (10%) and stroma activated (22%) subtypes, as genes belonging in the stroma activated group correspond to the basal-like
subtype in other studies (n samples between brackets).
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Wnt-secreting organoids (Wþ), Wnt-non-secreting organoids

(W�) and Wnt and R-spondin-independent organoids (WRi)

[39]. The W� subtype needs exogenous Wnt and R-spondin lig-

and, Wþ subtype depends on R-spondin, but is independent of

exogenous Wnt ligand, and the WRi subtype does not require

Wnt signal activation. In light of the current testing of Wnt inhib-

itors in clinical trials [47, 48], the latter two studies may be of sig-

nificance (see further).

Other subtyping strategies

Researchers have also used other techniques to classify PDAC,

such as Waddell et al., who classified PDAC into four subtypes by

investigating patterns of genomic structural variation [49]. They

defined four subtypes based on distribution and frequency of

structural rearrangements, called stable, unstable, locally rear-

ranged and scattered.

Using multiomic profiling on patient-derived tumour xeno-

grafts (PDTX), Nicolle et al. found a basal and a classical subtype

[33]. The basal subtype was highly glycolytic (as seen by Daemen

et al. [41]), less differentiated and showed characteristics of EMT.

A subgroup of the classical subtype had extensive immune infil-

tration, likely corresponding to the immunogenic subtype, al-

though they note that this subtype is based on the stromal

content. Further results with PDTX were described by Lomberk

et al. showing that the subtypes are characterised by distinct chro-

matin states (epigenetics), which are correlated with differential

methylation patterns and a corresponding change in transcrip-

tion levels of nearby genes [34].

Koay et al. used CT imaging and discovered that high delta

tumours, with a distinct border between the tumour and the sur-

rounding parenchyma, were more aggressive and more likely to

develop distant metastases [50]. These tumours had more mesen-

chymal features and contained less stromal cells, similar to the

pure basal-like subtype [26].

Some studies have based their strategy on the immune envir-

onment. Wartenberg et al. discovered a small population of

patients with PD-L1 expression that grouped in the immune-

exhausted subtype with poor prognosis [51]. Knudsen et al.

noticed that PD-L1 expression was associated with a glycolytic

metabolic preference, which is associated with the basal-like sub-

type [41, 52]. Furthermore, Wartenberg et al. found a subgroup

with high Foxp3 and a poor prognosis, which seemed to overlap

with the basal-like subtype [51]. This was corroborated by

Knudsen et al. although they reported a correlation between M2

macrophages (CD68þCD163þ) and poor prognosis [51, 52].

Koay et al. found more T-regulatory cells in the high delta

tumours [50]. More research on the immune system is needed to

unravel its role in PDAC.

Clinicopathological characteristics of the

subtypes

The difference in survival between the basal-like subtype and

other subtypes is substantial in all studies (Table 2): a median OS

of 10–19.2 months was determined in the basal-like subtype com-

pared with 19–43.1 months for the classical subtype. Disease-free

survival was 4.6–10.9 for the basal-like subtype and 13.5–20.6 for

the classical subtype. The differentiation grade also differed

(Table 2): basal-like tumours were more often poorly differenti-

ated, while classical tumours were more often well differentiated

[18–23, 25, 26].

Various articles have reported that PDACs originating from the

body or tail are more aggressive compared with those originating

in the head of the organ [53, 54]. Dreyer et al. compared survival

in 94 patients who were classified as head non-squamous, head

squamous, body/tail non-squamous and body/tail squamous. The

squamous subtype was overrepresented in tumours of the body/

tail region, with substantially worse survival [55].

Path forward: surrogate markers for

pragmatic subtyping

A pragmatic classifier is essential to subtype a patient, even with a

small biopsy sample from either the primary or metastatic tu-

mour. This classifier could be built into the routine diagnostics,

giving faster results than RNAseq analysis. A study by Noll et al.

aimed at identifying such markers through array-based differen-

tial expression analysis of subtyped PDAC cell lines [30].

Interesting biomarkers were checked for heterogeneous expres-

sion in the Protein Atlas. Two showed strong and subtype-

specific staining: KRT81 for QM-PDA and HNF1A for the

exocrine-like subtype. Both were negative in the classical subtype.

Applying the same markers, Muckenhuber et al. investigated pa-

tient outcome and treatment response in a recent study [56].

They used two independent cohorts (n¼ 262 and 130) and

included a cohort of advanced-stage PDAC (n¼ 125); however,

1% of the first cohort, 14% of the second cohort and 4% of the

advanced-stage cohort showed expression of both markers. Later,

Kuhlmann et al. published that cadherin-17 (CDH17) and

galectin-4 (LGALS4) were co-localised on tumour cells of the

exocrine-like subtype [57]. Altogether, this would give three dif-

ferent biomarkers (CDH17, LGALS4, HNF1A), in addition to

CYP3A5, also reported by Noll et al., to differentiate the

exocrine-like subtype from the classical and QM-PDA subtype;

however, according to Bailey et al., HNF1A, CYP3A5 and CDH17

are expressed more in the PP than the ADEX subtype, and

LGALS4 is expressed more in the PP and immunogenic subtypes

[23]. Puleo et al. found CYP3A5 and LGALS4 to be more

Table 2. Clinicopathological characteristics of the two main subtypes:
basal-like and classical

Basal-like Classical

Overall survival [10–19.2] months [19–43.1] months
Disease-free survival [4.6–10.9] months [13.5–20.6] months
Well differentiated (grade 1) 18% 50%
Moderately differentiated

(grade 2)
37% 39%

Poorly differentiated (grade 3) 45% 11%

Overall survival and disease-free survival are shown in months, while
grades 1–3 are shown in percentages. Percentages amount to 100% per
subtype [18–23, 25, 26].
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expressed in the classical subtype [26]. Together, this questions

the use of these markers and calls for a selection of surrogate

markers driven by the largest sequencing efforts.

Using RNAscope, an in situ hybridisation technique, Aung

et al. identified GATA6 as a biomarker of the classical subtype

in their molecular profile-driven prospective clinical trial

(COMPASS) [58]. They confirmed that immunohistochemistry

for GATA6 strongly correlated with the RNAscope results [59].

Collisson already reported that GATA6 was low in QM-PDA

compared with the other subtypes [18]. Bailey et al. confirmed

epigenetic silencing of GATA6 in their squamous subtype [23]

while Martinelli et al. noted that low GATA6 basal-like tumours

had a poor prognosis [60]. Seino et al. discovered that GATA6

regulates the extent of Wnt niche, thus the low GATA6 subtype

would be Wnt independent [39].

Pragmatically defining subtypes that will describe the tumour

optimally for each patient will be challenging due to inter- and

intrapatient heterogeneity, especially when subtyping in a biopsy

specimen. Assessing this heterogeneity, for example by compar-

ing different tumour regions of one patient, is crucial and

becomes increasingly important when looking at metastases that

might have a different genetic makeup. The current knowledge of

molecular subtypes has been mostly focussed on resected

tumours, which represent<20% of the whole patient population

[2]. Only the study by Connor et al. has investigated metastatic

samples, which they found are molecularly conserved compared

with their primary tumour; however, this study mainly focussed

on liver metastases, which could bias their findings. An ongoing

clinical trial will give more insights in metastatic samples, as they

focus exclusively on characterising subtypes in biopsies of meta-

static patients [61].

In conclusion, GATA6 is a potential biomarker to distinguish

classical from basal-like tumours; however, if there are more than

two subtypes, as suggested by the leading studies, GATA6 cannot

be used as a single classifier and consensus signatures should be

elaborated while considering tumour heterogeneity.

Path forward: understanding subtype

ontogeny

An area that remains largely unexplored is the role of the tumour

ontogeny and at what stage of tumourigenesis the subtype diver-

gence comes up. PDAC precursor lesions comprise PanIN

(Pancreatic Intraepithelial Neoplasia) and IPMNs (Intraductal

Papillary Mucinous Neoplasm). Data suggest that PDAC might

have different cells of origin with most evidence for acinar and

duct cells [62, 63]. Transitions from one cell type to the other (aci-

nar to ductal metaplasia) and the possibility of one cell

type developing one type of precursor lesion (acinar-PanIN and

duct-IPMN) have been reported [64, 65]. Data from Lee et al. re-

cently suggested that acinar cell derived PDAC was closer to the

classical subtype than duct derived tumours, based solely on cyto-

keratin 20 expression [66]. The gene signatures of the PP and

ADEX subtype also suggest, respectively, a resemblance with a

progenitor ductal state or an aberrant differentiation state of the

adult acinar (and endocrine) cell lineage. In other solid tumours,

more research has already gone into this aspect. In breast cancer,

the same mutational profile can generate different subtypes

depending on whether luminal or basal cells were targeted [67].

In colorectal cancer, different precursor lesions (tubular versus

serrated adenomas) give rise to different tumour subtypes [68].

In squamous cell carcinoma, tumours from the interfollicular

epidermis give rise to well-differentiated tumours, while those

from the hair follicle showed EMT and increased metastatic

potential [69].

Not only the cell of origin or its differentiation stage could dic-

tate the subtype, studies also show transition of one subtype into

another. This has been reported for tumours gaining TP63, which

reprograms the tumour to the basal-like subtype [70]. In mouse

models, BET inhibitors can shift the tumour from squamous to

classical [71]. Extrinsic factors such as inflammation can also

drive a specific subtype, as reported in colorectal cancer [72].

Inflammation in chronic pancreatitis is an important risk factor

for development of PDAC [73], but no data exist correlating this

with molecular subtypes.

In summary, understanding the ontogeny of the molecular

subtypes which is intrinsically associated with the cell of origin,

the sequence of mutations and the rewiring of signalling path-

ways will provide information that can contribute to the consen-

sus classification and holds promise for subtype-tailored

therapeutic targeting.

Path forward: subtype-driven therapies

As common mutations in PDAC are not targetable, research has

been focussed on precision medicine to target specific, less com-

mon mutations such as BRCA1/2 [74]. In patients with a BRCA

mutation, platinum therapy and PARP inhibitors can be given to

substantially improve OS in advanced disease [75]. In KRAS

wild-type patients, alternative drivers such as BRAF can be tar-

geted [10]. While microsatellite instability can be used for tar-

geted therapy in some solid tumours, this only occurs in 0.5% of

patients with PDAC. Several studies have tried using genomic

characterisation to refine treatment, with varying success rates

[76–78]; however, based on a recent large-scale study of 3600

PDAC patients, only 17% harbour a potentially targetable gen-

omic alteration [79].

A new development in cancer therapy is determining the gen-

ome with circulating tumour DNA (ctDNA) to refine therapy.

Research on this topic is emerging, with only a few promising

studies published so far in the field [80]. In PDAC, no study has

been carried out to guide therapy with ctDNA. They were only

focussed on diagnosis and prognosis [81]. Studies that explored

whether the ctDNA can be used as molecular snapshots of the

pancreatic tumour subtypes are likely desirable.

In an attempt to advance the use of precision medicine in

PDAC, stratified therapeutic regimens for the subtypes described

in Table 1 have been investigated. These data are scarce, specula-

tive and should be interpreted with caution because of lack of

clinical evidence. Most studies focussed on the basal-like subtype.

Mixed observations are reported on response to standard drugs

used in the adjuvant and palliative setting: Collisson et al. discov-

ered that human cell lines of the QM-PDA subtype in vitro were

more sensitive to gemcitabine than the classical subtype [18].

Moffitt et al. stated that the basal-like subtype would respond bet-

ter to unspecified adjuvant therapy, according to retrospective
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patient data [21]. Martinelli et al. assessed data from ESPAC-3

and observed that patients with a low GATA6 expression

responded poorly to the adjuvant therapy 5-fluorouracil (5-FU)/

leucovorin when compared with GATA6 expressors [60].

According to Muckenhuber et al., the ADEX subtype could bene-

fit from FOLFIRINOX, based on their data of subtyped patients

treated with FOLFIRINOX or gemcitabine [56].

More recently, Aung et al. carried out the first prospective

trial where patients with both locally advanced or metastatic

PDAC were included [58]. A biopsy was used for RNAseq to clas-

sify the patients. One hundred eighteen patients with sequencing

data received treatment with modified FOLFIRINOX (m-

FOLFIRINOX) or gemcitabine with nab-paclitaxel. The best

progression-free survival (PFS) and OS were reached in

patients who had a tumour belonging to the classical subtype,

treated with m-FOLFIRINOX. Those belonging to the basal-like

subtype and treated with m-FOLFIRINOX showed the worst

PFS. Targetable genetic alterations were found in 30% of the

patients [59].

Novel treatment strategies in a subtype-specific manner were

also explored. In the TCGA data, Sivakumar et al. noticed that the

basal-like subtype might benefit from unspecified targeted therapy

[46]. Daemen et al. suggested that ENO2 could be targeted in the

basal-like subtype [41]. According to Noll et al., who used cell lines,

the exocrine-like subtype might be resistant to tyrosine kinase

inhibitors (TKis) through CYP3A5 [30]. Bailey et al. suggested that

the immunogenic subtype, with PD1 signalling upregulation,

might be a potential target for immune modulators [23].

It should be emphasised that the above publications have not

been replicated and use different approaches, thus it is uncertain

which therapies would be more effective in which subtypes. The

difference in progression and survival between the two main

subtypes also makes evaluating a therapeutic effect difficult. The

pathways that differ among the subtypes should be investigated

for clinical utility. In the era of precision medicine and immuno-

therapy, we should promptly design prospective studies evaluat-

ing gene-driven therapies.

Discussion

Conclusion and perspectives

For PDAC, four to five subtypes have been described, of which

the basal-like and classical subtypes can be found in each of the

reported studies. The basal-like subtype, with a poor prognosis, is

characterised by EMT and TP63 expression. These tumours are

often poorly differentiated and seem to respond better to gemci-

tabine. The classical subtype, with a better prognosis, is associated

with epithelial genes, pancreatic transcription factors and high

expression of GATA6. These well-differentiated tumours appear

to respond better to FOLFIRINOX. The exocrine-like subtype,

characterised by exocrine genes, might be caused by acinar cell

contamination, an issue that deserves further investigation. The

immunogenic subtype is characterised by immunity genes, which

may originate from an immune infiltrate. Furthermore, several

studies have defined separate subtypes for the stroma, where acti-

vated stroma has a poor prognosis.

As shown in Figure 2, major progress has been made in the area

of subtyping for PDAC, although no consensus is reached. The

biology of PDAC, both ontogeny and stroma, should be further

explored, and more potential biomarkers should be investigated.

Above all, more translational trials are needed to study which

therapies are more effective in which subtype.

Basal-like Exocrine-like Classical Immunogenic

GATA6low?

Poor survival

Activated stroma

Differentiation

Gemcitabine?

Targeted therapy?

GATA6high?

Better survival

Normal stroma

Differentiation

FOLFIRINOX?

=

contamination?

Grade 3Grade 2Grade 1 Grade 3Grade 2Grade 1

Figure 2. Summarising figure of the different subtypes in pancreatic ductal adenocarcinoma (PDAC). We show a hypothetical and simplified
phylogenetic tree for the proposed different subtypes, and list potential biomarkers, clinicopathological differences and potential therapeu-
tics for the basal-like subtype and the classical (and immunogenic) subtype. Question marks indicate possibilities that need to be further
explored.
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