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d Hôpital Nord, Marseille, France
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A B S T R A C T

Background: A significant gap in pancreatic ductal adenocarcinoma (PDAC) patient’s care is the lack of molec-
ular parameters characterizing tumours and allowing a personalized treatment.
Methods: Patient-derived xenografts (PDX) were obtained from 76 consecutive PDAC and classified according
to their histology into five groups. A PDAC molecular gradient (PAMG) was constructed from PDX transcrip-
tomes recapitulating the five histological groups along a continuous gradient. The prognostic and predictive
value for PMAG was evaluated in: i/ two independent series (n = 598) of resected tumours; ii/ 60 advanced
tumours obtained by diagnostic EUS-guided biopsy needle flushing and iii/ on 28 biopsies from mFOLFIRI-
NOX treated metastatic tumours.
Findings: A unique transcriptomic signature (PAGM) was generated with significant and independent prognostic
value. PAMG significantly improves the characterization of PDAC heterogeneity compared to non-overlapping
classifications as validated in 4 independent series of tumours (e.g. 308 consecutive resected PDAC, uHR=0.321
95% CI [0.207�0.5] and 60 locally-advanced ormetastatic PDAC, uHR=0.308 95% CI [0.113�0.836]). The PAMG sig-
nature is also associated with progression under mFOLFIRINOX treatment (Pearson correlation to tumour
response: -0.67, p-value< 0.001).
Interpretation: PAMG unify all PDAC pre-existing classifications inducing a shift in the actual paradigm of
binary classifications towards a better characterization in a gradient.
Funding: Project funding was provided by INCa (Grants number 2018�078 and 2018�079, BACAP BCB
INCa_6294), Canceropole PACA, DGOS (labellisation SIRIC), Amidex Foundation, Fondation de France, INSERM
and Ligue Contre le Cancer.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
aggressive gastrointestinal tumours. While activating mutations in
KRAS are the most common genetic alterations 1, mutations in other
driver genes such as CDKN2A, TP53 or SMAD4 are randomly associ-
ated to KRAS mutations, generating a heterogeneous genetic land-
scape between patients. However, these mutations do not predict
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Research in context

Evidence before this study

Despite being an overall dismal cancer, the clinical outcome of
pancreatic ductal adenocarcinoma is difficult to anticipate, with
newly diagnosed patients having a potential life expectancy
ranging from 3 months to more than 5 years. Previous studies
of the inter-patient heterogeneity of pancreatic ductal adeno-
carcinoma based on large scale molecular profiles have pro-
posed molecular classifications. These findings can be
summarized into a molecular dichotomic perspective with the
classical subtype and the more aggressive basal-like. However,
an increasing body of evidence is highlighting the intra-tumour
heterogeneity of pancreatic ductal adenocarcinoma, including
mix tumours with both basal-like and classical cancer cells.
These results suggest that a two-class stratification of patients
with a pancreatic ductal adenocarcinoma is ill-suited.

Added value of this study

The RNA-based signature identified in this work is different to
all molecular classification schemas already proposed and vali-
dated by other investigators. This signature does not classify
tumours in a non-overlapping subtyping but grades them along
a continuum. This fact significantly improves the accuracy of
individual patient’s tumours characterization with a higher
prognostic value that is also highly reproducible. The signature
represents also a major technical improvement since it is inde-
pendent of the sample type or RNA measurement platform.

Implications of all the available evidence

This method will unify pre-existing classifications inducing a
shift in the actual paradigm of binary classifications towards
the characterization of patients’ tumours into a gradient that
better considers the real complexity of tumour phenotype.
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patient outcome or tumour drug sensitivity and PDAC patients with
similar clinical presentation show high variability in overall survival
(OS), ranging from 3 months to >5�6 years after diagnosis. While
histopathological analyses of tumours revealed OS is shorter in
patients presenting with aggressive poorly-differentiated tumours
relative to patients with well-differentiated ones 2, this analysis
required large amounts of undamaged tumour tissue. Such samples
are only available from resected tumours, representing as few as 15%
of PDAC cases. For resectable PDAC, the current recommendation is
upfront surgical resection followed by systemic chemotherapy with
or without radiation 3. However, this strategy can fail in patients with
biologically aggressive disease that do not benefit from resection.
Therefore, an accurate molecular characterization of tumour pheno-
type will help in predicting prognosis and chemotherapy sensitivity,
as well as inform decisions regarding upfront resection and the most
appropriate drug choice for chemotherapy. Deep tumour molecular
profiling constitutes an important source of information regarding
tumour phenotype and biology, with impact on the choice of avail-
able therapeutic strategies. This information will increase the likeli-
hood of success and also spare patients from unnecessarily
aggressive therapeutic interventions.

Recent reports indicate PDAC can be classified into distinct, bio-
logically relevant categories based on histological and molecular
analysis 4,5. However, relatively few patients (15%) undergo resection
that allows this analysis, and high intra-tumour heterogeneity and
the limited amount of material obtained from EUS-FNA diagnostic
biopsies prevent a precise classification of all PDAC tumours. One
solution to circumvent these problems is transplantation of PDAC
tumours into immunodeficient mice to produce patient-derived xen-
ografts (PDX). This process makes it possible to obtain PDXs from
EUS-FNA diagnostic biopsies providing adequate material to deter-
mine PDAC histological classes for locally advanced or metastatic
tumours. We observed that PDXs are less complex and heteroge-
neous tumours, but faithfully recapitulate the molecular profiles and
histology of the original patient tumours6. Another important point
that conducts us to choose PDX as model is that it offers the possibil-
ity to distinguish between the tumour and stromal cells. In fact,
sequencing profiles of a mix of human grafted cancerous and infil-
trating mouse stromal cells can be analysed separately in silico by
unambiguously assigning each sequence to the human or mouse
genome 7. Therefore, we generated PDX samples for a cohort of
patients (PaCaOmics) to define histological and molecular grades for
each sample. In this study we take advantage of these PDX character-
istics and used this model to identify a molecular signature based on
the transcriptomic profiles of PDAC patients that would allow for pre-
diction of tumour progression and response to therapy.

To obtain an unbiased predictor of tumour aggressiveness, we
established a series of patient-derived xenografts (PDX) from a
multi-centric clinical trial that included resectable, locally advanced
and metastatic PDAC patients. From these PDX samples, a transcrip-
tomic signature (indicated as pancreatic adenocarcinoma molecular
gradient; PAMG) was developed that accurately predicted tumour
aggressiveness and resistance to mFOLFIRINOX, and could be applied
to small amount of fine needle biopsies from EUS and formalin-fixed
paraffin-embedded obtained tissue.

Materials and methods

PaCaOmics patient derived tumour xenograft and RNA-sequencing

All animal experiments were conducted in accordance with insti-
tutional guidelines and were approved by the “Plateforme de Stabu-
lation et d’Exp�erimentation Animale” (PSEA, Scientific Park of
Luminy, Marseille). Resected PDAC tissue was fragmented, mixed
with 100 mL of Matrigel and implanted with a 10-gauge trocar (Inno-
vative Research of America, Sarasota, FL) in the subcutaneous right
upper flank of an anesthetized male NMRI-nude mouse (Swiss Nude
Mouse Crl: NU(lco)-Foxn1nu; Charles River Laboratories, Wilming-
ton, MA). Alternatively, samples obtained from direct tumour endo-
scopic ultrasound-guided fine needle aspiration (EUS-FNA) were
mixed with 100 mL of Matrigel (BD Biosciences, Franklin Lakes, NJ)
and injected as above. Once xenografts reached 1 cm3, they were
removed and passed to NMRI-nude mice. After 3 passages, tumors
were isolated and RNA extracted using the miRneasy mini kit (Qia-
gen). RNA-seq was performed as previously described 7,8 using Illu-
mina’s TrueSeq Stranded RNA LT protocol to obtain 100b paired-end
reads. RNA-seq reads were mapped using STAR and SMAP on the
human hg19 and mouse mmu38 genomes. Gene expression profiles
were obtained using FeatureCount and normalized using the upper-
quartile approach 9. tumour differentiation was defined based on the
following established criteria, briefly: tumors were considered poorly
differentiated when tissue architecture is solid, forming massive
structures or with isolated cells without visible glandular structures
in more than 50% of the tissue. This group included two classes (I and
II) based on the degree of cyto-nuclear atypia and degree of mitosis.
Class I tumors showed high nucleo-cytopasmic ratios (>0.5), and
nuclei with irregular contours, dense chromatin, and/or prominent
nucleolus. A high proportion of mitoses (>5 per 10 high-power field
[HPF]) was also visible in this subgroup. Class II includes tumors with
fewer atypia with a nucleo-cytoplasmic ratio < 0.5, regular-con-
toured nuclei, fine chromatin and a fine nucleolus. Mitoses were less
frequent than in class I (< 5 mitosis/10 HPF). Class III includes tumors
that were moderately differentiated with both types of architectures,
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glands made up 50�95% of the tumour, massive structures and
nucleo-cytoplasmic atypia were less frequent (approximately 50% of
nuclei) than in class I and II. Class IV and V were included in well dif-
ferentiated PDX. They present a glandular architecture without solid
component in more than 95%. In this group, class IV presents glands
with cubic or short cylindrical cells with low or absent mucus secre-
tion. The nuclei remain predominantly polarized and the atypia are
more marked than in class V (looser chromatin, increase in the size of
the nuclei when compared with class V). Mitoses were more frequent
than in class V (2�5 mitosis / 10 HPF). Class V corresponds to the
most differentiated tumors, the glands secrete mucin and cells pres-
ent a cylindrical form, the nucleus was localized at the basal pole of
the cell (polarized). Nuclei were small, with regular contours and
mature chromatin without visible nucleolus. Mitoses were less fre-
quent (0�1 mitosis / 10 HPF) that in class IV.

PaCaOmics patient’s cohort

Seventy-six patients with a confirmed PDAC diagnosis were
included in this study. Clinical data was collected until July 2017
(supplementary Tables I and II). Tumour samples were obtained from
pancreatectomy in 40 patients (52.6%), EUS-FNA in 25 patients
(32.9%) and carcinomatosis or liver metastasis during explorative lap-
arotomy in 11 patients (14.5%). The study was approved by the local
ethics committee following patient informed consent. The PaCaOmics
study is registered at www.clinicaltrials.gov with registration num-
ber NCT01692873. All samples were xenografted in immunocompro-
mised mice producing PDX samples. Animal experiments were
approved by the local ethics committee and performed following the
guidelines of our centre (CRCM).

BACAP patient’s cohort

The BACAP (Base Clinico-Biologique de l’Ad�enocarcinome Pan-
cr�eatique) cohort is a prospective multicenter pancreatic cancer
cohort (ClinicalTrials.gov Identifier: NCT02818829. Registration date:
June 30, 2016) with a biological clinical database. Treatment naive
tumour biological samples from endoscopic ultrasound-guided fine-
needle aspiration (EUS-FNA) were available for 60 patients. Survival
analysis was performed on the 47 patients with locally-advanced or
metastatic diseases that subsequently received chemotherapy.
BACAP project was approved by the “Sud-Ouest et Outre-Mer I”
March 2014 ethics committee. All the patients were informed of the
study and voluntarily agreed to participate. All the patients who
agreed to participate provided written consent.

Transcriptomic profiling and analysis to derive the PAMG

RNAwas obtained from all PDX and BACAP cohort samples, for more
details see supplementary material and methods. Next Generation
Sequencing (RNA-seq) was performed on these samples. The Pancreatic
Adenocarcinoma Molecular Gradient (PAMG) was derived from the
PDX RNA-seq profiles using an Independent Component Analysis (ICA)
on 50% most variant genes (n = 20,434), after gene-wise zero-centring
(no unit scaling). The independent component that best correlated with
PDX histology was identified as the PAMG. Further details are available
in the supplementary information. RNA sequencing of pancreatic ade-
nocarcinoma (PDAC) xenograft samples accession number E-MTAB-
5039. The PAMG is available as an online application (http://cit-apps.
ligue-cancer.net//pancreatic_cancer/pdac.molgrade) and as an R pack-
age (https://github.com/RemyNicolle/pdacmolgrad).

Statistical analysis

Categorical variables were associated to continuous variables
using an ANOVA. Survival analysis were performed using a Cox
proportional hazards regression model. Wald’s p-value are reported
unless otherwise specified. All analyses were performed in R.

Results

Using pdx to define the molecular diversity of PDAC

First, we assessed the histology of PDX using the entire cohort
of 76 patients. PDX were ranked into five different histological
classes by two blinded expert pathologists ranging from the less
differentiated PDX (class I), which is associated with the most
aggressive phenotype, to the most differentiated PDX (class V;
Figure S1). The here described five histological classes of PDX
strongly correlates with the expression of genes defining the
already described molecular subtypes 7,10-12 as higher expression
of genes linked to the classical PDAC subtype is correlated with
increased differentiation of PDX samples, combined with lower
expression of genes linked to basal-like subtype (Fig. 1a and Figure
S1b). Interestingly, the variation in the expression of the classical
genes towards the basal-like genes vary gradually from the more
differentiate to the less differentiate histological classes respec-
tively. Therefore, the precise histological analysis of PDX suggests
that molecular classification of PDAC is more complex than a two-
class dichotomy (i.e. basal-like and classical). We next employed a
consensus clustering approach on whole-transcriptome with
increased subtypes splitting. Fig. 1b shows the clustering results in
2 to 4 subtypes which, similarly to histological classification, dem-
onstrate a gradual increase and decrease in genes of the classical
and basal-like subtypes respectively.

Histological and molecular classifications of PDX suggest PDAC
diversity may be better represented by a continuum of differentiation
that is as also followed at the molecular level. To establish a robust
continuous molecular description of PDAC, we applied an unsuper-
vised approach termed independent component analysis (ICA) previ-
ously shown to derive highly reproducible signatures from
transcriptome profiles by extracting biologically relevant compo-
nents 13,14. Figure S2 illustrates the procedure used to uncover an
RNA signature which, in essence, builds on the blind deconvolution
of the PDX transcriptomic profiles to generate component spaces.
The component (and its associated space) that best correlated to the
PDX histological classification was selected and, in analogy to histo-
logical grading, was termed the pancreatic adenocarcinoma molecu-
lar gradient (PAMG). The PAMG is computed from a weighted
combination of the expression values of all variable genes
(n = 20,434) providing for each sample a standardized score around
zero with non-outlier values between �1 and +1. The PAMG summa-
rizes all previous epithelial molecular classification of PDAC whether
at the level of sample characterization or by the sets of genes defining
each classification (Fig. 1c and Figure S2). To evaluate whether a con-
tinuous or dichotomous description of PDAC epithelial diversity is
more relevant, gene expression in each of these signatures was fitted
with the proposed PAMG and with the latest basal-like/classical clas-
sifier PurIST. The difference in the coefficient of determination (R2) of
the two models was compared to the background (genes not in any
of the assessed signatures, n = 7393) showing overall that a contin-
uum is likely to be a more reliable description of PDAC molecular
diversity. We observed that PAMG produces a better description on
11 out of 12 signatures tested by a Welch’s t-test (Fig. 1d).

A continuum of phenotypes would predict that extreme cases
would be more homogeneous, composed of a high proportion of
highly specified epithelial cells from the corresponding end of the
spectra (i.e. basal-like or classical). PDAC cases in the middle of the
spectrum could either be the result of a homogeneous intermedi-
ate epithelial phenotype or a mixture of extreme phenotypes of
which bulk tumour analysis would result in an intermediary phe-
notype. To evaluate these non-mutually exclusive hypotheses, we
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Fig. 1. PDAC gene signatures and classification in PDX. a.Normalized and averaged expression of genes specific to the classical and basal-like subtypes in PDX (n = 76) grouped by a five-sub-
type histological classification. b. Unsupervised classifications in k classes by consensus clustering (with k from 2 to 4) and association of each cluster to basal-like and classical gene expres-
sion. On a. and b. boxplots are coloured by the median z-score of each group. c. Heatmap representation of the transcriptomic characterization of the PDX (n = 76) with each PDX as a
column. Previously published classificationswere applied to the human transcriptome profiles of the PDX. Non-tumour driven classifications were applied (ADEX, Immunogenic, desmoplas-
tic, activated stroma, Immune classical), however, no PDX were assigned to any of them. The z-score of each of the published classification gene sets is represented. The number of genes of
each signature is annotated on the right of the heatmap. PDXwere ordered by their value on themolecular gradient. d.Distribution of the differences in the coefficient of determination (R2)
between two generalized linearmodels associating the expression of each gene in each signaturewith either the two-class classification from PurIST or theMolecular Gradient. The distribu-
tion of R2 differences was compared to that of other genes (not found in any other subtype signatures) usingWelch’s t-test. e. GATA6 and Vimentin (VIM) immunohistochemical quantifica-
tion. Four levels of staining were used to quantify the proportion of cells at each four levels of GATA6 or VIM protein expression.
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performed immunostaining for GATA6, which we previously
showed to be a major driver of the classical phenotype 8, and
Vimentin (VIM) in a tissue microarray containing all 76 xenograft
tumours. VIM is a marker of mesenchymal differentiation and car-
cinomas with more aggressive behaviour and poor histological differ-
entiation 15. Fig. 1e shows quantitative results and representative
examples of expression. While some GATA6+/VIM+ stained tumours
exist, we generally observed a continuum of differentiation defined by
increases in the level and proportion of expression of GATA6 along the
PAMG that correlated with increased differentiation. Conversely, we
observed VIM expression increasing gradually towards low differenti-
ated phenotypes.
Fig. 2. Reproducibility of the PAMG in PDAC. a. Schematic illustration of the identification of the
used on three different datasets of whole transcriptome profiling, generating spaces of independ
selecting the component most associated with PDX histology. The gene weights of this initial PD
independent components in the other datasets, with the spearman correlation represented in a g
plot of the PAMG geneweights of common genes found in each pair of datasets. Marker genes ar
ICGC and Puleo) on four datasets. Each point is a sample, coloured by its PAMG score as defined b
Reproducibility of the pamg in resectable human primary PDAC

To evaluate the robustness of the PAMG, we tested whether an
equivalent RNA signature could be blindly reproduced in indepen-
dent PDAC series with transcriptomic data. Two large series of PDAC
were used for this purpose 269 resected tumours from the Australian
ICGC 16 profiled on Illumina microarrays from frozen samples, and
the multi-centric cohort of 309 consecutive patients from Puleo et al.
10, profiled on Affymetrix arrays from paraffin-embedded samples.
To assess the reproducibility of the PAMG in these series of samples,
a blind deconvolution of the transcriptomes was performed using
ICA with increasing number of components resulting in ICA spaces of
PAMG in public datasets. ICA (independent component analysis) blind deconvolution was
ent components of increasing sizes (2 � l � 25). The PAMGwas first obtained from PDX by
X-based independent component was then correlated to the gene weights of all extracted
rid. The highest correlating component of each dataset was selected as the PAMG. b.Density
e highlighted. c. Scatter plots comparing the three versions of the Molecular Gradient (PDX,
y the PDX version. Pearson correlation is shown.
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up to 25 unsupervised independent components (Fig. 2a). Once com-
ponents were extracted, a component matching the PAMG from the
PDX was sought by correlating gene weights of both the reference
PDX ICA space and the new ICA spaces to be evaluated. This analysis
aimed at evaluating whether a component biologically similar to the
PAMG could be extracted from the human tumour datasets. A molec-
ular component equivalent to the PDX-derived PAMG was found in
virtually all ICA component spaces in both datasets despite the differ-
ence in measurement technologies and in tissue preservation (Figure
S3). The component with the highest gene weight correlation to the
PDX-based PAMG was selected from each dataset. Fig. 2b illustrates
the overall consistency in the gene weights defining each of the com-
ponents of three PAMGs. Overall, three components were selected
from an unsupervised gene-expression deconvolution analysis
applied to three independent datasets representing diverse techno-
logical (microarrays and RNAseq) and tissue (FFPE, Frozen, PDX)
options to profile PDAC resulting in three biologically equivalent
implementations of the PAMG.

While the three independently identified PAMGs share a similar
gene expression basis, we next sought to evaluate the extent they
define the same PDAC heterogeneity. The samples from the three dif-
ferent datasets were each projected on all three PAMGs. Fig. 2c shows
a high correlation between the three PAMGs in all three datasets,
demonstrating that the signatures measure a common biological
diversity independent of the types of samples profiled and the tech-
nologies used. To validate this high reproducibility, the same analyses
were applied to a PDAC cohort consisting of 60 RNAseq profiles from
RNA obtained by rinsing EUS-FNA diagnostic biopsies. The three ver-
sions of the PAMG gave highly similar results on FNA-derived sam-
ples (R>0.97). Overall, these results show that the three versions of
the PAMG are essentially identical biological signatures despite the
broad differences between the samples in each dataset (e.g. primary
tumour with typical stromal content versus PDX).

The pamg is associated to tumour aggressiveness

Several studies using only resectable tumours show molecular
diversity of the epithelial compartment of PDAC is associated with
tumour aggressiveness and patient prognosis 10,11,16. Our next goal
was to determine if the PAMG could be predictive in primary PDAC
tumours by analysing large series of patients with thorough clinical
data and follow-up. To assess the prognostic value of the PAMG, asso-
ciation with overall survival was first evaluated on the ICGC series 16

which consisted of 267 resected patients with follow-up, and 230
samples with histological characterization. The continuous value of
the PAMG (as extracted from the ICGC transcriptome dataset) was
strongly associated to patient’s overall survival (univariate Hazard
Ratio: uHR=0.405, 95% CI [0.255�0.642]; p = 1.23 £ 10�4 and com-
pared favourably to the basal-like/classical dichotomous classification
(Fig. 3a and Figure S4). A virtually identical result was obtained with
the other PAMGs derived from the PDX and Puleo et al. cohorts
(Figure S4). The continuous characterization of patients in the ICGC
series by the PAMG showed a positive correlation with significant
increase in OS (Fig. 3b) also illustrated in a Kaplan-Meier analysis
(Fig. 3c) after splitting the PAMG using three arbitrary thresholds
(�0.5, 0 and 0.4; selected on the basis of the separation of histological
classes of PDX). A significant yet weak association was found
between the PAMG and the histological differentiation of these
tumours (Figure S4a), suggesting a partial relationship between
molecular classification of PDAC and traditional histological classes
10. In a multivariate analysis including the PAMG and the histology of
these tumours, the PAMG was an independent predictor of OS
(Fig. 3d).

To further assess the value of the PAMG in a more reliable cohort
of patients, the multicentric cohort of 309 consecutive patients from
Puleo et al. 10 was used. This very complete cohort contains whole
follow up for 308/309 patients (median follow-up 51.4 months) and
with a majority (298/309) also having data on extended clinical and
pathological characterization. The PAMG was associated with
patients OS (uHR = 0.321, 95% CI [0.207�0.5];p = 4.97 £ 10�7) and
compares favourably to the basal-like/classical classification (Fig. 4a
and Figure S5). The PAMG was correlated to a positive outcome in
Puleo cohort, with a progressive improvement of OS coinciding with
higher PAMG levels (Figs. 4b and 4c). A multivariate analysis includ-
ing resection margins, histological grading and TNM Node status
demonstrated the PAMG is an independent prognostic factor in
resected PDAC (Fig. 4d).

PAMG predicts the clinical outcome of advanced pdac patients

The clinical relevance of the PAMG is dependant on its applica-
bility to work on biopsy samples obtained prior to treatment. In the
BACAP cohort, RNA was extracted from 60 samples obtained by
rinsing the echo endoscopy-guided fine needles. The original aspi-
rate was used for diagnosis. Fig. 2c shows all three versions of the
PAGM gave the same result on these small sample biopsies. The
PAGM was also associated with the OS of the 47 patients with
advanced diseases (uHR=0.308, 95% CI [0.113�0.836]; p = 0.0208,
Fig. 5a) and, similar to resectable tumours, compared favourably to
the PurIST two-subtype classification. The PAGM was also associ-
ated to survival in a multivariate model including the tumour stage
(Fig. 5b).

PAMG predicts the response to mFOLFIRINOX of advanced pdac patients

It was previously suggested that molecular subtypes of PDAC
were associated with responses to chemotherapy, in particular FOL-
FIRINOX 11,17,18. Therefore, to evaluate the predictive value of the
PAGM to chemotherapy response, it was applied to metastatic
patients in the COMPASS trials for which transcriptomic profiles and
tumour responses to mFOLFIRINOX were available 18. The objective
response was significantly associated with the PAMG (Fig. 5c, R=
�0.67; p < 0.001), with more aggressive tumours (i.e. low on the
PAMG) showing little to no response to mFOLFIRINOX.

Discussion

An important factor in determining treatment options for PDAC
involves the ability to accurately classify the tumour and predict the
aggressiveness of the disease. However, resolving the diversity of
molecular tumour phenotypes in PDAC is a complex issue involving
the necessary distinction of transformed and non-transformed cells
as well as a multiscale integration in which microscopic cellular phe-
notypes are considered with macroscopic phenotypes of the whole-
tumour tissue. Previous work has mainly focused on resected pri-
mary PDAC tumours, often resulting in classifications that considers
all of the cell types within the tumour (e.g. the infiltrated Immuno-
genic subtype), and delineated a consensual basal-like versus classi-
cal dichotomy. However, this two-subtype classification system of
PDAC has recently been challenged by several studies showing the
coexistence of basal-like and classical cells in the same tumours as
well as to the likely existence of intermediate cellular phenotypes
17,19. In this study, we have used a gradient system that takes this
into consideration to molecularly grade PDAC. The resulting PAMG
signature is more informative and clinically relevant than a binary
non-overlapping method.

Single cell RNA sequencing 17, 19 and immunohistochemistry 20 of
PDAC revealed intra-tumour heterogeneity where both types of cells
(basal-like and classical) frequently co-exist. RNA profiling of multi-
ple regions or multiple lesions from the same patient also demon-
strated intra-tumour heterogeneity of the transformed epithelial
compartment 4. Using single cell RNA-seq, Chan-Seng-Yue et al. in
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Fig. 3. Prognostic value of the PAMG in the ICGC series. a. Univariate survival analysis using the overall survival (OS) of 260 patients associated with either the PAMG or the PurIST
two-subtype classification. b. Univariate relative risk for OS associated with the PAMG. Each point is a patient’s relative risk of disease with error bars corresponding to a 95% confi-
dence interval. c. Kaplan-Meier plot of survival using arbitrary cuts of the Molecular Gradient. d. Multivariate survival analysis forest plot. Univariate: n = 267. Multivariate: n = 230.
Wald’s test p-values are shown.
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2020 17 confirmed the presence of several subpopulations with dif-
ferential proliferative and migratory potentials in PDAC. In particular,
they observed two ductal subtypes with abnormal and malignant
gene expression17. In another single cell approach Juiz et al. 19 identi-
fied four common cell clusters in patients with a classical PDAC. These
four clusters were present in different proportions in all tumours exam-
ined, with one of these clusters corresponding to a basal-like phenotype,
even though the tumours were classified as classical by global RNAseq
analysis. We have made similar observations in this study. VIM, which
is mainly expressed in basal-like subtype, was detected by immunohis-
tochemistry in almost all classical tumours, with variable levels of
expression 19. We detected few VIM+ cells in tumours presenting an
intermediate PAMG. In other words, very classical or very basal-like sub-
types are mainly composed by pure cells, but the intermediate subtype
is the consequence of a mix of classical and basal-like subtypes and/or
an intermediate phenotype. These observations question the relevance
of a dichotomous model of PDAC diversity and make the molecular
description a different and complex scenario for every tumour. Since
PDAC tumours are heterogeneous, this must be taken into consideration
for classification and treatment purposes making protocols characteriz-
ing the proportion of intermediate cell types or tumour heterogeneity
are necessary.
In this work, we developed a molecular gradient that defines a con-
tinuum of PDAC phenotypes. We developed 76 PDX, obtained from
resectable and unresectable PDAC, since they offer a platform with an
incomparable discrimination of transformed and non-transformed cells
RNA. First, we applied a deconvolution algorithm (ICA) to the trans-
formed epithelial RNA profiles to identify in an unsupervised manner
the RNA signatures that best defined the heterogeneity of PDX and, in
particular, its aggressiveness. This approach extracted a specific RNA sig-
nature robustly identified in PDX and human primary tumours with a
minor effect of tissue preservation (FFPE vs. frozen), RNA profiling plat-
form (microarrays or RNAseq) or of the algorithm’s parameter (the total
number of extracted components). The use of a deconvolution approach
to define a gene signature is especially appropriate for highly heteroge-
neous and stromal tumours as it is able to extract signatures indepen-
dently of other biological signals (e.g. stroma, normal tissue). This RNA
signature, termed PAMG, provides a score measuring the molecular
level of differentiation of a given sample derived from a whole-tran-
scriptome profile. We show the robustness of our approach to derive an
RNA-phenotyping signature by consistently identifying the same signa-
ture from multiple independent dataset, all providing highly similar
results (average correlation of >97%). Previous studies focusing on
PDAC phenotype dichotomy11,21 actually provide a continuous scoring
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Fig. 4. Prognostic value of the PAMG in the Puleo cohort. a. Univariate survival analysis using the OS of 308 patients associated with either the PAMG or the PurIST two-subtype classifica-
tion. b. Univariate relative risk for OS associated with the PAMG. Each point is a patient’s relative risk of decease with error bars corresponding to a 95% confidence interval. c. Kaplan-Meier
plot of survival using arbitrary cuts of the PAMG. d.Multivariate survival analysis forest plot. Univariate: n = 308. Multivariate: n = 298.Wald’s test p-values are shown.

8 R. Nicolle et al. / EBioMedicine 57 (2020) 102858
scheme which underlies their classification method. While these may
hold valuable clinical value, potentially more than the initially proposed
dichotomy, the PAMG remains less affected by technological aspects
such as RNA-measuring platform (Figure S6). One possible limitations of
molecular analysis in PDAC is the low level of cellularity usually found
in these tumours. While this is not fully addressed in this work andwar-
rants further investigation, the PAMG is shown to be effective in unse-
lected rinsed EUS-FNA biopsies, contaminated not only by stromal and
normal pancreatic tissue but also by blood. Studies including different
proportions of cellularity in the same tumour needs to be analysed to
answer this question.

The PAMG introduces a simple framework, based on a simple RNA
signature compatible with all previously proposed PDAC classifica-
tions. The genes previously described as defining PDAC subtypes
were in fact better explained by the PAMG than by the two-class clas-
sifications themselves. Molecular classifications of PDAC and, in par-
ticular, the basal-like/classical dichotomy, are a major prognostic factor
in most datasets and are typically shown to correlate with response to
FOLFIRINOX. Our results showed the PAMG holds superior clinical value
that could be ascertained prior to entering any curative protocols, using
any current diagnostic material including EUS-guided biopsy needle
flushing. The PAMG can be applied to a single PDAC sample, resulting in
a score which is an estimation of the overall survival, with a low PAMG
corresponding to poor outcome (high relative risk) and a high PAMG
corresponding to an improved outcome (low relative risk). Despite the
high prognostic value of the PAMG, the clinico-pathological characteris-
tics typically used to inform on the patients’ outcome, such as the resec-
tion margins or the spread to lymph node, remain informative in
multivariate models (e.g. Fig. 4d). For instance, in the TCGA series with a
less complete clinical follow up, the PAMG was significantly associated
with overall survival in a model including T, N status and resection mar-
gin (Figure S7).

This model could have a major impact on patients who are cleared
for resection by identifying patients that will have an unfavourable
disease evolution and may benefit from initial neoadjuvant therapy
prior to upfront surgery. Another group of patient the PAMG could
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Fig. 5. Evaluation of the PAMG in advanced disease. a. Univariate survival analysis using the OS of 47 patients in the BACAP cohort associated with either the PAMG or the PurIST
two-subtype classification. b.Multivariate survival analysis forest plot for the BACAP cohort. c. Waterfall plot illustrating the change in tumour size induced by mFOLFIRINOX treat-
ment evaluated by RECIST 1.1 in the COMPASS cohort (n = 28). Annotated Pearson’s correlation between RECIST 1.1 and PAMG is shown.
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impact is the 20 to 30% percent of patients diagnosed with a locally-
advanced disease. If pancreatectomy and simultaneous arterial resec-
tion has traditionally been considered as a general contraindication
to resection 22, some of these patients with good prognosis might
indeed benefit from aggressive surgical approaches 23.

In conclusion we propose a transcriptomic signature that unifies
all previous molecular classifications of PDAC under a continuous
gradient of tumour aggressiveness that can be performed on FFPE
samples and EUS-guided biopsies. In addition to its strong prognostic
value, it may predict mFOLFIRINOX responsiveness.
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