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Soluble AXL is a novel blood marker for early detection
of pancreatic ductal adenocarcinoma and differential
diagnosis from chronic pancreatitis
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Summary

Background Early diagnosis is crucial for patients with pancreatic ductal adenocarcinoma (PDAC). The AXL recep-
tor tyrosine kinase is proteolytically processed releasing a soluble form (sAXL) into the blood stream. Here we
explore the use of SAXL as a biomarker for PDAC.

Methods AXL was analysed by immunohistochemistry in human pancreatic tissue samples. RNA expression analy-
sis was performed using TCGA/GTEx databases. The plasma concentrations of sAXL, its ligand GAS6, and CA19-9
were studied in two independent cohorts, the HMar cohort (n = 59) and the HClinic cohort (n = 142), including
healthy controls, chronic pancreatitis (CP) or PDAC patients, and in a familial PDAC cohort (n = 68). AXL expres-
sion and sAXL release were studied in PDAC cell lines and murine models.

Findings AXL is increased in PDAC and precursor lesions as compared to CP or controls. SAXL determined in
plasma from two independent cohorts was significantly increased in the PDAC group as compared to healthy con-
trols or CP patients. Patients with high levels of AXL have a lower overall survival. ROC analysis of the plasma levels
of sSAXL, GASG, or CA19-9 in our cohorts revealed that SAXL outperformed CA19-9 for discriminating between CP
and PDAC. Using both sSAXL and CA19-9 increased the diagnostic value. These results were validated in murine
models, showing increased sAXL specifically in animals developing PDAC but not those with precursor lesions or
acinar tumours.

Interpretation sAXL appears as a biomarker for early detection of PDAC and PDAC—CP discrimination that could
accelerate treatment and improve its dismal prognosis.

Abbreviations: PDAC, Pancreatic ductal adenocarcinoma; sAXL, Soluble AXL; CP, Chronic pancreatitis; CA19-9, Carbohydrate anti-
gen 19-9; RTKs, Receptor tyrosine kinases; PanINs, Pancreatic intraepithelial neoplasias; IPMNs, Intraductal papillary mucinous
neoplasms; ROC, Receiver operating curve; AUC, Area under the curve; IQR, Interquartile range; IHC, Immunohistochemistry;
FDA, Food and drug administration; GASG6, Growth arrest-specific factor 6; TCGA, The Cancer Genome Atlas; GTEx, Genotype-
tissue expression; HCC, Hepatocellular carcinoma
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Research in context

Evidence before this study

Pancreatic cancer, and in particular pancreatic ductal
adenocarcinoma (PDAC), is one of the tumours with the
worst prognosis. It is currently the third leading cause of
cancer-related deaths in developed countries and is pre-
dicted to become the second cause by 2030. One of the
reasons for this low survival rate is a late diagnosis,
which is the consequence of the lack of bona fide bio-
markers for early PDAC detection. Surgical resection is
the only curative option for PDAC patients but applies
to less than 20% of them, due to late diagnosis. Tissue
overexpression of the AXL receptor tyrosine kinase in
PDAC correlates with an unfavourable prognosis but at
present has no use in the clinic. AXL can be proteolyti-
cally processed releasing a soluble form (sAXL) into the
bloodstream. Here we explore the use of sAXL in plasma
as a biomarker for PDAC early detection.

Added value of this study

Soluble AXL levels in plasma were significantly higher in
the PDAC group than in chronic pancreatitis or healthy
controls. Consequently, sAXL was found to be a poten-
tial biomarker to differentiate PDAC from chronic pan-
creatitis. An increase in sAXL occurred early in the
development of the disease, and it was confirmed in
established mouse models of the disease.

Implications of all the available evidence

Early and differential diagnosis of severe pancreatic can-
cers is an unmet clinical problem. To our knowledge,
this is the first study of SAXL as a biomarker in this con-
text. Importantly, sSAXL was able to discriminate pancre-
atic cancer from chronic pancreatitis, adding value to
the established biomarkers. The inclusion of sAXL in
screening panels would provide additional diagnostic
value and help clinicians to expedite surgical resection.
The results indicate that AXL targeting could be a poten-
tial PDAC treatment for specific patients.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most
frequent (>90%) type of pancreatic cancer and presents
a major health concern due to its high mortality, rank-
ing among the deadliest tumours.” This cancer is rarely

detected in its initial stages® and can quickly become a
metastatic, therapy-resistant disease, with an average
five-year survival of 3% after diagnosis.” The dismal
prognosis of these patients emphasizes the urgency to
identify novel biomarkers for early diagnosis, which
would allow surgical resection (currently the only option
for curative therapy). In addition, these biomarkers
would be important for clinical monitoring of high-risk
patients, such as those harbouring germline genetic
mutations linked to higher PDAC incidence or familial
PDAC, as well as patients with chronic pancreatitis
(CP).

Currently, PDAC diagnosis relies upon imaging pro-
cedures. Although recent studies have identified the
genetic landscape of PDAC, and several genetic signa-
tures for specific subtypes have been proposed,* 7 no
gene expression or mutation panel is currently widely
used for patient stratification. Secreted biomarkers have
been widely studied for PDAC diagnosis in blood sam-
ples,® but to date the carbohydrate antigen 19-9 (CA19-
9) is the only FDA-approved biomarker.”' However,
the inadequate sensitivity and specificity (mean values
of 79% and 82%, respectively) of CA19-9 makes it
unsuitable as a diagnostic tool for PDAC; thus, its clini-
cal use is restricted to monitoring treatment response
and recurrence in patients already diagnosed with
PDAC.® '° In particular, detection of the CA19-9 bio-
marker in blood results in false negatives for people
with mutations in the FUT3 gene (who make up 5—10%
of the world population), as they do not express the
Lewis antigen. Moreover, CA19-9 is expressed at high
levels in non-malignant pancreatic inflammatory condi-
tions, such as CP, leading to false positives.

A known risk factor associated with the PDAC aetiol-
ogy is CP, a long-standing inflammation of the pancreas
with episodes of acute inflammation. CP is a severe dis-
order with an annual prevalence close to 0.05%, and it
leads to a significant reduction of quality of life. Geneti-
cally engineered mouse models of PDAC have demon-
strated that pancreatic inflammation accelerates PDAC
initiation and progression.” CP represents a continuum
that ranges from recurrent acute pancreatitis, present-
ing either no or subtle architectural changes of the
gland that are difficult to identify by imaging diagnostic
tools,” to advanced CP, which shows architectural
gland distortions such as calcifications, side branches,
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parenchymal atrophy, and main ductal abnormalities.”
At these advanced stages, lesions detected in follow-ups
(e.g., by computed tomography scan, magnetic reso-
nance imaging or endoscopic ultrasound) can be indis-
tinguishable from PDAC. Thus, differential diagnosis
between both diseases is challenging, even after per-
forming fine needle aspiration, as targeting the sam-
pling site may be difficult since inflammation and
cancer display similar characteristics in imaging stud-
ies. In addition, symptoms for both PDAC and CP can
be similar and vague, such as upper abdominal pain,
nausea and vomiting, digestive symptoms, weight loss,
and diabetes. Given that early diagnosis is critical for
clinical decisions about PDAC, biomarkers that differ-
entiate pancreatic inflammation from PDAC are being
actively sought.™

The TAM receptor family of receptor tyrosine kin-
ases (RTKs) comprises three genes in humans: TYRO3
(GenelD:y301), AXL (GenelD:558), and MerTK (Gen-
elD:10461). The TAM receptors share a common modu-
lar architecture, composed of two immunoglobulin-like
and two fibronectin III-like modules extracellularly, a
transmembrane region, and a conserved tyrosine kinase
domain. Further, they share two vitamin K-dependent
protein ligands, growth arrest-specific factor 6 (GASG)
and protein S (PROS1), which are present in plasma
and have the capacity to bind phosphatidylserine
exposed in the cellular membrane of activated or apo-
ptotic cells. While TAM receptors are not essential for
embryological development, they play important roles
in tissue homeostasis especially in tissue repair, control-
ling cell proliferation and survival, and immune regula-
tion.” Not surprisingly, these receptors are known to be
involved in cancer progression and metastasis.”® In sev-
eral cancer types, including PDAC, high levels of
expression of the AXL protein in tissue samples corre-
lates with adverse prognosis.”"'® Further functional in
vitro and in vivo studies have identified AXL as a putative
target for pharmacological or immunological therapy in
PDAC."*°

The TAM receptors undergo an enzymatic process-
ing in the cell membrane through an ADAMrio/
ADAM1y-specific shedding mechanism that cleaves the
extracellular part of the receptors, releasing a soluble
form. In particular, soluble AXL (sAXL) is present in
human blood, where it forms a complex with its ligand
GASG,”" and has been detected at high levels in differ-
ent pathologies, such as heart failure, certain inflamma-
tory conditions, and several tumours.>" */ In this study,
we explored whether sAXL detection in plasma could be
used as a novel tool for PDAC diagnosis. We analysed
the expression of total AXL and sAXL in tissue and
blood samples from human normal and pathological
pancreas from different cohorts of patients, as well as in
pancreatic cancer cell lines. Using a third independent
patient cohort of familial hereditary pancreatic cancer
and two well-characterized mouse models of pancreatic
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cancer, we validated the potential of SAXL for early
detection of PDAC. Our results support the use of circu-
lating sSAXL determination as an accurate non-invasive
diagnostic tool for PDAC, in particular for PDAC—CP
discrimination. These results have promising implica-
tions for oncologists and PDAC patient management.

Methods

Ethics

This study was approved by the Ethics Committees of
Parc de Salut Mar (CEIm-Parc de Salut Mar), Hospital
Clinic of Barcelona and Ramon y Cajal University Hos-
pital, Madrid, and was implemented in accordance with
the Helsinki Declaration of Principles. The Ethics Com-
mittees of PRBB (Barcelona) and CNIO (Madrid)
approved animal experiments. Project numbers are
indicated below.

Patient samples

For histological studies, samples from normal pancreas
(n = 11), CP (n = 14), preneoplastic lesions including
Pancreatic intraepithelial neoplasias (PanINs, n = 13),
Intraductal papillary mucinous neoplasms (IPMNs,
n = 12), and PDAC (n = 17), were obtained from Parc de
Salut MAR Biobank (MARBiobanc), Barcelona (Table
S1and S2).

Plasma samples from two independent cohorts were
used. A first cohort was from Barcelona-Hospital del
Mar (HMar cohort), and comprised samples from 7
healthy controls, 21 patients with CP, and 31 patients
with PDAC.?® The second cohort was from Hospital
Clinic of Barcelona (HClinic cohort), and comprised
samples from 46 healthy controls , 16 patients with CP,
and 8o patients with PDAC.>? Tables S1, S3, S4 and S5
summarize the patient characteristics and clinical data
corresponding to the plasma samples included in these
two independent cohorts. The study was evaluated and
approved by the Drug Research Ethics Committee of
Parc de Salut Mar (CEIm-Parc de Salut Mar) (2017/
7449/1 and 2020/9067/I) and Institutional Ethics
Committee of Hospital Clinic of Barcelona (HCB/2019/
0247). The study incorporates a third cohort of individu-
als classified as having hereditary or familial PDAC
according to the inclusion criteria of the Spanish Famil-
ial Pancreatic cancer registry (PANGENFAM) (Ramon y
Cajal Health Research Institute, IRYCIS, Madrid), as
well as healthy, high-risk family members in a second-
ary screening program (Ethics Committee number
029-16) (Table SG6). This cohort also included cases
with no reported hereditary or familial pancreatic cancer
syndrome that were classified as sporadic cases.>® All
individual participants in the three studies voluntarily
signed an informed consent allowing the use of their
plasma samples for research purposes.
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Animal models

Ela-KRASS"2Vp53'/1 mijce carrying specific pancreatic
oncogenic mutations in KRAS, and Ela-1-myc trans-
genic mice, with c-MYC overexpression, were bred and
grown as previously reported.’" ** Animals were sacri-
ficed at 3 to 6 months of age, at which point most mice
had developed a pancreatic tumour, as assessed histo-
logically. All animal procedures and protocols were per-
formed with approval from our institutional Animal
Care Committee (PRBB, Barcelona, PNM 16-009/
9067, and CNIO, Madrid PROEX 257/19).

Immunohistochemistry (IHC)

Biological samples were obtained from Parc de Salut
MAR Biobank (MARBiobanc), Barcelona. Paraffin sec-
tions (3 um) were used for IHC analysis, as described.**
Goat anti-AXL polyclonal antibody (R and D Systems
Cat# AF154, RRID:AB_354852) or irrelevant IgG (as
negative control, Sigma-Aldrich Cat# I5256, RRID:
AB_1163599) were used as primary antibodies, and
Immpress HRP anti-goat (Vector Laboratories, Cat#
MP-7405, RRID: AB_23365206) as secondary antibody.
Immunostained samples were analysed by two experts
in pancreatic pathology (MI and NM-B), who recorded
the intensity and percentage of stained cells to calculate
the H-scores.*

Database RNA expression analysis of AXL in PDAC

AXL mRNA expression were downloaded from The
Cancer Genome Atlas (TCGA) database (https://www.
cancer.gov/tcga). Values were normalized using the
TMM (Trimmed Mean of M Values) method and
expressed as logz CPM (counts per million).’® RNA
expression data of 171 control pancreatic tissue were
consulted in GTEx (Genotype-Tissue Expression) data-
base (https://www.gtexportal.org/). For normal versus
tumour comparison, data were analysed using the
GEPIA2 web server (http://gepiaz.cancer-pku.cn/
#about).”” Samples from TCGA and GTEx were proc-
essed using a uniform bioinformatics pipeline to elimi-
nate batch effect due to distinct computation
processing. Survival TCGA Kaplan-Meier analyses and
cut-off values were derived from Human Protein Atlas
(https://www.v20.proteinatlas.org). Comparison of AXL
RNA expression data from normal pancreas versus Pan-
INs was derived from Ayars et al.>® and RNA data from
control versus CP and PDAC was obtained from Abdol-
lahi et al (E-EMBL-6).>?

Human pancreatic cancer cell lines

Five human pancreatic cancer cell lines were studied:
SK-PC-1, adenocarcinoma cells of the exocrine pancreas
with epithelial-like morphology (RRID:CVCL_4054);
PANC-1, a pancreatic epithelioid carcinoma cell (RRID:
CVCL_0480); Hs 766T adenocarcinoma metastatic

cells found in lymph nodes (RRID:CVCL_0334); RWP-
1, a pancreatic adenocarcinoma cell line derived from a
liver metastasis (RRID:CVCL_4373); and Capan-1, a
pancreatic ductal adenocarcinoma derived from meta-
static sites in the liver (RRID:CVCL_0237). Cells were
obtained from the Cell Culture Maintenance Unit
(IMIM Core Facilities, Hospital del Mar Medical
Research Institute, Barcelona), and validated by short
tandem repeat (STR) profile or direct purchase from
official repositories (ATCC or ECACC). Cells were cul-
tured in DMEM 10% foetal bovine serum, 1 mM sodium
pyruvate, 2 mM L-glutamine, 100 U/mL penicillin,
0.1 mg/mL streptomycin in a humidified incubator at
37 °C with 5% CO,.

Immunoblotting

AXL expression levels in cellular extracts and cultured
cells conditioned media were analysed by standard
immunoblotting. Briefly, 10% SDS-PAGE was electro-
blotted onto a nitrocellulose membrane (GE Health-
care). After transfer, membranes were blocked, washed,
and incubated overnight at 4 °C with anti-AXL antibod-
ies (Santa Cruz Biotechnology Cat# sc-1096, RRID:
AB_630894; and R and D Systems Cat# AF154, RRID:
AB_354852) and goat anti-pyruvate kinase (Chemicon
Cat# AB1235). Secondary antibodies conjugated to HRP
(Thermo Fisher Scientific Cat# 31402, RRID:
AB_228395) were used to develop the specific signal by
chemoluminiscence using Pierce substrate (Thermo
Fisher Scientific) in a ChemiDoc Imaging System (Bio-
rad).

RNA quantification

Total RNA was purified using GenElute mammalian
total RNA kit (Sigma Aldrich) according to the man-
ufacturer’s instructions for attached cells. The RNA con-
centration and purity were analysed using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies).
RevertAid First Strand ¢cDNA Synthesis Kit (Thermo-
fisher) was used to retrotranscribe the RNA. Real-time
qPCR was performed with Sybr'™ Green PCR Master
Mix (Life Technologies), 25 ng of cDNA, and forward
and reverse primers for either AXL (Invitrogen) or (as a
control) the housekeeping gene GAPDH. Alternatively,
AXL expression was determined using a Taqgman spe-
cific probe (Hso1064444) using TATA-binding protein
(TBP) as housekeeping control. To analyse the samples,
the fold-change in relative gene expression was calcu-
lated using the AACT method.

Measurement of plasma levels of sAXL, GAS6, and
CA19-9 by ELISA

The levels of human sAXL and GASG in plasma or cul-
ture media were quantified with the human ELISA kits
(R and D Systems) according to manufacturers’
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protocols. Plasma samples were diluted 1:50 for the
analysis, while culture media were diluted 1:10. The pro-
teins were detected by absorbance determination at
450—570 nm. Plasma levels of CA19-9 were measured
by an electrochemiluminescent technique in a Cobas
4000 analyser (Roche Diagnostics) at the Laboratori de
Referéncia de Catalunya (Barcelona, Spain) and at the
CORE laboratory (Hospital Clinic, Barcelona). Murine
plasma sAXL and GASG levels were quantified with the
respective mouse ELISA kits (R and D Systems) accord-
ing to manufacturers’ protocols. Plasma samples were
diluted 1:50 for the analysis. The proteins were detected
by absorbance determination at 450—570 nm. Bio-
marker determinations were performed blinded to
which group each sample belonged.

Statistical analysis

Data analyses were carried out using the SPSS software
(IBM SPSS statistics version 23). Statistical significance
was set at p < 0.05 (*p < 0.05 **p < o.07
**%p < 0.001). As ELISA measurements of sAXL,
GASG, and CA19-9 showed skewed distributions, data
were described as median and interquartile range
(IQR), specifying quartiles 25 and 75 in the supplemen-
tary tables (Q25, Q75), and the nonparametric analyses
of Mann-Whitney or Kruskal-Wallis were applied. Mul-
tivariate analysis (age, gender, diabetes and obstructive
jaundice) was performed in HClinic cohort through
median regression models to rule out the effect of these
factors in sAXL, GASG and CA19-9 determinations.
Logistic regression models and receiver operating char-
acteristic (ROC) curve analyses were used to study the
potential of sAXL, GASG, or CA19-9, to discriminate
PDAC from CP or healthy controls. Results were given
as area under curve (AUC) and standard error with 95%
confidence limits (Table S7). The cut-off values maxi-
mizing Youden index were derived from this analysis,
except indicated otherwise in which we primed a better
balance between sensitivity and specificity (Table S8).
For the combination of two markers, multivariable
logistic regression models were performed, considering
sAXL and GASG as continuous variables and CA19-9
dichotomized. For Kaplan Meier survival analysis, all
patients were followed up until death or last hospital
admission, and the cut-off point was given by maximally
selected rank statistic using the web based tool Cutoff
Finder.#*® Patients with missing data were excluded in
the analyses of such variables.

Role of funders

Funding sources had no role in writing, data collection,
analysis, or interpretation, or any aspect pertinent to the
study. The corresponding authors had full access to all
data and had final responsibility for the decision to sub-
mit the manuscript for publication.
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Results

Expression of AXL in tissue samples from normal and
pathological human pancreas
Overexpression of the AXL protein in pancreatic cancer
tumours has been previously described.'”"®+' However,
AXL expression has not been investigated in pathologi-
cal conditions associated with high risk for developing
PDAC, such as CP or preneoplastic lesions. Here, we
analysed AXL expression by immunohistochemistry
(IHC) in normal and pathological tissue pancreatic sam-
ples, including CP, pancreatic intraepithelial neoplasias
(PanINs), intraductal papillary mucinous neoplasms
(IPMNs), and PDAC (Fig. 1, Table S2). In general, no
AXL expression was observed in the normal pancreas
and no expression or only a diffuse expression was
observed in CP lesions. Overall, the strongest AXL
expression was observed in IPMN and PDAC samples
(Fig. 1a and 1b). However, AXL expression was heteroge-
neous, with no expression in some tumours (see IHC
quantification using the H-score; Fig. 1b). Thus, AXL is
frequently overexpressed in pancreatic cancer and is
already induced in precursor lesions (PanIN and IPMN)
but not during inflammatory conditions like CP. These
data were confirmed using RNA expression data from
179 cases of PDAC (TCGA database) and 171 pancreatic
control tissues (GTEx database; Fig. 1c), as well as RNA
expression from other previous works including PanIN
lesions, CP and PDAC (Figure St).>%3°

Recent progresses in cancer genomics have identi-
fied two main PDAC subtypes according to their genetic
signatures: i) the classical/progenitor subtype, which
are normally well-differentiated tumours, and ii) the
squamous/basal-like subtype, which have a worse prog-
nosis and low differentiation.*>”° Thus, we interro-
gated the TCGA database to gain further insights about
AXL expression in pancreatic cancer. Notably, AXL
expression was higher in the squamous/basal-like ver-
sus classical tumour subtype, using three different
genomic classifications (Fig. 1d).*7*° These results indi-
cate that AXL overexpression is observed in most PDAC
samples, and that the poorly differentiated, squamous/
basal-like pancreatic tumours express the highest levels
of AXL.

Expression of AXL in cell lines derived from pancreatic
cancer

To perform a more exhaustive analysis of AXL expres-
sion in PDAC, we explored established human pancre-
atic cancer cell lines (Fig. 2). Detection of AXL in total
cell extracts by immunoblot showed a double band of
around 130 KDa, as expected.” In the cellular extracts
of the five cell lines tested, SK-PC-1 showed the highest
AXL expression, PANC-1 and Hs 766T cells showed
intermediate levels, and RWP-1 and Capan-1 showed the
lowest AXL expression (Fig. 2a). This pattern of expres-
sion was mirrored at the mRNA level (Fig. 2b). Next, we
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Fig. 1. Detection of AXL in normal and pathological human pancreatic samples. (a) Immunohistochemical analysis of AXL protein
from the following human pancreatic samples: normal tissue (n = 11), chronic pancreatitis (n = 14), PanIN lesions (n = 13); IPMN

www.thelancet.com Vol 75 Month January, 2022



Articles

Cellular extracts

<+ GAPDH

mRNA

5_

3 4

e

= o

o

E o

-

x

< 14

0 [ I T I [
N N A N
<] o (0% Q’ &
7 N AN P

& & e & F

4 |
S 3
x
S 2-
<
NNl
SRR .
N N N N
c Culture media
12
10
3 1 T
E &
2
= 6_
-
2 4
w
2
O [ [
N N N N
SSRGS
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Capan-1 cells (left) using antibodies anti-AXL or anti-GAPDH (as loading control). Bands were quantified by densitometry with
respect to GAPDH (right). (b) Total RNA was analysed by RT-qPCR for the relative expression of AXL. Bars represent mean =+ SE. (c)
Detection of sAXL by ELISA in conditioned media of each cell line after a serum starvation period of 48 h. Bars represent

mean =+ and SE. R.U,, relative units.

determined the concentration of processed sAXL in cul-
ture media by ELISA. The pattern of expression was
consistent with the previous results of total AXL, with
sAXL levels highest in the SK-PC-1, PANC-1, and Hs
766T cell lines, and lower in the RWP-1 and Capan-1
cell lines (Fig. 2c). Secreted sAXL levels could be
affected by the level of ADAMio/1y, the proteases
releasing sAXL to the media. These results confirmed
the heterogeneity of AXL expression in PDAC and dem-
onstrated that pancreatic tumour cell lines can release
the proteolytically processed sAXL fragment to the extra-
cellular milieu.

Detection of sAXL and GAS6 in plasma from patients
with CP or PDAC

To determine if circulating sAXL can be a diagnostic
tool for PDAC patients, we next used ELISA to analyse
the levels of both sAXL and GASG (the specific ligand of
AXL, which binds to and sequesters circulating SAXL in
blood) in plasma of healthy controls or patients with CP
or PDAC. We used two independent cohorts of plasma
samples: HMar cohort (n = 59) and HClinic cohort
(n = 142; Tables S1, S3-S5 for clinico-pathological data of
patients). To avoid deviations due to cohort definition,
sample handling, or processing, we analysed each

lesions (n = 12); and PDAC (n = 17). Scale bars, 100 xm. (b) Graph shows the AXL staining quantification by H-score. Note that aster-
isks refer to the comparison of groups with the control, except for the comparisons labelled otherwise. (c) GEPIA2 analysis of AXL
RNA levels comparison between normal pancreatic tissue (control, GTEx database, n = 171) and PDAC (TCGA database, n = 179). (d)
AXL RNA levels in each subgroup of the different PDAC molecular classifications. From left to right, Collision: C (classical), E (exo-
crine), QM (quasi-mesenchymal); Moffitt: C (classical), B (basal-like); and Bailey: A (ADEX), P (progenitor), | (immunogenic) and S
(squamous). *p < 0.05; **p < 0.01; ***p < 0.001 (Mann-Whitney test).
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Fig. 3. sAXL and GAS6 plasma levels in human samples from healthy controls or patients with CP or PDAC in two different cohorts.
(a) Concentration of the sAXL in the HMar cohort (left panel) or HClinic cohort (right panel), including plasma samples from healthy
controls (HMar, n = 7; HClinic, n = 46) or patients with CP (HMar, n = 21; HClinic, n = 16), or PDAC (HMar, n = 31; HClinic, n = 80). (b)
GAS6 concentrations in HMar cohort (left panel) or HClinic cohort (right panel) including plasma samples from healthy controls or
patients with CP and PDAC, as before. *p < 0.05; **p < 0.01; ***p < 0.001 (Mann-Whitney test).

cohort separately (Fig. 3). In HMar cohort (Fig. 3a, left),
the plasma levels of sAXL significantly increased in
PDAC patients (median, 59.78 ng/mL; IQR, 25.38) as
compared to healthy controls (median, 39.45 ng/mL;
IQR, 13.02; p = 0.002) or patients with CP (median,
44.82 ng/ml; IQR, 21.75 p = 0.003). These results were
verified in a second larger cohort (HClinic; Fig. 3a,
right), where plasma sAXL levels were also significantly
increased in PDAC patients (median, 52.66 ng/mlL;
IQR, 30.08) as compared to healthy controls (median,
40.03 ng/mL; IQR, 14.13; p < 0.0001) or patients with
CP (median, 36.34 ng/mL; IQR, 11.05; p < 0.000I).
Importantly, statistical significance was maintained in
multivariate analysis, discarding age, sex, diabetes and
obstructive jaundice as possible confounding factors
(Figure S2, Table Ss).

Determination of GASG concentration by ELISA in
the same samples (Fig. 3b) showed similar patterns to
sAXL, with a significant increase in PDAC patients
(median, 15.88 ng/mL; IQR, 10.62, for the HMar cohort
and median, 18.14 ng/mL; IQR, 16.34, for the HClinic
cohort) as compared to healthy control samples
(median, 11.47 ng/mL; IQR 2.79; p = 0.002, for HMar
cohort and median, 12.66 ng/mlL; IQR, 5.96; p <
o.0001, for HClinic cohort). No difference was found
between the CP and PDAC in the HMar cohort, while
significant differences were found in the CP group
from the HClinic cohort (median, 15.88 ng/mL; IQR,
7.90; p = 0.328 for HMar cohort and median, 10.31 ng/
mL; IQR, 6.44; p = o.001, for the HClinic cohort). Dif-
ferences were also significant in the multivariate analy-
sis (Figure S2, Table Ss). These results suggest that the
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GASG ligand is bound to circulating SAXL in blood,
almost mirroring its plasma levels.

Analysis of sAXL and GAS6 expression during PDAC
progression and prognostic value

To determine whether sAXL levels reflects PDAC pro-
gression, we next classified plasma samples from
PDAC patients according to disease clinical staging and
compared to controls, for both independent cohorts
(Fig. 4a). Samples grouped according to the TNM stag-
ing revealed that stage II, IIT and IV showed higher
sAXL concentrations compared to controls but with no
significant differences among them observed in a Krus-
kal-Wallis test (Fig. 4a). These data were confirmed by
TCGA RNA database (Fig. 4b). As expected, the concen-
tration of GASG in our cohorts and TCGA database

showed no differences in the groups classified accord-
ing to TNM staging (Kruskal-Wallis test) (Figure S3a,
b). These data suggest that SAXL could be a good bio-
marker for early diagnosis of PDAC, as its overexpres-
sion is detected at the initial stages of the disease
independently of its clinical stage.

The prognostic value of AXL RNA expression was
explored by interrogating data from TCGA dataset,
which confirmed that increased RNA expression of AXL
in tumour samples correlated with significant shorter
survival (Fig. 4¢, p = 0.0096). A similar analysis for
GASG showed a trend towards shorter survival in
patients with high GASG expression (Figure S3c,
p = 0.12). We also studied the prognostic value of sAXL
and GASG in our cohorts by analysing whether their
plasma levels correlate with patient survival data. Inter-
estingly, a trend towards decreased survival in patients
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Fig. 4. Analysis of sAXL plasma levels during PDAC progression and prognostic value. (a) Left panel, determination of sAXL plasma
levels in HMar cohort samples from controls (n = 7) or PDAC patients segregated by clinical stage: | (n = 2), Il (n =9), lll (n = 4), IV
(n = 14). Right panel, sAXL in HClinic cohort according to stage: Ctl (n = 46); 1 (n = 15); Il (n = 13); lll (n = 19); IV (n = 22). Data were
analysed by Mann-Whitney test, all asterisks refer to control unless otherwise specified *p < 0.05; ** p < 0.01; *** p < 0.001. Data
were also analysed with Kruskal-Wallis test (HMar, p = 0.628; HClinic, p = 0.056). (b) TCGA AXL RNA expression in different tumour

stages: | (n = 21), Il (n =150), lll (n = 3), IV (n = 5). Kruskal-Wallis p =

0.148. (c) Prognosis of patients according to their AXL RNA levels

was analysed in TCGA data. A cut off at 14.09 FPKM (fragments per kilobase of transcript per million mapped reads) was set to dis-

criminate low (n = 73) or high expression groups (n = 103), p =

0.0096 (log rank test). (d) Prognosis of patients in both cohorts

according to their sAXL plasma levels was analysed using a cut off at 67.28 ng/mL (p = 0.068), which best discriminated patients
with low (n = 74) and high (n = 33) sAXL plasma levels in terms of survival.
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Fig. 5. Sensitivity and specificity of sAXL, GAS6, and CA19-9 plasma levels for discriminating PDAC, CP and healthy controls. ROC
analysis in the HClinic cohort to compare the performance of sAXL, GAS6 and CA19-9 to discriminate between PDAC, CP and con-
trols. Area under the curve (AUC), cut-off values maximizing Youden index (except for CA19-9 in CP vs PDAC, see Methods) and sen-

sitivity/specificity values are depicted in the graph. Red lines show

expressing high levels of sSAXL and GASG was observed
(p = 0.068; p = 0.14, respectively; Fig. 4d and Figure
S3d).

Altogether, these results suggest that SAXL could be
a non-invasive biomarker for PDAC diagnosis, and that
AXL RNA expression could also predict patient progno-
sis. Moreover, although GASG levels show quite similar
results, SAXL performed better as a biomarker for
PDAC, as high levels of GASG can also be occasionally
found in CP.

ROC curves for sAXL or GAS6 combined with CA19-9.

Validation of sAXL as candidate biomarker for PDAC
diagnosis by ROC curve analysis

We next performed a univariable or multivariable logis-
tic regression models to evaluate the diagnostic value of
the SAXL and GASG candidate markers alone or com-
bined with the well-recognized biomarker CA19-9 anti-
gen (Figs. 5, S4, and Ss, and Tables S and S8). In both
cohorts, the mean values of CA19-9 were significantly
higher in the PDAC group (as expected from published
data) but also in the pancreatitis group, as compared to
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controls (Figure S4). When we performed receiver oper-
ating characteristic (ROC) curves in HClinic cohort for
sAXL, GASG, and CA19-9, all three significantly distin-
guished PDAC groups from control groups, with AUC
values of 0.743, 0.713 and 0.859 respectively (Fig. 5 and
Table S7). Importantly, sAXL performed best for dis-
criminating those patients with PDAC from those with
CP, with an AUC of 0.827 as compared to o.770 for
GASG, and of 0.673 for CA19-9. Similar results were
obtained in the HMar cohort, although with less statisti-
cal power due to the smaller size of the groups (Figure
Ss; Table S7). Therefore, our data suggest that sSAXLis a
better parameter than CA19-9 to differentiate CP from
PDAC.

To assess whether a combination of these markers
could increase diagnostic accuracy for clinical use, we
calculated the values of SAXL, GASG, and CA19-9 that
maximized the Youden index for the comparison of
PDAC samples to CP or control groups (Figs. 5 and Ss,
and Table S8). Using these cut-off points as diagnostic
tools (Table S8), we found that a combination of the
established thresholds for sAXL and GASG in the
HClinic cohort improved their sensitivity and their indi-
vidual discriminatory powers, by reducing the number
of false negatives when comparing either controls or CP
versus PDAC patients (Table S8). In addition, combined
high sAXL or GASG levels and high CA19-9 levels
showed a very good sensitivity (91.3%) and specificity
(100%) for distinguishing PDAC patients from the con-
trol group. Interestingly, when these criteria were
applied to the CP—PDAC differential diagnosis, the
combination of either with CA19-9 also significantly
improved the sensitivity (89.9% for SAXL/CA19-9 and
87.3% for GASG/CA19-9) and specificity (100% and
92.3%, respectively ) as compared to either biomarker
alone. Thus, while sAXL outperformed CA19-9 in dif-
ferential diagnosis of PDAC versus CP, the combined
panel of CA19-9 and sAXL (or GASG) improved the
diagnostic potential for PDAC, especially for the differ-
ential diagnosis with CP.

Detection of sAXL in plasma samples from healthy,
high-risk individuals from hereditary/familial PDAC
patients

Our results of SAXL plasma levels during PDAC pro-
gression after sample stratification suggested that sAXL
is elevated already in the initial stages of the disease.
Therefore, sSAXL emerged as an interesting candidate
for screening at-risk PDAC patients, such as individuals
with germline pathogenic genetic mutations. We there-
fore measured the concentration of sAXL in a popula-
tion (n = 22) of individuals classified as high-risk
members of hereditary or familial pancreatic cancer (H/
FPC) families according to established inclusion criteria
(see Methods) (Fig. 6). These high-risk individuals were
participating in a secondary screening program for early
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Fig. 6. SAXL concentration in plasma samples from a heredi-
tary/familial PDAC cohort. sAXL levels were determined in
plasma samples from individuals at high-risk of hereditary/
familial pancreatic cancer with no lesions (high risk no lesion,
n = 26) or with initial preneoplastic lesions (cysts or IPMNs, high
risk lesion, n = 22) and compared to patients with PDAC
(n = 20). *p < 0.05; *p < 0.01; ***p < 0.001 (Mann-Whitney
test).

PDAC detection, with or without a known genetic cause,
and had been diagnosed with pancreatic cysts or IPMN,
but with no cases of PDAC at the time of sample extrac-
tion (high-risk (HR) lesion cohort). We compared the
values with those from a group of patients with PDAC
(n = 20; PDAC) and with a second group of high-risk
individuals who were participating in the secondary
screening program and were negative for pancreatic
lesions on imaging (n = 26; HR no lesion cohort).
PDAC patients, either H/FPC or sporadic, had a signifi-
cantly increased sAXL concentration (median,
65.89 ng/mL; IQR, 25.96) as compared to high-risk
healthy controls (HR no lesion, median, 56.95 ng/mL;
IQR, 23.33; p = 0.0031) (Fig. 6). In the cohort of high-
risk with an initial pancreatic lesion, sAXL plasma levels
showed also significantly lower levels (HR lesion,
median, 53.42 ng/mL; IQR, 23.39) than those detected
in PDAC (p = o.0114), with similar values to those from
the high-risk control group with no lesions (p = 0.748)
(Fig. 6). Thus, our results showed that sAXL is not
increased in people from the high-risk cohort who had
not developed PDAC, in accordance to the clinical data
from their close follow-up and screening tests.

Detection of plasma levels of sAXL in mouse models of
pancreatic cancer

To better understand the correlation of plasma sAXL
levels with pancreatic cancer development, we deter-
mined the value of these parameters in plasma of mice
from two well-described models of pancreatic
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cancer. First, we used a KRAS-driven transgenic
mouse model, Ela-KrasGIZVpBlOX/ lox (here, KRAS mice),
which expresses the Gi2V mutated KRAS oncogene
under the pancreatic specific elastase promoter and has
a homozygous deletion of the ps3 gene. These mice ini-
tially develop precursor preneoplastic lesions—Pan-
INs—which progress to PDAC at around 3—4 months
of age. This model is recognized as one of the best to
mirror human disease, as it recapitulates the different
stages of PDAC progression as well as its histological
hallmarks.” Plasma samples were collected from the
KRAS mice (n = 23), animals were euthanized, and pan-
creas were analysed histologically to detect the presence
of precursor lesions and/or adenocarcinomas. Next, we
determined the plasma concentration of sAXL and
GASG by ELISA (Fig. 7). KRAS mice that developed
PDAC (n = 15) had an increased concentration of sAXL
(median 47.79 ng/mL; IQR 4.52) in their plasma as
compared to WT animals (n = 10) of the same age
(median, 33.53 ng/mL; IQR 4.65; p = 0.0003). We also
analysed plasma samples from KRAS mice whose pan-
creas histology showed preneoplastic lesions but not
PDAC (n = 8); these mice had sAXL concentrations in
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plasma similar to control animals (median 33.89 ng/
mL; IQR, 4.36; p = 0.590). Next, to validate whether
sAXL is a specific biomarker for PDAC, we used the
Ela-1-myc transgenic mouse model (here, MYC mice).>*
These animals overexpress the ¢-MYC oncogene under
the elastase promoter and develop pancreatic tumours
at 3—6 months of age. Plasma samples from MYC mice
(n = 11) were analysed by ELISA to determine sAXL lev-
els. Strikingly, and in contrast to the results from KRAS
mice, the plasma levels of SAXL were not increased in
MYC mice compared to control wild type mice from the
same strain (median 30.41 ng/mL; IQR 14.36;
p = 0.207). Histological characterization of tumours
from the MYC mice showed mostly acinar carcinomas
and occasionally mixed ductal/acinar tumours, as
expected.’” The value of GASG in KRAS-driven preneo-
plastic or PDACs and ¢-MYC-driven pancreatic tumours
followed a similar pattern to sAXL, although in this case
the differences observed were less significant (Fig. 77b).
KRAS mutant tumour—positive animals had increased
concentration of GAS6 (median, 37.92 ng/mlL; IQR,
25.0) in their plasma as compared to control animals
(median, 23.90 ng/mL; IQR, 9.72; p = 0.004). Both

b >

80 .
- .
E’ 60
()]
&
§ 40— N [ . .
°
) b o] ° °
20 .'E. b *e 'E:
0 I I | I

Fig. 7. Analysis of SAXL and GAS6 in murine PDAC models. (a) SAXL was measured in plasma samples from KRAS or MYC- driven
transgenic PDAC mouse models. (b) GAS6 values in plasma samples from KRAS and MYC- driven transgenic PDAC mouse models.
*p < 0.05; **p < 0.01; ***p < 0.001 (Mann-Whitney test). (c) AXL immunohistochemistry in mouse samples from normal pancreas
of control mice (WT), KRAS-driven pancreatic precursor lesions (KRAS-PL), KRAS-driven PDAC tumours (KRAS-Tumour) and MYC-
driven tumours. Arrows indicate precursor lesions whereas arrowheads highlight tumour cells. Bar, 100 pm.
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KRAS mice (with or without preneoplastic lesions) and
MYC mice had values similar to WT mice (KRAS:
median, 25.01 ng/mL; IQR, 10.11; p = 0.965, MYC:
median, 23.32 ng/mL; IQR, 8.35; p = 0.647). Moreover,
we performed AXL immunostaining in both mouse
models (Fig. 7c). AXL expression was high in ductal
adenocarcinomas, while it was barely detected in pre-
cursor lesions from the KRAS model. In contrast, acinar
tumours from MYC mice were negative, indicating that
sAXL is specifically overexpressed in PDAC.

In sum, results from KRAS or MYC mouse models
of pancreatic cancer demonstrated that sSAXL and GASG
were specifically increased in plasma of animals with
ductal adenocarcinomas but not in those with precursor
lesions or acinar tumours, confirming the accuracy of
circulating sAXL for early diagnosis of PDAC.

Discussion

Early diagnosis of pancreatic cancer is an unmet chal-
lenge in clinical oncology. Here, we show that detection
of sAXL in plasma samples represents a novel bio-
marker for PDAC diagnosis at initial stages (e.g., still
resectable) of the disease. Moreover, plasma sAXL levels
can discriminate PDAC from CP, a major risk factor for
PDAC, with a better accuracy than the CA19-9 bio-
marker currently used in the clinic. In fact, our data
support that blood detection of sAXL and CA19-9 panel
by ELISA represents a good strategy for early detection
of PDAC. Overexpression of AXL is frequent in cancer,
both in hematologic and solid tumours, and plays a cru-
cial role in malignant progression through activation of
cell growth, metastasis, angiogenesis, immune evasion,
and therapy resistance.** 49 Therefore, inhibition of
AXL has emerged as a potential novel therapeutic target
in oncology. In pancreatic cancer, the role of AXL in
tumour biology has been less characterized. Histopatho-
logical studies have shown an overexpression of AXL in
a subset of PDAC patient samples and cell lines that is
associated to increased tumour cell invasion and poor
prognosis.””"® These findings led to the proposal of tar-
geting AXL as a novel therapy for this tumour.”>°
Here, we analysed AXL expression by IHC in normal
versus pathological pancreas, including CP, precursor
lesions (PanIN and IPMN), and PDAC samples. We
found that normal pancreas and CP showed almost
undetectable levels of AXL, while its expression was
high in PDAC and IPMNs, and moderate in PanINs.
Intriguingly, we found several cancer samples with low
or even no AXL staining, suggesting that activation of
AXL expression can be differentially regulated in PDAC
subtypes. Interestingly, our analyses from TCGA RNA
datasets indicate that AXL expression in PDAC patients
is related to specific genetic signatures, being overrepre-
sented in the basal/squamous subgroups, according to
the recent genomic classification of PDAC.* 7 More-
over, the high AXL expression in IPMNs suggests that
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AXL"8" tumours may arise, at least in part, from these
preneoplastic lesions.

The molecular mechanisms leading to AXL overex-
pression in cancer have not been fully elucidated.”’
Genomic amplifications or activating mutations in AXL
gene have been rarely found,’*>® suggesting that AXL
expression in PDAC is controlled by other transcrip-
tional mechanisms or by translational or post-transla-
tional regulation.’*® In other tumours, several
transcription factors have been reported to bind AXL
promoter and induce transcription, including the hyp-
oxia-inducible factor-1 (HIF1).*>*7 Notably, hypoxia is
one of the major hallmarks of PDAC,*® which makes it
plausible that the different AXL expression level
observed in pancreatic tumours may be related to their
hypoxic state. Importantly, PDAC is characterized by a
high both intertumoural and intratumoural genetic het-
erogeneity, which may contribute to different AXL
expression levels found in these tumours. Indeed, our
TCGA analysis, as well as previous studies,’* have
shown that high AXL levels associate with squamous-
type tumours. Moreover, invasive cells in the periphery
of the tumour show the highest levels of AXL within a
given lesion.*" Future studies to better elucidate the con-
tribution of hypoxia, tumour genetic heterogeneity and/
or other mechanisms to the variable expression of AXL
in PDAC are certainly warranted.

The transmembrane receptor AXL can be proteolyti-
cally cleaved to generate a soluble form (sAXL) that can
be secreted into the blood stream, suggesting its puta-
tive use as a cancer biomarker.** Here we found that
sAXL is significantly increased in plasma samples from
patients with PDAC, but not with CP, in two indepen-
dent cohorts. In accordance with our results in tissue
samples and TCGA data, we also found heterogeneity
regarding the levels of circulating sSAXL among different
patients. Importantly, SAXL was found in the condi-
tioned medium from several human PDAC cell lines,
indicating that increased levels of SAXL in blood from
PDAC patients is likely released by tumour cells.
Remarkably, increased sAXL did not correlate with
tumour staging in our cohorts, indicating that AXL over-
expression is an early event in cancer progression. Not-
withstanding, data from our cohorts and the TCGA
showed a negative correlation between AXL levels and
overall patient survival. Although TCGA RNA data are
difficult to interpret and have important limitations,
this could be related to the fact that AXL™#" tumours
may correspond to the basal/squamous PDAC subtype,
which are poorly differentiated tumours with lower
prognosis. In agreement with these data, Du et al. have
recently reported that pancreatic tumours with high
AXL expression have a squamous phenotype displaying
markers of epithelial-to-mesenchymal transition, and
that inhibition of AXL in mouse models results in more
differentiated tumours and increased survival.’* We
also analysed a cohort of healthy high-risk people from
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familial pancreatic cancer families that includes young
patients with germline genetic mutations linked to
PDAC development. sAXL plasma levels in these indi-
viduals were similar to healthy controls, indicating that
they were disease-free at that moment. These results
agree with clinical history and data from imaging tech-
niques performed during the extensive follow-up of this
high-risk cohort, which showed that these individuals
had non-PDAC pancreatic lesions. In turn, this inde-
pendently validates the use of SAXL for detection of the
occurrence of PDAC, already elevated at initial PDAC
stages, while not in patients with precursor lesions.
Moreover, using a KRAS-driven murine PDAC model
that fully recapitulates human disease,” we demon-
strated that sAXL is significantly increased in plasma
from animals that develop frank pancreatic tumours
but not in mice with normal pancreas or with early pre-
cursor lesions. Moreover, analysis of plasma samples
from mice of a ¢-MYC-driven PDAC model** with aci-
nar carcinomas showed no increases in sSAXL levels as
compared to control mice, indicating that SAXL is a spe-
cific biomarker for ductal adenocarcinoma and is not
overexpressed in other pancreatic tumour types.

One of the main findings of this study is that SAXL is
a blood biomarker specifically overexpressed in PDAC
tumours and not in CP, thereby emerging as a promis-
ing diagnostic tool for discriminating between these
two diseases. CP is an important public health problem
that has been related to PDAC initiation.">® Diagnostic
accuracy for CP is low, in particular for advanced cases,
when architectural changes of the gland renders diffi-
cult to differentiate inflammatory regions from PDAC
by imaging techniques.®® At the level of clinical symp-
toms, both are silent diseases with non-specific and
vague manifestations. Non-invasive diagnostic tools for
either CP or PDAC include anatomic imaging techni-
ques —mainly endoscopic ultrasound and radiological
studies—, pathology tissue studies, and blood tests.
However, despite recent advances in this field, combina-
tions of several of these techniques are usually
required.®"®* Here, using two different cohorts, we
found that blood levels of sAXL were significantly
increased in PDAC patients as compared to patients
with CP or healthy controls. Increased levels of sAXL
and its ligand GASG have been also reported in hepato-
cellular carcinoma (HCC), although, in contrast to
PDAC, they are also increased in inflammatory condi-
tions like cirrhosis and advanced fibrosis.”* 7 Remark-
ably, although AXL is highly expressed by
myofibroblasts in HCC, we found AXL expression spe-
cifically in ductal tumour cells but not in the stroma
(Fig. 1a), indicating that fibroblasts in liver and pancreas
behave differentially with respect to AXL expression and
activity and may be responsible for the increased sAXL
found in hepatic cirrhosis and fibrosis.

Blood tests for early disease diagnosis offer the
advantages of their straightforward performance, fast

results, and low cost. CA19-9, the sialylated form of
Lewis antigen A, is the best-recognized blood test for
PDAC diagnosis but has limitations.® First, high levels
of this carbohydrate are found in several non-malignant
pathologies, such as obstructive and inflammatory dis-
eases of the hepato-pancreatobiliary system, leading to
false positives.”® Second, CA19-9 levels are also
increased in other gastrointestinal tumours, including
colorectal cancer and HCC.%%4 797" Moreover,
using CA19-9 can give false negative results in the
Lewis blood-type negative population (around 10% of
the White population). Therefore, clinical utility of
CA19-9 for PDAC diagnosis is suboptimal, and identifi-
cation of more specific and sensitive biomarkers is
urgently needed. Importantly, our ROC analysis showed
that sAXL detection in plasma (AUC, 0.827) has a
higher sensitivity (65%) and specificity (100%) for dis-
criminating PDAC from CP than CA19-9 (AUC, 0.673;
sensitivity 46.8%, specificity 92.3%). Indeed, plasma
SAXL values in CP patients are similar to healthy con-
trols, indicating that this protein is a more specific bio-
marker for PDAC than the currently used CA19-9.
Importantly, combined determination of CA19-9 and
sAXL plasma levels contributed to an increased accuracy
of diagnosis (89.9% sensitivity; 100% specificity),
reducing the proportion of false negatives.

Our study presents some limitations. First, we found
high variability regarding the levels of AXL in plasma
and tissue samples from PDAC patients. We found a
small proportion of patients who showed sAXL levels
similar to healthy individuals, leading to false negatives.
This heterogeneity in AXL expression emphasizes the
need to combine several biomarkers for a precise PDAC
diagnosis. Indeed, our results using the combination of
sAXL, and CA19-9 significantly improved the discrimi-
natory power of a single determination of sAXL for CP
vs PDAC (in HClinic cohort, 65% sensitivity for SAXL
alone versus 89.9% for sAXL combined with CA19-9).
Emerging data have also shown improved specificity
and sensitivity of combining blood detection of CA19-9
with thrombospondin-27* or with MUC5AC.”> Along
the same line, the use of nine metabolites plus CA19-9
was recently reported to be an accurate (>90%) bio-
marker signature for discriminating CP and PDAC.”#
In a previous study, using the same HMar, we showed
that plasma levels of galectin-1 (Gal-1) were increased in
PDAC as compared to healthy controls; however, high
levels of this protein were also found in patients with
CP, limiting its effectiveness as a diagnostic biomarker
for PDAC.*® Strikingly, a combination of sAXL, Gal-1,
and CA19-9 resulted in an increased diagnostic accu-
racy (100% sensibility and 100% specificity for PDAC
vs healthy controls; Table S8), suggesting that ELISA
detection using this panel can be optimal for diagnosis
of these diseases. Another limitation of our study is the
fact that circulating sAXL is also upregulated in
HCC®# 7 and in non-cancer related diseases, including
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heart failure, chronic kidney disease, and rheumatoid
arthritis,”” which can lead to false positives, hampering
its use as a general screening biomarker. Still, given the
low prevalence of PDAC in the general population, the
most sustainable option for the healthcare system is to
screen the PDAC high-risk populations (i.e. germline
mutations, PDAC familial aggregation, and CP
patients) to allow early detection and curative treat-
ments. We suggest that detection of SAXL in combina-
tion with CA19-9 in this PDAC-suspected population
might represent a low-cost/high-accuracy screening tool
(91.3% sensitivity, 100% specificity) that can contribute
to 30%-40% increase of patient’s survival by early detec-
tion of the pathology. Finally, the limited size of the two
cohorts used in our study makes necessary to imple-
ment multicentric studies with larger cohorts in order
to establish accurate SAXL cut-off values that can be
transferred to the clinical setting, both for PDAC diag-
nosis and for CP discrimination.

In conclusion, by analysing sAXL and GASG in
human plasma from patients with PDAC or CP, this
study demonstrated that sAXL is a bona fide biomarker
for PDAC early diagnosis and for PDAC—CP discrimi-
nation. Our data indicated that ELISA measurement of
sAXL in a patient’s plasma represents a novel cost-effec-
tive test with high specificity and sensitivity, superior to
CA19-9 in discriminating PDAC and CP. In addition,
combination of CA19-9 and sAXL can achieve great
diagnosis accuracy for both PDAC vs healthy controls
(91.3% sensitivity; 100% specificity) and PDAC vs CP
(89.9% sensitivity; 100% specificity). Moreover, our
data on high sAXL levels in the basal/squamous PDAC
subtype suggest that this biomarker can be particularly
useful for diagnosis in genetically defined subsets of
patients, highlighting its putative use in personalized
medicine. Therefore, SAXL gives an added diagnostic
value and is a suitable biomarker in the clinical manage-
ment of PDAC patients, with a chance for a drastic
improvement in overall survivability of this dismal dis-
ease.
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