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1. INTRODUCTION

1.1 Pancreatic cancer

Pancreatic cancer (PC) is the fourth leading cause of cancer death in Italy and seventh in
the world [1,2](Figure 1). Its incidence is increasing worldwide [3](Figure 2); in the
United States, where it is currently the fourth cancer for number of deaths in both sexes
[4], PCis expected to become the second leading cause of cancer death by 2030 [5]. The
5-year survival rate of PC is about 11% [4]. Indeed, only about 20% of patients can
undergo treatment with curative intent, whereas about 80% of patients receive

diagnosis at an advanced stage [6].
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Figure 1. Cancers ranked by absolute years of life lost (YLLs) between 2007 and 2017. Data from the
Global Burden of Disease study, that involved 195 countries. Pancreatic cancer moved from ninth
place in 2007 to seventh in 2017. From [2].
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Figure 2. The incidence and the estimated deaths of pancreatic cancer are increasing worldwide.
Depicted data refer to the United States. Pancreatic cancer is expected to become the second leading
cause of cancer death in the United States by 2030. From [3].



Since about 90% of cases of PC are composed of pancreatic cancer adenocarcinoma [7],
hereafter PC will be used for pancreatic cancer adenocarcinoma.

In advanced disease, chemotherapy is the only treatment. Gemcitabine used to be the
standard of care until a few years ago [8]. In recent years, the introduction of
combination regimens such as FOLFIRINOX (5-fluorouracil/leucovorin + irinotecan +
oxaliplatin), gemcitabine + nab-paclitaxel and PAXG (cisplatin + nab-paclitaxel +
capecitabine + gemcitabine) led to an improvement in patients’ survival [9-11].
FOLFIRINOX and gemcitabine + nab-paclitaxel showed an improved survival compared
to gemcitabine alone in two phase 3 trials: for FOLFIRINOX, median overall survival (OS)
11.1 months vs 6.8 with gemcitabine, for gemcitabine + nab-paclitaxel, median OS 8.5
months vs 6.7 with gemcitabine alone [9,10]. On the other hand, a randomized phase 2
trial with PAXG showed its superior activity compared with gemcitabine + nab-paclitaxel:
patients free from progression at 6 months (primary endpoint of the trial) were 74%
with PAXG and 46% in the control arm [11].

The abovementioned regimens are current treatment options for first-line therapy in
patients with good performance status (PS). Response rates of these schedules are
31.6% for FOLFIRINOX (with 38.6% of patients reporting stable disease [SD]), 23% for
gemcitabine + nab-paclitaxel (SD 27%), 50% for PAXG (SD 33%)[9-11]. These numbers
highlight a significant amount of resistance to therapy. Since progressive disease often
comes along with patient’s deterioration in PS, only about 49% of patients receive
second-line therapy (and about 19% receive third-line treatment)[12].

Therefore, choice of first-line therapy is crucial. In this context, the identification of
predictive biomarkers, i.e. able to predict response (or resistance) to treatment, is a
crucial point in order to improve management of PC, not only in advanced disease, but
also in the preoperative setting, and would result in a great clinical benefit.

Currently, choice of treatment is mainly based on patient’s clinical evaluation and on a
sequential strategy of therapies. The only know predictive markers are alterations in
genes involved in DNA damage repair such as BRCA1/2 and PALB2, which confer
sensitivity to platinum-containing regimens [13,14]. Furthermore, patients carrying

germline BRCA1/2 mutations, can receive a maintenance treatment with PARP inhibitor



olaparib after first-line platinum-based chemotherapy [15]. However, germline BRCA
mutations are present in about 8% of patients [16], and PALB2 mutations account for
another 1% [17]. Thus, for the great majority of patients no predictive factors can guide
choice of treatment, and the identification of predictive markers is still an unmet clinical

need in PC.

1.2 Extracellular vesicles

Extracellular vesicles (EVs) are small particles, coated by a lipid bilayer, released by cells
[18]. They contain several biomolecules such as DNA, RNA, proteins, glycans, lipids, and
are able to transfer their content into target cells, facilitating intercellular
communication and regulating several cell functions, e.g. proliferation, survival,
apoptosis and migration [19].

More specifically, EVs are involved in several key processes of cancer biology, also in PC:
proliferation, survival, apoptosis, invasion, migration, epithelial-mesenchymal transition
(EMT), tumor microenvironment (TME) remodeling, immune evasion, pre-metastatic
niche formation, chemoresistance [19-22](Figure 3).

Interestingly, in the complex scenario of cancer biology, EVs are released not only by
tumor cells, but also from cells of the TME, that can influence tumor behaviour [24].
Moreover, cancer-derived EVs can induce stromal recipient cells to support pre-
metastatic niche formation and may induce malignant transformation in resident
mesenchymal stem cells [19,25]. This is of special interest in PC: indeed, a hallmark of
this disease is the peculiar structure of TME, with a desmoplastic stroma and several cell
types, including pancreatic stellate cells and cancer-associated fibroblasts, responsible
for the production of the fibrous tissue [26,27].

EVs can be easily isolated from blood. Tumor cells secrete more EVs than non-malignant
cells, and serum of cancer patients is enriched in EVs [28]. Moreover, a prognostic role
in cancer patients has been shown for specific subsets of EVs [29]. The easy isolation of
EVs prompted a large amount of studies about their role as potential biomarkers for PC
[30,31]. Their easy isolation, along with the number of biomolecules contained and the

number of functions they regulate (including chemoresistance), makes EVs an attractive
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Figure 3. The communication mediated by extracellular vesicles between pancreatic cancer cells and
tumour microenvironment. Extracellular vesicles from tumor cells and from cells of the
microenvironment act in a complex interplay that modulates several key processes of cancer biology.
TAM tumour-associated
macrophage, CAF cancer-associated fibroblast, BM-MSC bone marrow-derived mesenchymal stem
cell, NK natural killer cell, DC dendritic cell. From [23].

PDAC pancreatic ductal adenocarcinoma, PSC pancreatic stellate cell,




tool for identification of prognostic or predictive markers in PC, by exploiting the
minimally invasive approach of liquid biopsy, i.e. a blood sample in order to obtain
information about one patient’s tumor features [32,33]. More specifically, the analysis
of EVs from PC patients may enlighten molecular patterns and mechanisms that underlie
drug response or resistance, with the aim to identify features that can be exploited as

predictive factors in order to select the right therapy for every patient.

1.3 MicroRNAs

Among the processes regulated by the EVs, chemoresistance is of special interest if
investigating possible predictive biomarkers, i.e. able to predict response (or resistance)
to therapy.

In EV-mediated chemoresistance, a key role is played by microRNAs (miRNAs). These are
small, non protein-coding RNA fragments (about 20-25 nucleotides), that regulate the
expression of specific target proteins through degradation of mRNA or interference with

the translational process [34](Figure 4). Based on this mechanism, miRNAs are
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Figure 4. Biogenesis and mechanism of action of miRNAs. After transcription of miRNA gene by RNA
polymerase Il and processing, that involves several steps, mature miRNA is produced. Mature miRNA
is incorporated into the protein complex RISC. This mediates gene silencing by cleavage and
degradation of mRNA, or by translational repression. MiRNAs may also bind to Toll-like receptors (TLR)
and activate downstream signaling pathways. From [35].



involved in several processes such as cell proliferation and differentiation, metabolism,
apoptosis, signaling and hematopoiesis [34].

EVs from cancer cells are enriched in miRNAs and are able to perform cell-independent
miRNA biogenesis [36]. The aberrant expression of miRNAs in cancer has been involved
in several key mechanisms such as uncontrolled cell proliferation, cell death modulation,
tumor invasion, angiogenesis, EMT, metastases, immune evasion, chemoresistance
[22,34](Figure 5). Chemoresistance is induced by miRNAs by targeting drug-resistance-
related genes or influencing genes related to cell proliferation, cell cycle, and apoptosis
[37]. Indeed, miRNAs can promote anti-apoptotic activity, down-regulate key drug-
metabolizing enzymes or activate survival pathways.

Specifically in PC, a role of certain miRNAs in chemoresistance has been already showed.
For example, PC cells incubated with gemcitabine upregulate miR-155, which is
transferred to other PC cells via EVs, and is able to promote gemcitabine resistance
through facilitation of anti-apoptotic activity and suppression of deoxycytidine kinase, a
key gemcitabine-metabolizing enzyme [38,39]. EVs released by cancer-associated
fibroblasts may contribute to gemcitabine resistance, through the upregulation of
chemoresistance-inducing factor Snail and its target miR-146a in recipient PC cells [40].
Given the above premises, miRNAs are a promising tool in biomarker-directed studies,

and specifically in studies aiming to identify circulating predictive factors [41,42].
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Figure 5. An example of the action of miRNAs in the milieu of pancreatic cancer. This figure depicts
the role of some miRNAs in pancreatic cancer, in a complex scenario that involves not only tumor cells,
but also pancreatic stellate cells and cancer stem cells (CSCs). In addition to oncogenic miRNAs (red),
tumor suppressor miRNAs (green) are also shown: e.g., members of the miR-200 family can revert

epithelial-mesenchymal transition (EMT) to mesenchymal-to-epithelial transition (MET). From [34]. 3



2. AIM OF THE WORK

The identification of predictive biomarkers is an unmet clinical need in PC. Based on the
easy isolation of EVs and the role of EV-borne miRNAs in chemoresistance, the present
work aims to investigate a possible predictive molecular signature in PC, by analyzing
EVs and their miRNA content in samples collected from patients before first-line
treatment.

The first part of the present work was an exploratory analysis aimed to establish
methods for isolation and enrichment of EVs, flow cytometry analysis of EV surface
biomarkers and analysis of miRNA content, by comparing EVs from PC patients with EVs
from healthy donors.

The second part of the work analyzed samples from advanced PC patients, collected
before first-line treatment with gemcitabine + nab-paclitaxel. By analyzing EVs and their
content in miRNA, and by matching miRNA expression in baseline samples with clinical
outcome (response assessment), we aimed to identify a possible predictive molecular
signature, thus investigating a possible role of liquid biopsy in order to predict response
(or resistance) to therapy. This would translate in an improvement of patients’ outcome

through a personalized medicine approach.



3. METHODS

3.1 Patient population

The study population includes patients with metastatic or locally advanced pancreatic
cancer, treated at IRCCS Istituto Romagnolo per lo Studio dei Tumori (IRST) “Dino
Amadori” - Meldola (FC), Italy. All patients had histologically or cytologically confirmed
diagnosis of pancreatic adenocarcinoma and did not receive previous therapy for
advanced disease (adjuvant therapy was allowed).

Patient received first-line treatment in routine clinical practice, according to standard
schedules: for patients treated with gemcitabine + nab-paclitaxel, gemcitabine 1000
mg/m? + nab-paclitaxel 125 mg/m?, d1,8,15 28 (treatment schedule as in [10]); if
necessary, dose reductions were applied as per standard clinical practice. All patients
signed informed consent for collection of samples for translational research. Samples
were collected before first-line treatment and stored in the local biobank facility. All
baseline samples were collected between May 2015 and April 2021.

Collection of clinical data included demographic data, medical history, ECOG PS,
treatment (schedule, administration, toxicity), biochemical assessments (including
CA19.9), baseline tumor assessment and tumor response assessments, survival status.
Tumor assessment was performed with thoracic-abdominal contrast-enhanced
computed tomography scan every 3 months, and tumor response was evaluated
according to Response Evaluation Criteria in Solid Tumours (RECIST) 1.1 [43].

The present study has been approved by local ethics committee (CEROM IRSTB118). The
study complied with the provisions of the Good Clinical Practice guidelines and the
Declaration of Helsinki and local laws and fulfilled regulation about the protection of

personal data.
3.2 Sample collection

Blood samples (5 ml) have been collected in EDTA-containing tubes before starting of

treatment (0 to 14 days before d1 of first cycle). Plasma has been isolated, by
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centrifugation at 2000 g for 15 min at room temperature, within two hours from blood
withdrawal. Plasma has been divided in cryogenic vials (0.5 ml each) and stored at -80

°C until use in IRST biobank facility.

3.3 EV isolation

EVs have been isolated from 1 ml of plasma by size exclusion chromatography (SEC)
columns of polysaccharide resin (QqEV 70 nm columns, 1ZON, Lyon, France) following
manufacturer’s instructions. The EV-enriched fractions have been collected and used for

subsequent analyses.

3.4 Nanoparticle tracking analysis

The concentration (number/ml) and size (nm) of EVs have been evaluated through
Nanoparticle tracking analysis (NTA). This has been performed with NanoSight NS300
(Malvern Instruments, Malvern, UK), equipped with NTA 2.3 analytical software laser.
Before analysis, all samples have been diluted in 0.1 um filtered PBS and subsequently
three videos per sample (30 seconds each) have been recorded at a camera level of 12
and in light scattering mode following manufacturer’s instructions. The NTA software

version 2.3 has been used for data analysis.

3.5 Flow cytometry

Multiplex bead-based flow cytometry has been used to analyze EV surface proteins
(MACSPlex Exosome Kit, human, Miltenyi Biotec, Bergisch Gladbach, Germany). This
method allows to analyze 37 different epitopes on EV surface, including specific markers
for the identification of exosomes (CD9, CD81, CD63). Briefly, 70 pl of EV SEC eluate have
been diluted with MACSPlex buffer to obtain a final volume of 120 ul. Each diluted
sample has been incubated for 1 hour at room temperature on an orbital shaker at 450
rom with different antibody-coated bead subsets and APC-conjugated anti-CD9, anti-
CD63, and anti-CD81 detection antibodies. After washes with MACSPlex buffer

according to manufacturer's instructions, the samples have been analyzed with the flow
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cytometer (BD FACSCanto, BD Biosciences, Franklin Lakes, NJ, USA) obtaining the raw
value of the median fluorescence intensity (MFI) for each epitope. The MFI value of the

negative control has been subtracted from the raw MFI value of each epitope.

3.6 RNA extraction

RNA has been extracted from EVs by using the Plasma/Serum RNA Purification Kit
(Norgen Biotek Corp., Thorold, ON, Canada) as indicated in the manufacturer's protocol.
The extracted RNAs have been evaluated qualitatively with the Bioanalyzer 2100
instrument (Agilent Technologies, Cernusco sul Naviglio, Italy) using RNA 6000 Pico chips

(Agilent Technologies).

3.7 Analysis of EV miRNA content

Starting from 5 pl of total RNA, microRNA libraries have been prepared with QlAseq
miRNA Library Kit (Qiagen, Milan, Italy), following manufacturer's instructions for low
input samples. Libraries have been quantified with Qubit dsDNA HS Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA) and quality checked on DNA high sensitivity chips
(Agilent Technologies). Normalized libraries have been sequenced on NextSeq 550
System (Illumina, San Diego, CA, USA), approximately at a sequencing depth of 20 million

reads per sample.

3.8 Bioinformatic analysis

Local Run Manager of NextSeq 550 System has been used for demultiplexing. Reads
have been then trimmed, corrected for UMI reduction and aligned to miRBase v22 using
the ready-to-use workflow for miRNA quantification of CLC Genomics Workbench,
Biomedical Genomics Analysis plugin (Qiagen). Data normalization (using the Trimmed
Mean of M-values method) and differential expression analysis have been performed
using the CLC Genomic Workbench as well. Differentially expressed miRNAs have been
identified by setting the threshold |log2FC| > 1,5 and p < 0.05 using multi-factorial

statistics based on a negative binomial generalized linear model. Graphical
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representations have been elaborated with GraphPad Prism 8 (GraphPad Software, San

Diego, CA, USA).

3.9 Statistical analysis

The comparison of the EV mean diameters, mode diameters and expression of EV
surface epitopes between patient groups has been performed with the Mann-Whitney
U test. A two-sided testing has been used to obtain all p values which have been
considered significant with a value less then 0.05.

For survival analysis, overall survival (OS) was defined as the time interval from the first
day of treatment to the day of death or last follow-up visit. Progression-free survival
(PFS) was defined as the time interval from the first day of treatment to the day of tumor
progression or death, whichever occurred first. OS and PFS have been estimated by the
Kaplan—Meier method.

SAS software version 9.4 (SAS Institute, Cary, NC, USA), R statistical package version
4.0.0 (R Foundation for Statistical Computing, Vienna, Austria) and MedCalc® Statistical

Software version 20 (MedCalc Software Ltd, Ostend, Belgium) have been used for data

analysis.
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Figure 6. Workflow of the study. After blood sampling, plasma has been separated by centrifugation,
then extracellular vesicles have been isolated by size-exclusion chromatography. Then, three different
analytical pathways have been followed: 1) Nanoparticle tracking analysis for concentration and size
of extracellular vesicles; 2) flow cytometry for surface marker analysis); 3) RNA extraction and RNA-
Seq analysis for miRNA content; then, different expression of single miRNAs in responder and non-
responder patients has been evaluated in order to identify potential predictive biomarkers.
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4. RESULTS

4.1 Comparison of EVs from PC patients and healthy subjects

4.1.1 Baseline characteristics

For the first part of the work, i.e. an exploratory analysis of blood-derived EVs aiming to
establish methodology for subsequent analyses, we used samples from advanced PC
patients (n = 28), collected before first-line treatment, and healthy subjects (n = 7).

Baseline characteristics of study population are reported in Table 1.

Patients with advanced PC n %
age (years)
median 66 (range 43-82)

sex
female 16 57.1
male 12 42.9
stage
metastatic 15 53.6
locally advanced 13 46.4
chemotherapy regimen
gemcitabine + nab-paclitaxel 23 82.2
FOLFIRINOX 3 10.7
PAXG 2 7.1
baseline CA19.9
<ULN 5 17.8
>ULN and <10 ULN 7 25.0
>10 ULN 15 53.6
NA 1 3.6
median 435.3
Healthy subjects n %

age (years)
median 47 (range 37-58)

sex
female 3 429
male 4 57.1

Table 1. Baseline characteristics of study population for the first part of the study (comparison of
extracellular vesicles from pancreatic cancer patients and healthy subjects). ULN, upper limit of
normal; NA, not available.
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4.1.2 Nanoparticle tracking analysis

The analysis of EV concentration did not show any significant difference between PC
patients and healthy subjects: in both cohorts, a concentration of 10x10%° EVs/ml has
been found (Figure 7).

On the other hand, different mean size and distribution of EVs have been found: size
(mean # standard deviation) was 145.0 £ 9.89 nm in PC patients and 113.4 + 12.78 nm
in healthy subjects (p = 0.036), thus suggesting the presence of different EV

subpopulations in patients (Figure 7 and Table 2).
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Figure 7. Nanoparticle tracking analysis. A representative graph is showed for each group: patients
with pancreatic cancer (PC) and healthy subjects (HS).

HS PC
count (EVs/ml) 10x101° 10x101°
size (nm; mean £SD) 113.4nm +12.78 145.0 £ 9.89 *
median (95% Cl)
50-150 nm 0.784 (0.599 - 0.917) 0.462 (0.378 - 0.547) N
150-300 nm 0.213 (0.076 - 0.389) 0.524 (0.441 - 0.608) G

Table 2. Nanoparticle tracking analysis. Data for extracellular vesicle count and size analysis are
reported. HS, healthy subjects. PC, patients with pancreatic cancer. * p < 0.05.
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4.1.3 Analysis of EV surface markers

Flow cytometry with MACSPlex Exosome Kit showed a different surface antigen
expression in samples from PC patients and healthy subjects. More specifically, samples
from PC patients showed an increased expression of several surface markers such as

CD31, CD29, CD42a, CD41b, CD9, CD62P, CD40, HLA-BC, and HLA-DR (Figure 8).
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Figure 8. Flow cytometry. The mean MFI of each surface marker is showed, bars are standard
deviation. Gray, healthy subjects (HS); green, patients with pancreatic cancer (PC).
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4.1.4 Analysis of EV miRNA content

By analyzing the miRNA content of EVs, we have detected the expression of more than
600 miRNAs. When comparing samples from PC patients and healthy subjects, we have
observed a significantly different expression (p < 0.05) of 28 miRNAs, including miRNAs
with previously reported oncogenic or tumor suppressor activity (e.g., miR-431-5p and
miR-188-3p, respectively). The most significant findings (p < 0.01) are showed in Table
3.

up-regulated down-regulated
miR-485-3p 0.0056 miR-6802-3p 0.0086
miR-431-5p 0.0099 miR-4652-5p 0.0014
miR-5186 0.0062 miR-188-3p 0.0033
miR-6796-3p 0.0042 miR-7850-5p 0.0093
miR-4487 0.0085 miR-105-3p 0.0022
miR-4695-5p 0.0019 miR-216b-3p 0.0020
miR-4446-5p 0.0041 miR-138-1-3p 0.0019
miR-1909-5p 0.0004 miR-4485-3p 0.0084
miR-758-3p 0.0096 miR-6851-5p 0.0080
miR-7157-3p 0.0096 miR-3147 0.0045

Table 3. Analysis of miRNA content of extracellular vesicles. Up- or down-regulated miRNAs in
patients with pancreatic cancer (compared to healthy subjects) are shown.
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4.2 Analysis of samples from advanced PC patients collected before first-

line treatment with gemcitabine + nab-paclitaxel

After confirming the ability of our approach to detect cancer-related EV biomarkers, we
have analyzed samples from advanced PC patients, collected before first-line treatment
with gemcitabine + nab-paclitaxel, to investigate a possible predictive molecular

signature.

4.2.1 Patient baseline characteristics and outcome

Patient characteristics are reported in Table 4 and summarized in Table 5. Of 21 patients
analyzed, at baseline 12 had metastatic disease, 9 locally advanced disease. As for best
response assessment during treatment with gemcitabine + nab-paclitaxel, evaluated
according to RECIST 1.1, 13 patients reported an objective response (partial response,
none had a complete response), whereas 8 were classified as non-responders (4 with

stable disease, 4 with progressive disease). Median PFS was 9.2 months for responders

Basal Best Reason for fimeto Survival
Patient Sex Age Stage Site of metastases CA19.9 respon . . . progression

(U/mi) se discontinuation —_— (months)
1 m 70 M liver, lymph nodes, bone 651.0 PR PD 7.6 13.8
2 f 74 M peritoneum 1434.0 PD PD 2.5 6.2
3 f 54 M liver, bone 417.0 PR maintenance NR >184*
4 m 62 M peritoneum, bone 2903.0 PR maintenance 9.2 13.7
5 f 75 LA - 292.8 SD PD 8.1 15.0
6 m 65 LA - 132.0 PR surgery 15.9 >31.0*
7 f 61 M liver, lymph nodes 30.4 PR PD 6.6 7.3
8 m 65 M liver 586.7 PR maintenance 8.0 13.3
9 f 74 LA - 926.0 PR PD 10.5 13.6
10 f 65 M liver 17.0 PR maintenance 6.5 8.9
11 f 60 M liver 111 PD PD 2.0 6.6
12 f 74 M liver 310.3 PR maintenance 9.2 13.0
13 f 64 M liver 32.8 PR maintenance 12.9 139
14 f 72 LA - 435.3 SD toxicity 7.1 8.6
15 f 80 LA 289.0 PR PD g9:1 111
16 m 73 LA - >10000.0 PD PD 2.0 21
17 f 63 M liver, lung, peritoneum, lymph nodes 816.0 PR PD 9.6 14.2
18 m 71 LA = 12.9 SD surgery 18.2 304
19 f 71 LA = 242.7 SD PD 4.1 19.5
20 m 68 M bone 3419.0 PR PD 4.6 5.8
21 m 82 LA 2 585.0 PD PD 2.9 6.2

Table 4. Baseline characteristics and treatment outcomes of patient population for the second part
of the study (analysis of samples from advanced pancreatic patients collected before first-line
treatment with gemcitabine + nab-paclitaxel). m, male; f, female; M, metastatic; LA, locally advanced;
PR, partial response; SD, stable disease; PD, progressive disease; NR, progression not reached; * partial
data (patient alive).
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age (years)
median 70 (range 54-82)

sex
female 13 61.9
male 8 38.1
stage
metastatic 12 57.1
locally advanced 9 42.9
best response
complete response 0 0.0
partial response 13 62.0
stable disease 4 19.0
progressive disease 4 19.0
baseline CA19.9
<ULN 5 23.8
>ULN and <10 ULN 5 23.8
>10 ULN 11 52.4
median 417.0

Table 5. Summary of baseline characteristics and treatment outcomes of patient population. ULN,
upper limit of normal.

and 2.9 months for non-responders (hazard ratio [HR] 0.39, 95% confidence interval [Cl]
0.13-1.12; p = 0.08; Figure 9). Median OS was 13.6 months for responders and 6.6
months for non-responders (HR 0.77, 95% Cl1 0.29-2.04; p = 0.60; Figure 10). In the whole

patient cohort, median was PFS 8.0 months and median OS 13.3 months.
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Figure 9. Kaplan-Meier analysis of progression-free survival. Median progression-free survival was
9.2 months for responders and 2.9 months for non-responders (HR 0.39, 95% Cl 0.13-1.12; p = 0.08).
Red line, responders; blue line, non-responders.
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Figure 10. Kaplan-Meier analysis of overall survival. Median overall survival was 13.6 months for

responders and 6.6 months for non-responders (HR 0.77, 95% ClI 0.29-2.04; p = 0.60). Red line,
responders; blue line, non-responders.
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4.2.2 Nanoparticle tracking analysis

After isolation of EVs from plasma with SEC, nanoparticle tracking analysis has been
performed for EV concentration and size. The analysis did not show any significant
difference between responder and non-responder patients. A representative analysis
for each group is shown in Figure 11a.

We have not observed any significant difference between the two patient groups in
relative concentration of EVs between 50 nm and 150 nm or between 150 nm and 300
nm. For EVs with a diameter between 50 nm and 150 nm, we have observed a median
relative concentration of 0.68 (range 0.52-0.86) in responders and 0.73 (range 0.52-
0.82) in non-responders (p = 0.59; Figure 11b). For EVs with a diameter between 150 nm
and 300 nm, we have observed a median relative concentration of 0.30 (range 0.13-
0.45) in responders and 0.26 (range 0.18-0.45) in non-responders (p = 0.5; Figure 11c).
With regard to EV size, in responder patients we have reported a median of mean EV
diameter of 134.3 nm (range 108.2-150.4 nm) and a median of mode diameter of 108.5
nm (range 78.5-126.5 nm). In non-responder patients, we have reported a median of
mean EV diameter of 132.5 nm (range 119.3-147.1 nm) and a median of mode diameter
of 105 nm (range 81.5-134.5 nm). We have not observed any significant difference,
between the two groups, in the median of mean EV diameters (p = 0.5) or in the median

of mode EV diameters (p = 0.98; Figure 11d-e).

d
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Figure 11. Nanoparticle tracking analysis. (a) A representative graph is showed for each group: non-
responder and responder patients. (b) Relative concentration of EVs with 50-150 diameter (50-150
nm EV concentration / total concentration) in responder and non-responders. (c) Relative
concentration of EVs with 150-300 diamter (150-300 nm EV concentration / total concentration) in
responders and non-responders. (d) Median of mean EV diameter in responders and non-responders.
(e) Median of mode EV diameter in responders and non-responders. In box plots black line is the

median; lower and upper line of box are first and third quartile, respectively.

22



4.2.3 Analysis of EV surface markers

Flow cytometry with MACSPlex Exosome Kit has been performed to analyze the
expression of EV surface proteins. The MFI of each surface marker is depicted in Figure
12a. The expression of typical exosomal markers (CD9, CD63, CD81) has been observed
both in responder and non-responder patients (Figure 12a). Notably, we have observed
a significantly higher expression of CD81 and SSEA4 in non-responder compared to

responder patients (p < 0.03; Figure 12b).
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Figure 12. Flow cytometry. (a) The mean MFI of each surface marker is showed, bars are standard
deviation. Gray, responders; black, non responders. (b) Surface expression of SSEA4 and CD81. In box
plots black line is the median; lower and upper line of box are first and third quartile, respectively. * p
< 0.05. 23



4.2.4 Analysis of EV miRNA content

Finally, after extracting RNA from EVs, we have analyzed the miRNA content of EVs with
NextSeq 550 System and compared the expression of single miRNAs in responder and
non-responder patients. We have observed a different expression of 44 miRNAs in EVs
from responder and non-responder patients (p < 0.05; Figure 13). Of 44 miRNAs with
different expression, 25 miRNAs were upregulated in responder patients (the most
upregulated ones with a log, fold change [FC] between 4.58 and 3.24), whereas the
other 19 miRNAs were downregulated in responder patients (the most downregulated
with a logzFC ranging from -2.86 to -1.83).

In particular, as for the most dysregulated molecules, we have observed an
upregulation, in responder patients, of miR-141-3p, miR-141-5p, miR-200a-3p, miR-
200b-3p, miR-200c-3p, miR-375-3p, miR-429, and miR-545-5p (Figure 14). The possible
tumor suppressor role of these miRNAs in PC has been searched in the literature; target

proteins and their function are reported in Table 6.

Differentially expressed miRNAs Responders vs. Non-responders
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Figure 13. Analysis of miRNA expression in extracellular vesicles. Differentially expressed miRNAs
between responder and non-responder patients are showed in the volcano plot. Red dots: miRNAs
with log,FC > 1.5 and p < 0.05. Blue dots: miRNAs with log,FC <-1.5 and p < 0.05.
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Figure 14. Expression of dysregulated miRNAs with possible role in pancreatic cancer. The most
dysregulated miRNAs between responder and non-responder patients, with a possible role in
pancreatic cancer, are shown. The expression of each miRNA is indicated with logarithmic scale of
copy number per million value (LogCPM). In box plots black line is the median; lower and upper line
of box are first and third quartile, respectively. * p < 0.05, **** p < 0.0001.
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miRNA Target Function of target Refs  log,FC p
miR-141-3p TMA4SF1 cell invasion and migration 77 3.576  [3.298x10"
miR-141-5p TMA4SF1 cell invasion and migration 77 2.800 [0.014
miR-200a-3p | B-catenin | cell proliferation and survival 72 3.287 2.736x10°

epithelial-mesenchimal
miR-200b-3p | ZEB1 transition, gemcitabine 73-76 (3242  |2.220x10°
resistance
epithelial-mesenchimal -
miR-200c-3p | ZEB1 transition, gemcitabine 73'_75 4.006 [1.593x10"°
resistance
miR-375-3p PDK1 cell proliferation and survival, 78-79 4584 | GSSX1O'8
metabolism :
miR-429 TBK1 cell proliferation 81 3.611 [1.728x10°
miR-545-5p RIG-I poor prognosis in PC 80 3.379 |0.039

Table 6. Target and function of the most dysregulated miRNAs. For each of the most dysregulated
miRNAs between responder and non-responder patients, here are reported target, function of target
(with reference to previos reported role in pancreatic cancer), log, fold change (log,FC) and p value.
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5. DISCUSSION

In the present work, we show the feasibility of an EV-based liquid biopsy in order to
obtain, in patients with advanced PC, predictive information for treatment with
gemcitabine + nab-paclitaxel.

In the first part, we have compared samples from PC patients, treated with different
chemotherapy regimens (gemcitabine + nab-paclitaxel, FOLFIRINOX, PAXG) and samples
from healthy subjects, and we report a difference in EV size, expression of surface
markers and miRNA content.

On the other hand, we did not observe a difference in EV concentration between
advanced PC patients and healthy controls, whereas several studies previously reported
an enhanced EV release by tumor cells compared to non-malignant ones, and
accordingly a higher EV concentration in blood of patients with cancer [28,44,45]. This
inconsistency is likely dependent on the difference in age between patients (median age
66, range 43-82) and healthy subjects (median 47, age 37-58). Indeed, it is known that
circulating EV concentration decreases with aging [46]: this may compensate the
expected difference between cancer patients and healthy donors, and give similar
figures in our series. Moreover, the small size of cohorts, especially the healthy subjects
(n =7), has to be considered.

On the other hand, the differences in size and size distribution may suggest the present
of different subpopulations in cancer patients: one may speculate that, as already
reported, different EV subpopulations, with different miRNA content and function [47],
may be present in PC patients compared to healthy subjects, consistently with a cancer
scenario that adds even more complexity to the heterogeneity of EV populations [47].
As for the overexpressed surface markers in PC patients, it is not surprising to find
several adhesion molecules: indeed, cancer hallmarks such as loss of cell-to-cell
adhesion and anchorage-independent growth are dependent on cell adhesion
molecules [48], and an altered expression of these may increase the malignant potential

of cancer cells [48].
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For example, CD31 is considered a marker of vascular density in PC. Interestingly, it has
been associated with better OS in PC, and it has been proposed that this is related to
the presence of stable vessels that supply anti-cancer immune cells [49]. CD31 plays a
role in cell proliferation and migration, and, although usually related to endothelial cells,
it is also expressed by tumor cells in several conditions (e.g., breast cancer and non-
Hodgkin lymphomas) and contributes to tumor cell invasion [50]. In hepatocellular
carcinoma, it has been found to promote metastases by inducing EMT and upregulating
integrin B1 (also known as CD29) via the FAK/Akt signaling pathway [50].

Speaking of CD29, its upregulation in PC stem cells has been associated with increased
invasion ability [51], and its expression has been associated with a critical role for
metastatic process in PC [52]. The expression of CD29 in cancer stem cells has been
associated with enhanced metastatic potential along with features of EMT in other
tumor types such as breast cancer and squamous cell carcinoma [53,54].

As for miRNA content of EVs, some of the miRNAs we have found had been already
described in relation to key features of tumor cells such as proliferation, survival,
migration, and chemoresistance.

For example, miR-431-5p, increased in EVs from patients, has been reported to promote
metastases of pancreatic neuroendocrine tumors by targeting DAB2 interacting protein
(DAB2IP), a Ras GPTase activating protein, thus activating Ras/ERK pathway, and
promoting EMT and cell migration and invasion [55].

On the other hand, miR-188-3p, decreased in PC samples, has been related to a tumor
suppressor activity: its target BRD4 is an epigenetic regulator upregulated in PC cells and
involved in cell proliferation growth and gemcitabine resistance of PC cells [56,57].
Other interesting findings are miR-216b-3p and miR-138-1-3p, both downregulated in
samples from PC patients. Interestingly, miR-216b-3p is downregulated in PC tissue also,
and inhibits pancreatic cancer cell progression and promotes apoptosis by down-
regulating KRAS [58]. The target of miR-138 family is FOXC1, a member of the forkhead
box family of transcription factors that has a crucial role: it increases the metastatic
potential of PC cells by enhancing proliferation, migration, invasion, EMT, and

angiogenesis [59].
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Thus, we can conclude that the results discussed above, highlighting differences in EVs
from PC patients and healthy subjects, especially in miRNA content, confirm the ability
of our approach to detect cancer-related EV biomarkers that may provide information
about tumor biology and potentially help to identify a predictive molecular signature.
Based on these premises, we have analyzed EVs from samples of advanced PC patients,
collected before starting of first-line chemotherapy with gemcitabine + nab-paclitaxel,
and investigated differences between responders and non-responders.

In our case series, we report a response rate of 62% with gemcitabine + nab-paclitaxel,
that is higher than the figure reported in the phase 3 trial (23%)[10]. It must underlined
that our cohort, differently from the population in the trial, included not only patients
with metastatic disease, but also with locally advanced disease. Moreover, median
baseline CA19.9 in our cohort was 417.0 U/ml, whereas in the whole trial population its
value was 2469.7 U/ml (2293.7 U/ml in the arm treated with gemcitabine + nab-
paclitaxel)[10], thus likely reflecting populations with different disease biology or tumor
burden. Moreover, the small sample size of our cohort has to be taken into account (n
=21).

As for the survival analysis, in the whole patient cohort we report a median PFS of 8.0
months and a median OS of 13.3 months. In the abovementioned trial, PFS and OS were
5.5 and 8.5 months, respectively [10]. For these differences, the same caveats expressed
above, including our small sample size, must be considered. As for the survival analysis
comparing responder and non-responder patients, this has to be considered descriptive
and explorative only: our study has not been designed for this purpose, so it does not
have the power to detect a potential difference in survival between the two groups.
When investigating potential differences between responders and non-responders, at
first we have evaluated NTA results, that did not show any difference between the two
groups in terms of EV concentration and size (Figure 11). For EV concentration, this is
consistent with other reports, showing that baseline EV concentration was not
correlated with disease control rate in PC (57.1% of patients with advanced disease,

51.8% treated with gemcitabine + nab-paclitaxel)[60]; on the other hand, a correlation
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between increased baseline concentration of leukocyte-derived EVs (CD45+) and higher
disease control rate was reported in advanced PC [60].

With regard to the analysis of EV surface markers with flow cytometry, we have
observed in responders a significantly lower expression of CD81 and SSEA4.

CD81 is a member of tetraspanin protein family, considered a typical EV marker [61-63],
that has been associated with tumor growth and metastases in several cancers [64].
Differently from our finding, a previous study reported that baseline CD81 exosomal
expression was not associated with different response rates (66% vs 33% for high vs low,
respectively; p = 0.34)[65]. It has to be taken into account that in that work, the study
cohort included 19 patients with advanced PC; of 19 patients, only 11 had been treated
with gemcitabine + nab-paclitaxel, and data about correlation of CD81 expression with
this subgroup only have not been reported. Moreover, exosome analysis had been
performed with ELISA rather than flow cytometry, thus introducing a significant
methodological difference compared to the present work.

Interestingly, a role of CD81 in chemoresistance has been showed in acute lymphoblastic
leukemia, where it is involved in bone marrow microenvironment-induced
chemoprotection; indeed, CD81 knockout induces chemosensitivity, by control of
Bruton tyrosine kinase signaling and induction of p53-mediated cell death [66]. Thus, a
role of CD81 in chemoresistance of PC too, consistently with our finding, can not be
excluded.

As for SSEA4, it is a glycosphingolipid that is a stem cell marker, expressed in pancreatic
stem cells also [67,68]. SSEA4 is overexpressed in several cancers and has been
associated with disease progression; in tumor cell lines, it induces invasion, through loss
of cell-cell interactions and gain of a migratory phenotype, and EMT [69]. SSEA4 is also
expressed in PC cell lines but not in normal pancreatic cells, and high expression has
been associated with reduced OS, thus being proposed as a potential target for
treatment of PC [70]. Therfore, data from previous reports, that suggest SSEA4 as a
marker for identification of heterogeneous, invasive subpopulations of tumor cells [69],

are consistent with its higher expression in non-responder patients.
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With regard to the core of this work, i.e. the analysis of miRNA content of EVs, we report
several interesting findings, especially with miRNAs upregulated in responder patients.
Of particular interest, we have observed an upregulation, in responders, of members of
miR-200 family, that has been previously reported as a regulator of EMT [71]. MiR-200a
is able to inhibit PC cell proliferation and metastasis by targeting B-catenin, a pathway
dysregulated by interleukin-9 [72]. ZEB1 is a target of miR-200b-3p and miR-200c-3p; it
is a zinc-finger enhancer binding (ZEB) transcription factor, involved in EMT, induction
of stem-cell properties and gemcitabine resistance [73,74]. On the other hand, members
of the miR-200 family induce epithelial differentiation, in a feedback loop whose
dysregulation may be a driving force for cancer progression towards metastases [73].
The expression of miR-200b and miR-200c is down-regulated in gemcitabine-resistant
PC cells, which show features of EMT, including a lower expression of the epithelial
marker E-cadherin, and a higher expression of the mesenchymal marker ZEB1 [75]. On
the other hand, up-regulation of miR-200 family, results in down-regulation of ZEB1,
increased sensitivity to gemcitabine and reversal of EMT to an epithelial phenotype [74-
76]. Indeed, miR-200c has been previously reported as a good prognostic factor in PC;
its upregulation is associated with E-cadherin expression and inhibits PC invasion [71].

Among the other dysregulated miRNAs, miR-141 targets TM4SF1, a transmembrane
protein highly expressed in PC cells and involved in cell invasion and migration [77]. As
for miR-375-3p, it is downregulated in PC tissue and cell lines; its lower expression is
associated with lymph node metastases and higher tumor staging [78]. The target of
miR-375-3p is PDK1, a kinase in the PI3K-Akt-mTOR pathway, involved in cell
proliferation and survival [78,79]; consistently, upregulation of miR-375 inhibits cell
growth and induces cell apoptosis of PC cells [79]. As for miR-545, its upregulation
inhibits growth of PC cell lines by targeting RIG-I, a protein whose high expression in PC
tissues is correlated with lower survival [80]. Finally, upregulation of miR-429 is able to
reduce growth of PC cell lines by targeting TANK binding kinase 1 (TBK1), an activator of
KRAS and Akt; consistently, lower expression of miR-429 and higher expression of TBK1

in PC tissue are associated with shorter survival [81].
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As mentioned in the results, other miRNAs showed a significantly different expression
between responder and non-responder patients; for these miRNAs, a role in PC has not
been previously shown, and they deserve further investigation.

The present work has some limitations: the small sample size (n = 21), and the
retrospective design for the collection of clinical data.

However, we have showed the feasibility of the proposed approach in order to identify
EV-derived miRNAs with predictive value in advanced PC. Our findings are further
corroborated by the biological correlation with gemcitabine sensitivity previously
reported for some of the identified miRNAs.

The identification of predictive factors is an unmet need of paramount importance in
PC, especially in first line-therapy: as mentioned above, resistance to therapy is a
frequent issue, and progressive disease often comes along with a deterioration in
performance status that may not allow to start a second-line therapy. Moreover,
chemotherapy has many adverse effects, tackling quality of life. Thus, the identification
of predictive factors is critical to improve the risk-benefit ratio and allow a better
management of this disease, i.e. to improve outcomes and avoid unnecessary adverse
events. Nowadays, the only personalized approach is feasible in presence of BRCA1/2 or
PALB2 mutations, that account for less than 10% of patients; in all other cases, choice of
therapy is based on patient’s performance status and a sequential strategy dependent
on prescription limitations, especially for nab-paclitaxel.

Thus, a personalized approach, with the identification of reliable predictive factors that
would allow to select the right treatment for the right patient, would have tremendous
clinical impact, with several advantages: 1) improvement of treatment efficacy and
outcomes (higher response rate, clinical benefit, increase in PFS and 0S); 2)
improvement in patient quality of life (avoidance of unnecessary adverse effects); 3)
higher cost-effectiveness of the whole therapeutic strategy, that has to be pursued in a
disease with a high social and economic burden (e.g. reduction of toxicity related-
hospitalization for ineffective therapies, reduction of costs associated with disease

progression).
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Our personalized approach is based on liquid biopsy, thanks to the easy isolation of EVs
from blood: this would translate in a minimally invasive approach with minimum
discomfort for patients, that may be even repeated at different timepoints, e.g. in order
to investigate possible early changes of EVs during treatment, or to detect potential
alterations associated with acquired resistance, with the aim to adapt treatment
strategy to the changing conditions. This approach can be expanded and include the
analysis of other potential biomarkers such as circulating tumor cells and ctDNA.
Furthermore, the recent advancements in analytical methods, with an increased
availability of high-throughput methods and omics technologies, along with a decreased
cost for sequencing, make this approach feasible (e.g. in terms of turnaround time, that
is crucial for information needed before starting therapy) and affordable.

In conclusion, we have proposed, and showed the feasibility of, a biology-based
approach for personalized medicine in PC. Our approach is based on a comprehensive
analysis of EVs in order to analyze the unique phenotype of each patient’s disease, with
the aim to identify predictive features and to establish the most appropriate treatment
for each patient, in order to maximize chances of response and patient’s outcome.

Our findings are worthy of further investigation: first, the analysis of a validation cohort
in the same disease setting is required. If confirmed, findings would be worthy of further
validation in a prospective clinical trial, with patients allocated to treatment based on
molecular signature, in order to determine the real impact, in terms of response and
survival, of this personalized medicine approach.

Other perspectives need to be addressed: our findings are worthy of investigation also
with other chemotherapy regimens (e.g. FOLFIRINOX, PAXG) and in other disease
settings such as preoperative treatment. Furthermore, a deeper understanding of
mechanisms of drug resistance is required, and it should address the analysis of
circulating factors at different timepoints and PC tissue. Finally, although we highlighted
a predictive value of several miRNAs, based on the different expression between
responder and non-responder patients, we expect that a composite molecular signature

(composed of several miRNAs, and possibly of other biomolecules, e.g. by analyzing the
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protein content of EVs) may result in a stronger predictive value, with higher impact in

clinical choices for the management of PC.
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