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ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers worldwide.
Surgical resection combined with systemic therapies remains the only approach with curative
intent, but the rapid progression of the disease reduces the chance to detect patients in early
stages, when the surgery would be more efficient. The potential of pancreatic circulating
tumor cells (CTCs) as liquid biopsy could help to guide therapy.

The main aim of this thesis was to investigate whether screening of large blood volumes
could improve CTC detection and characterization. In a first step, the value of diagnostic
leukapheresis (DLA) in PDAC was tested. Compared to a conventional blood sample, DLA
could significantly increase CTC detection. Interestingly, detection of CTCs was correlated
with impaired overall survival. Moreover, PDAC CTCs could be isolated from positive
samples and subjected to single cell genomic profiling. This revealed pathogenic mutations in
hotspot regions of KRAS and TP53 as well as copy number alterations (CNAs) typical for
PDAC, confirming the malignant origin of the isolated marker-positive cells. Besides
commonalties, the genomic data also revealed differences with the matched tumor tissue,
supporting the notion that CTC-based liquid biopsies can provide additional information on
the systemic disease. However, due to their high white blood cells (WBCs) background,
current CTC-detection is technically restricted to a fraction (~5%) of whole DLA products,
limiting the utility of the approach for clinical applications. Thus, another goal of this work
was to test the performance of a label-free spiral microfluidic chip that potentially allows
processing of whole DLA products. The data revealed the feasibility of the approach although
a loss of 50% of enriched cells was noticeable. DLA biochip efficiently processed up to
400x10° WBCs per run (equivalent to ~120 mL PB) and never clogged. Moreover, a two-
cycles enrichment of samples originally containing 400x10° WBCs resulted in the 99.98% of
WBC depletion (~ 60,000 WBCs remaining in the enriched sample).

In conclusion, it was demonstrated that the screening of high volume of blood allows to detect
and analyze pancreatic CTCs, contributing to move towards the use of CTC-based liquid

biopsy in PDAC management.
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Introduction

1. INTRODUCTION

1.1 Pancreatic cancer

1.1.1 Epidemiology and etiology

Pancreatic cancer is the thirteen most frequent cancer worldwide (1). However, with 466,003
deaths in 2020 (2) and an overall 5-year survival rate less than 10% (3) it is the seventh
leading cause of cancer-related deaths worldwide (1).

The high lethality of the disease can be related to different aspects. Patients rarely exhibit
symptoms until an advanced stage of the disease, leading to a late diagnosis which reduces the
chances for a successful treatment (4). Secondly, even when operable tumors are detected, the
patients show a high metastatic recurrence after the surgical resection indicating that
dissemination of the tumor occurs since early stages, long before the clinical manifest disease
(5, 6).

According to anatomical and histological differences within the pancreas, different neoplasm
subtypes can arise. Pancreatic ductal adenocarcinoma (PDAC) is the most common subtype
(7), accounting for more than 90% of all pancreatic cancer cases (4).

Although the causes of pancreatic carcinoma are not yet fully known, there are identified risk
factors as tobacco smoking, type 2 diabetes, obesity, alcohol abuse, age, ethnicity, family
history and personal history of chronic pancreatitis (8). Furthermore, some genetic alterations
that predispose to pancreatitis and some genetic mutations in BRACA1 and BRACA2 are
associated with increased risk of PDAC (8).

1.1.2 Carcinogenesis of PDAC

Anatomically the pancreas is divided into a head, neck, body, and tail. Functionally, the
pancreas comprises two compartments, the exocrine and the endocrine part, respectively (9).
Histologically, the pancreas contains cells of exocrine (acinar cells), epithelial (ductal cells),
and endocrine (a, B, 0, € cells) origin (4). Based on the anatomical, functional and histological
differentiation, different malignant tumor subtypes can arise (10). The PDAC arises from the
exocrine compartment (11) and can grow in every anatomical region, although it is mostly
found in the head of the organ (12). Under macro- and micro-environmental stimuli, as tissue
damage and inflammatory or stress conditions, acinar cells transdifferentiate to more

epithelial phenotypes (“ductal-like”) (figure 1) with varying degrees of cellular atypia and
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differentiation (4, 13). During this process, which is called acinar-to-ductal metaplasia
(ADM), acinar cells acquire “progenitor cell-like” features and are more susceptible to pro-
oncogenic hits, which can lead to pancreatic intra-epithelial neoplasia (PanIN) (4). PanINs are
usually small precursor lesions from which PDAC can arise (14). Subsequently, genetic and
epigenetic dysregulations contribute to the further progression to invasive PDAC (15). Cancer
cell invasion can induce a desmoplastic reaction, which is characterized by the presence of a
dense stroma of cancer-associated fibroblasts (CAFs) and inflammatory cells (16). Activated
CAFs, in turn, secrete factors that promote the cell proliferation and the metastasis (16). At
diagnosis, the liver and lungs are the most common metastatic sites (17). In vivo models of
pancreatic cancer progression demonstrated that in parallel to tumor formation at the primary
site, the dissemination of PDAC cells out from the primary tumor and the seeding of distant
organs occurs (18), giving a valid explanation to the evidence that the majority of patients

with PDAC have already metastasis at diagnosis.

Desmoplasia

Acinar cells Acinar-ductal Pancreatic Pancreatic Pancreatic ductal Metastasis

metaplasia (ADM) intraepithelial intraepithelial adenocarcinoma
neoplasia (PanIN)-neoplasia (PanIN)- (PDAC)
Low grade High grade

 KRAS  TPSLSMAD4
S cpRNaA
© Cpigeneticdysregulation

Figure 1. Steps of PDAC carcinogenesis. The formation of invasive PDAC is a multi-step process.
Acinar cells transdifferentiate to “ductal-like” cells. Pro-oncogenic alterations can contribute to
transform “ductal-like” cells into pancreatic intra-epithelial lesions (PanIN), and the precursor of
PDAC develops. The accumulation of genetic and epigenetic changes contributes to the development
of an invasive tumor, which mainly metastasize to the liver and lungs.

Image representing carcinogenesis steps was used and adapted from Orth et al. (4) under a Creative
Commons Attribution 4.0 International License.
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1.1.3 Genomic alterations: mutations in driver genes

Overt PDACs present significantly recurrent mutations mainly in four genes: KRAS oncogene
and TP53, P16/CDKN2A and SMAD4 tumor suppressor genes (19-24), while mutations in
additional protein-coding genes were reported at lower prevalence (<10%) (23).

Point mutations in KRAS are found in over 90% of PDAC cases (24, 25). The KRAS proto-
oncogene is part of the RAS family and encodes for a ~21 kDa small GTPase, which cycles
between GTP-bound active and GDP-bound inactive states (26). The guanine nucleotide
exchange factors (GEFs) promote the exchange of GDP for GTP, inducing a KRAS active
state, while the GTPase-activating proteins (GAPs) induces the hydrolysis of GTP and the
KRAS inactivation (26). Constitutive activation of RAS results in the persistent activation of
various intracellular downstream signaling pathways and transcription factors inducing
typical mechanisms of cancer as cell proliferation, migration, suppression of apoptosis (27).
The most frequent KRAS mutations in human PDAC are point mutations causing amino acid
substitutions in codon 12 and with lower frequency also in codons 13 and 61 (27-29) (table
1). These mutations can block the interaction between KRAS and GAPs, conferring a
permanent activation of the KRAS protein, independently from extracellular stimuli
(activating mutations). The presence of these mutations was demonstrated already in the very
early stages of PanIN lesions (30, 31) and they were associated to the initiation of the
carcinogenesis (32, 33) (figure 1). Nevertheless, other studies with mouse models highlighted

the role of KRAS mutations also in the tumor maintenance (34).

Table 1. Frequently detected mutations in KRAS and TP53 genes in PDAC. The most frequent
pathogenic missense mutations are detected in exon 2 and 3 of KRAS (27-29) and exon 5, 7 and 8 of
TP53 (25, 35-41). CDS mutation: change in the nucleotide sequence; AA mutation: change in the
peptide sequence.
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Gene Exon CDS mutation AA mutation
c.34G>T p.G12C
c.34G>A p-G12S

5 c.35G>T p.G12V

KRAS c.35G>A p.G12D
c.38G>A p.G13D

c.37G>A p-G13S

3 c.183A>C p.Q61H

5 c.524G>A p-R175H
c.742C>T p.R248W

TPS3 ’ c.743G>A p.R248Q

3 c.817C>T p.R273C
c.844C>T p-R282W

TP53, the most frequent mutated gene in cancer (42), is the second most frequently mutated
gene in PDAC and somatic mutations in TP53 occur in 70% of PDAC cases (23, 43, 44).
TP53 encodes for p53, which is activated in response to stress signals and acts as a tumor
suppressor, principally inducing growth arrest, apoptosis, cell senescence, DNA repair,
metabolic adaptations (45). One of the mechanisms that allow this activity is the ability of the
protein to bind the DNA and regulate the gene expression (46, 47). However, different
mutations in TP53 can cause various effects, that can implicate a loss or a gain of function
(48, 49). The most frequent mutations in TP53 are missense mutations (23) and in PDAC the
most frequent missense mutations alter the codons 175, 248, 273, and 282 (25, 35-40, 50)
(table 1), which are part of the DNA binding domain of the protein. Amino-acid substitutions
in one or multiple of these codons cause conformational changes compromising the DNA
binding and this was proposed as one of the mechanisms leading to p53 loss of activity as
tumor suppressor (51). Mutations in TP53 (as well as in other genes as P/6/CDKN2A, and
SMADA4) have been associated with tumor progression and invasive carcinoma, and therefore

proposed as later events in the PDAC carcinogenesis (33, 41, 52, 53) (figure 1).

1.1.4 Genomic alterations: copy number alteration

Beside the point mutations, larger genomic structural variations, i.e., amplifications and/or
losses of DNA segments > 1kb, were also identified in pancreatic cancer (54-56). Bulk whole
genome sequencing revealed frequent copy number alteration (CNAs) in PDAC, which

contribute to the complex mutational landscape of this cancer (19). Genome-wide DNA copy

4
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number analyses revealed that the g-arm of chromosome 8 (Chr 8q), where the Myc oncogene
resides, is the region most frequently affected by genomic gains, while chr. 9p is the region
most frequently affected by genomic losses (54, 57). Additional gains have been observed in
the chromosomes arms 6p, 12p, 18q and 19q, which contain cyclin D3, KRAS, GATA
binding protein 6, protein kinase B, while additional losses were observed in chromosome
arms 18q, 10q and 17p, which contain SMAD4, Phosphatase and Tensin homolog (PTEN)
and TP53 (58). Many of these genes are known oncogenes or tumor suppressor. There are
different hypotheses on the possible correlation of certain CNAs and genetic predisposition
(55), disease progression (59) and poor prognosis (60) in PDAC. The dissection of CNA sub-
clonal heterogeneity through the analysis of single CTCs might allow a better understanding

of such mechanisms.

1.1.5 Diagnosis of PDAC

Patients with PDAC often present with non-specific symptoms, as weight loss, back pain,
abdominal pain, and fatigue and are usually diagnosed already in advanced stages (61)
Additionally, PDAC tends to disseminated and metastasize early, already when the tumor is
considered small in size (<2cm) (62). Different methods for the diagnosis of PDAC are
recommended by current guidelines and the decision of the most appropriate approach should
be made in reference centers (61, 63, 64). Among the options, are the cross-sectional imaging,
the endoscopic ultrasound combined with fine-needle aspiration, the histological evaluation of
the surgery biopsy, and the screening of the CA19.9 as a serum biomarker (63). The aim of
these methods is to identify the tumor, assess its spread and classify the tumor as metastatic,
local advanced, borderline, or resectable. A proper classification of tumor stage is critical for
the optimal delivery of stage-specific therapy (65).

Depending on the disease stage, histopathologic confirmation might be required to confirm
malignant pancreatic lesions. A pathological confirmation is always required in locally
advanced and metastatic PDAC (63). In these cases, KRAS-mutation analysis on
cytopathological sections could increase the sensitivity and accuracy of the diagnosis,
compared to cytopathology alone (66, 67). Nevertheless, each of the mentioned diagnostic
strategies has its own limitations. The imaging, for example, can fail to detect small lesions,
and in these cases the endoscopy with fine-needle aspiration biopsy is more sensitive (63). By
contrast, endoscopic biopsies are challenging due to the anatomical position of the organ and

might lead to false negative results due to the cannulation of stromal cells. Although the

5
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classical biopsy remains the main option, this method is invasive and harbors the risk for
tumor spread (63).

Furthermore, all these procedures do not guarantee an early diagnosis (68). Since it was
demonstrated that the prognosis of patients with an early diagnosis improves after tumor
resection compared to the prognosis of patients with unresectable tumor (69), additional
strategies to early detect the tumor are urgently needed to improve the prognosis for PDAC
patients. All together, these diagnostic limitations push towards the need to find approaches to
complement the role of the current methods in order to improve the diagnosis and therefore
also the prognosis. In this context, liquid biopsy is gaining an increasing interest (70). The
liquid biopsy has been proposed as a promising tool for early detection of high-risk patients
(71) and has the big advantage to be a noninvasive procedure, with no inherent risks to the
patient.

In PDAC, highly specific tumor biomarkers are lacking (72). Currently, one of the most
common blood-based biomarker which is used in the clinical routine of PDAC is the CA19.9
(73). However, its specificity and sensitivity are still a matter of debate. It was reported that
CA19.9 has a sensitivity of 70—81% to diagnose pancreatic adenocarcinoma (74, 75), but high
levels were also found in some benign forms of the disease (e.g. pancreatitis) and in other
cancer types (e.g. colorectal cancer, gastric cancer, bladder cancer and uterine squamous cell
carcinoma), raising doubts on the specificity of the marker (76).

Therefore, the validation of novel liquid biopsy derived biomarkers could contribute to

improve the diagnosis in PDAC samples.

1.1.6 Treatment options in PDAC

To date, the surgical resection remains the only potential cure for PDAC. Pancreatic surgery
combined with adjuvant treatment can improve the five-year survival up to around 30% for
patients with resectable disease (69). In these cases, monotherapy with Gemcitabine is still
used as adjuvant first line treatment (77, 78), despite recent evidences demonstrating better
efficacy of a modified FOLFIRINOX (folinic acid, 5-fluorouracil, irinotecan and oxaliplatin)
compared to Gemcitabine alone (79). However, most of PDAC patients are diagnosed in
advance stage of the disease when the tumor has already metastasized and in these cases, a
combined chemotherapy has been approved as first line therapy (FOLFIRINOX or
Gemcitabine plus nab-paclitaxel) although the prognosis is still poor (78, 80, 81).

6
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Unfortunately, only the 10-20% of the PDAC patients are detected early enough to qualify for
a therapy with curative intention (82-84), while in the remaining cases only palliative
treatments are offered. More recently, additional surgery during multimodal treatment has
been extended to patients with unresectable PDAC, but the actual clinical benefits of resection
have not yet been fully investigated (85). In these patients, the debate remains whether
upfront surgery or neoadjuvant treatment is more beneficial (86).

Although advancements in the multimodal therapy, unfortunately PDAC shows a high
chemotherapy resistance, partially explained by the extensive desmoplastic reaction, a poor
vessel density, and hypoxia, which is common in PDAC (87, 88). Another reason, might be
associated to the high level of inter- and intra- tumor heterogeneity in PDAC (89). In this
context, the characterization of the molecular subtype may help to sort patients into definable
and more uniform groups to better guide the treatment (19, 90, 91).

In the last decades, the potential of immunotherapy is gaining interest and many approaches
aiming to trigger the immune system to attack cancer cells have been investigated. However,
PDAC is a type of cancer that has a strong immunosuppressive microenvironment, making it
challenging for single-agent immunotherapy to effectively treat the disease (92). Recent trials
have focused on combining immunotherapy with standard chemotherapy to improve efficacy
(93).

Other potential therapeutic targets are associated with altered genes, such as KRAS, TP53,
CDKN2A, SMAD4, BRCA, APOBEC, and KDM6A (94). In particular, the KRAS gene is a
focus of attention due to its high frequency of activating mutations and its critical role in
PDAC growth and maintenance (34, 95). The use of inhibitors for KRAS and downstream
components of the RAS pathway has been widely studied. However, the surface topology of
the KRAS protein makes it a difficult drug target, hindering the design of high-affinity small-

molecule antagonists (96, 97).

1.2 Liquid biopsy and CTCs

1.2.1 Introduction to liquid biopsy and CTCs

The potential utility of liquid biopsy in the cancer management is gaining an increasing
interest as a complementary approach to the conventional tumor biopsy. Liquid biopsy assays
have been studied as promising tools for diagnosis, prognosis and real-time monitoring of

cancer progression and response to treatment (98-100). Liquid biopsies describe mainly blood
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analysis, but this has been extended to the analysis of other body fluids (e.g. urine, saliva,
spinal fluid) in a minimally invasive way (101), with negligible risks for the patient, at low
costs and in short time. The nature of the approach could offer a chance to obtain relevant
information in cases where a standard tumor biopsy is not feasible, such as when accessing
the tumor location is difficult or when the origin of the tumor is unknown (102, 103).

Liquid biopsy of peripheral blood (PB) analyses in most cases circulating tumor cells (CTCs),
circulating tumor-derived cell-free DNA (ctDNA), tumor derived ¢fRNA or tumor-derived
extracellular vesicles (EVs) (100). Most studies report on the application of these analytes
separately. Among these different biomarkers, CTCs are of particular interest because they
can represent vital metastatic cells. Once that tumor cells have detached from the primary
lesion, they can enter the bloodstream via intravasation (104-106) (figure 2A) and become
CTCs. In the bloodstream, the main fraction of CTCs appear to undergo apoptosis before
seeding in distant organs and only few cells seem succeed to metastasize (107). Recent
findings suggest that CTCs, which travel in clusters or in association with neutrophils may
have a greater contribution to the metastatic process compared to CTCs that travel as single
cells and this seems to be associated with mechanical and immune features (108-110). In
order to metastasize, CTCs need to extravasate into the surrounding tissue, find a suitable
niche, and colonize (111) (figure 2B). Nevertheless, not all the surviving cancer cells
disseminated to distant sites can initiate a metastasis. A fraction of cells can enter a quiescent
state in their metastatic site and persist with the potential to reactivate and generate a
metastatic lesion. This event is known as cellular dormancy and it is considered as one of the
mechanism responsible for the failure of most therapeutic options targeting proliferating cells

(112).



Introduction

/% 2. Intravasation

Figure 2. Metastatic cascade. (A) Tumor cells invade the local tissue and subsequently intravasate.
(B) In the circulation some of them survive until reach distant organs, where they can extravasate. In
the destination tissue, cancer cells start to divide and colonize and form a metastasis (113). Created
with the equipment from “Medical Specialities” attributed to Servier Medical Art by Servier, licensed
under a Creative Commons Attribution 3.0 Unported License.

Although CTCs are not currently used in clinical practice, there is high interest in these cells
as tumor biomarkers. CTCs are typically detected in patient’s blood sample, after a
preliminary enrichment step that helps to reduce the number of background cells (figure 3).
The diagnostic, prognostic and potentially predictive role of CTC enumeration has been
demonstrated in patients with breast, lung, prostate and colorectal cancer (114-118). In
addition, molecular characterization of CTCs offers the opportunity to profile tumor material
at genomic, transcriptomic, proteomic and functional level, with the aim to better understand
mechanisms of metastasis (119) and may help treatment decisions if clinical relevant targets
are profiled (106). Over the years, many technologies have been developed with the aim to
detect and isolate CTCs (120-122). However, a standardized integrated workflow that allows

to detect, isolate, and genetically analyze CTCs is lacking.
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Figure 3. Circulating tumor cells based liquid biopsy: approach and utility. After blood
collection, an enrichment approach should allow to increase the ratio between rare tumor cells and
background cells, in order to help CTC detection. With the aim to detect CTCs, the target cells should
be labelled. CTC detection allows for enumeration, but it could also allow cell isolation. CTC
enumeration has been proposed as a diagnostic, prognostic and predictive tool. CTC isolation offers
the chance to access genetic information and investigate tumor biology. Together, enumeration and
molecular characterization might allow better treatment decisions and personalized therapies.

Created with the equipment from ‘“‘Laboratory Equipment” attributed to Servier Medical Art by
Servier, licensed under a Creative Commons Attribution 3.0 Unported License.

The detection of CTCs is technically very challenging for two main reasons. The first one is
that these cells are extremely rare in circulation, compared to the blood cells (typically ~ 1
CTC per 10® blood cells). The second reason is that CTCs are very heterogeneous, both in
terms of their biophysical characteristics (e.g. size, deformability) and phenotype (e.g. protein
marker expression). Although CTCs are considered to be larger compared to WBCs (123),
their size can vary over a wide range (124) while expression analyses (at protein and mRNA
level) suggest that the phenotype of CTCs can change dynamically and different sub-
population can co-exist (125, 126). The presence of these phenotypes is associated with
important mechanisms proposed to explain the progression of cancer metastasis: the
epithelial-mesenchymal transition (EMT) and its reversal mesenchymal-epithelial transition
(MET) (126). During the EMT, tumor cells loose apicobasal polarity and cell-cell adhesions
with disruption of the basolateral membrane and they acquire a mesenchymal phenotype by
transiently expressing distinct mesenchymal markers (127, 128). These mechanisms generate

cells that can express typical epithelial markers, as the cell surface marker epithelial cell
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adhesion molecule (EpCAM) and the cytoplasmatic cytoskeletal proteins (CKs), but also cells
that lost the epithelial markers and express mesenchymal-typical markers (as N-cadherin and
vimentin), or a combination of both resulting in hybrid epithelial-mesenchymal CTCs (129,
130). In the last decade, it is gaining attention also the possible role of EMT to generate cells
with the traits of cancer stem cells (CSC) (131, 132) constituting a subset of CTCs with a

stronger potential to initiate metastasis (133).
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1.2.2 Strategies to enrich circulating tumor cells

The low frequency in the blood and the heterogeneous phenotype of CTCs challenge the
detection methods. Therefore, a key methodological step to help CTC detection is a
preliminary enrichment step (figure 3). This approach aims to increase the ratio between
tumor cells and background blood cells (134). CTC enrichment can be done with different
methods, which are commonly grouped in molecular-based and biophysical-based (figure 4).

Based on these methods, different technologies have been developed.

CTC-enrichment methods

Molecular-based

Immunoaffinity
1

l |

Positive selection Negative selection

| =T

Microfluidic Immunomagnetic Immunodensity

Biophysical-based

Size Deformability Density Electrical charge
l l l J Inertial focusing \ l
Filtration Microfluidic Density Dielectrophoresis

Figure 4. Methodological approaches to enrich CTCs. CTCs can be enriched based on their
molecular or biophysical properties and different technologies have been developed to profit from
those features to separate CTCs from the blood cells.
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1.2.2.1 Molecular-based CTC enrichment

Several technologies have been developed to enrich CTCs with an immunoaffinity-based
approach, by targeting either CTC surface antigens to directly capture the tumor cells
(positive selection), or antigens which are not expressed by CTCs to deplete non-cancerous
cells (negative selection) (121) (upper panel, figure 4). The most immunoaffinity-based
technologies use antibodies against EpCAM and CD45, but some devices allow the users to
introduce additional antibodies against tumor-associated antigens. The technologies based on
immunocapturing can be sub-grouped in immuno- magnetic, -density and microfluidic
methods.

For immunomagnetic enrichment, the antibodies can be coupled to magnetic ferrofluid (e.g.
CellSearch® system) or microbeads (e.g. MACS® microbeads, Miltenyi Biotec, Germany,
for positive selection (135) or EasySep, StemCell™ Technologies, Canada, for negative
selection (136)) to allow the cell separation in a magnetic field.

Different technologies adopt immunomagnetic for CTC capturing (134), however
CellSearch® system (Menarini Silicon Biosystems Inc., USA) is considered as the gold
standard for CTC enumeration in metastatic breast, prostate and colorectal cancer (137-139)
and it was clinically validated and approved by the Food and Drug Administration (FDA).
The CellSearch® system consists of two instruments: the CellTracks® Autoprep® system
(Autoprep), and the CellTracks® Analyzer II (CTAII). The enrichment phase is performed by
the Autoprep. The system captures CTCs based on the expression of epithelial markers. The
ferrofluid is coated with anti-EpCAM antibodies and the cells that have bound the ferrofluid-
conjugated antibodies are pulled to the magnets to be separated from the rest of cells (140)
(positive selection). After enrichment, CTCs are also immunofluorescently labelled within the
Autoprep to be later detected by image analysis at CTAIIL. According to CellSearch®-CTC
selection criteria, a CTC is phenotypically defined as a nucleated cell, larger than 4 microns,
EpCAM+, and/or CK+ (mainly CK 8, 18, and 19), and lacking the leukocyte common antigen
(CD45-) (115, 141).

As an alternative, an immunodensity-based approach is available for negative selection (i.e.
RosetteSep (StemCell™ Technologies)) (136). RosetteSep utilizes cocktails of tetrameric
antibody complexes (anti- CD2, -CD16, -CD19, -CD36, -CD38, -CD45, -CD66b and -
glycophorin A) to bind simultaneously leukocytes and RBCs and form cellular rosettes with
higher density compared to the other cells. These aggregates can precipitate after density

gradient centrifugation and they can be removed (134).
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Further, different technologies have been developed to combine microfluidics and
immunocapture. In these devices antibodies are immobilized on the surface of microfluidic
channels while the blood flows at controlled slow flow rates to allow binding of the cells to
the antibodies (121) (e.g. CTC-Chip (142, 143), HB-Chip (144), (Massachusetts General
Hospital, USA)). With the aim to improve magnetic-based separation for CTC capture,
magnetic and microfluidic strategies were combined. The result are systems where the sample
is subjected to magnetic field while passing through microfluidic channels to maximize the
effect of magnetic field in the sample (134) (e.g. i-Chip (Massachusetts General Hospital)
(145), IsoFlux™ system (Fluxion Biosciences, Inc., USA) (146)).

However, immunocapturing-based enrichment has limitations. For example, EpCAM-based
methods might miss the capture of some CTCs that lost the expression of epithelial antigens
in favor of mesenchymal antigens as consequence of the EMT (147, 148). Additionally,
positive enrichment immunoaffinity-based methods usually require sample centrifugation

steps that can cause CTC loss (121).

1.2.2.2 Biophysical-based CTC enrichment (ClearCell® FX system)

Extensive studies investigated the biophysical differences between CTCs and normal blood
cells in terms of cellular size, density, deformability capacity and electrical membrane
properties (123, 149). Based on these biophysical differences, different technologies have
been developed to help the CTC enrichment.

Based on the finding that CTCs are larger (ranging from 17 um to 52 pm ) than RBCs (6-
8 um (150)) and WBC (7-20 pm) (123, 151-153), a simple strategy to enrich CTCs based on
these size differences is the membrane filtration (e.g. ISET (154, 155)). The blood is pushed
to pass through the pores of a membrane (typically 8 um (156)) either under controlled
pressure or by centrifugation, and, ideally, larger cancer cells should be retained on the
membrane while smaller blood cells should pass through. The filtration principle was also
used to build 3D-geometries, consisting in two layers of pore membrane and with the aim to
preserve the cell viability (e.g. 3D-microfilter (157), SB microfilter (158)). However,
filtration methods have some limitations, such as the possible clogging of membrane pores
and the low purity, because many background cells are also retained on the membrane due to

an overlapping size range between WBC and tumor cells (159, 160). Additionally, after
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enrichment, the enriched cells remain stuck in the filter surface and their detachment is very

challenging which hinders their isolation for downstream analyses.

Another method to enrich CTCs is based on differential cell density (161). For that, the
sample is placed on the top of a separation medium and centrifuged to separate tumor cell
from blood cells. The RBCs and neutrophils (density of >1.077 g/mL) pellet at the bottom
while the CTCs and mononuclear cells (density of <1.077 g/mL) separate on the top of the
gradient medium (Ficoll-Paque, Percoll) (123). However, the use of gradient media is not
specifically intended for CTC enrichment, and this strategy is usually not very efficient in
terms of CTC capturing and purity. Therefore, different technologies have been developed
based on density gradient centrifugation with the aim to improve the CTC enrichment
efficiency. For example, OncoQuik® (Greiner Bio-One, Germany) (162, 163) couples the
density gradient centrifugation with filtration, which help to capture the CTCs on a

membrane.

Microfluidic systems have been developed to enrich CTC based on differences in cell size and
deformability (Parsortix ™ system (Angle North America, Inc., PA) (164)), and some of those
use hydrodynamic forces and inertial focusing to separate CTCs (e.g. Vortex Technology
(Vortex Bioscences, Inc., USA), ClearCell FX system (Biolidics Ltd, Singapore)) (165-167).
Recently, Parsortix™ system was FDA-cleared for gathering CTCs from metastatic breast
cancer patients (168).

Compared to filtration- or density-based approaches, these technologies are considered as
more gentle to separate CTCs from the background cells, better preserving the cell viability
for downstream analyses, and they suffer less of clogging problems (169). The performance
of spiral chips for processing standard blood samples has been previously reported (170, 171).
The ClearCell® FX system allows a separation of the tumor cells from the blood cells based
on differences in sizes and stiffness, according to the Dean Flow Fractionation (DFF)
principle (165, 171-175). The system channels the sample, at a defined flow rate, through a
spiral microfluidic channel with rectangular cross-section, the CTChip FR1 (figure 5). While
flowing through the chip, blood cells, which tend to be smaller than cells from solid tumors,
are more heavily influenced by the secondary Dean vortex which drags them to a position
near to the outer wall of the microfluidic channel. In parallel, the larger tumor cells are more
strongly influenced by the generated inertial lift forces and migrate to a position near to the

inner wall. At the end of the spiral, the channel is branched out into two separate outlets and
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because of the different positioning of the blood cells and tumor cells in the channel, the two
populations can be recovered separately (176).

In the last years, technologies that rely on electric cell membrane properties were developed
(177). During the tumor development, tumor cells modify their shape, nuclear/cytoplasm ratio
and protein expression, acquiring changes in the polarity and electrical charge when
suspended in a solvent. Because these properties are different in CTCs and WBCs,
dielectrophoresis (DEP) principle can be used to separate these cell types (178). DEP allows
for the directed movement of polarizable particles in a non-uniform electric field, and can
therefore be used to manipulate the movement of particular types of cells in suspension based

on the cellular membrane properties. Some technologies have been developed to combine the

use of DEP and microfluidics (179).
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Figure 5. Spiral microfluidics and cell separation within CTChip FR1.

The left figure panel shows the schematic design of CTChip FR1: the buffer and the sample are
directed into two separate input tubes; the CTC enriched fraction and the waste flow into two separate
output tubes. The cross section of the chip (right panel) shows the positions of the blood cells (in white
and red) and CTCs (in green) at three different positions along the chip flow (X, Y, Z of the schematic
design).

Reused from Guglielmi et al. (176), Copyright 2013 by Creative Commons CC-BY-NC-ND.
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1.2.3 Strategies to detect CTCs

No enrichment method can provide pure CTCs and after enrichment, the CTC-enriched
samples still contain a fraction of leukocytes, which hinders CTC detection (180). In order to

identify CTCs among the WBC background, a phenotypic profiling is required.

The detection of the expression of epithelial proteins, a hallmark of most epithelial
malignancies (181-184), is currently the most abundantly used approach to distinguish
epithelial CTCs from the mesenchymal blood cells. A typical method is the use of
fluorescently labelled antibodies against CKs (e.g. CK8, CKI18 and CKI19) as positive
markers, anti-CD45 as exclusion marker labeling WBCs, and DAPI for nuclear staining.
Through multicolor image analysis with a fluorescence microscope or flow cytometry, CTCs
can be detected as CK+/CD45-/DAPI+ cells (185).

However, epithelial markers on CTCs, such as EpCAM and CKs, may be downregulated as
consequence of EMT and become undetectable (186-188) hindering CTC detection with the
risk of false negative results. Several studies indicate that the use of additional markers might
represent an advantage to increase the number of CTC detected (106, 121, 189). For example,
the introduction of additional tumor associated markers (e.g. anti-Her2, -EGFR, -MUC1) or
mesenchymal markers (e.g. vimentin or N-cadherin) could improve the detection of CTCs

(180, 190).

In many protocols, the immunostaining for CTC detection is a post-enrichment step that is
performed separately. This step usually requires several centrifugations and sample
manipulation, which can increase the chance of CTC loss (188). To limit this problem, a
possible solution could be the implementation within the enrichment technologies of an in-
situ staining and an integrated imaging system, following the example of the CellSearch®
system. Although the immunodetection is the most common approach used especially in
Clinical Laboratory Improvement Amendments (CLIA)-certified molecular diagnostics
laboratories (191), there are alternative methods, which might bypass the risk of false
negative results. In this context, gene expression analysis has been used for CTC detection.
Indeed, Real Time PCR (qRT-PCR) is a highly sensitive technique that allows to
simultaneously analyze dozens of markers and detect even rare transcripts associated with

CTCs (192). However, such molecular technique does not allow to isolate intact CTCs.
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1.2.4 Clinical significance of CTC enumeration in PDAC using

CellSearch®

The potential of the enumeration of CTCs (in particular with the CellSearch® system) as
prognostic biomarkers has been widely investigated in different tumor entities. To date, CTC
enumeration is accepted as prognostic and monitoring tool for breast (115, 193), prostate
(116, 194) and colorectal (195, 196) cancer. However, in PDAC, heterogenous results are
reported (197) and the number of studies is limited, which increases the uncertainty of the

potential clinical value of CTCs in this tumor entity.

Table 2. Collection of data obtained from CellSearch®-based studies published between 2008
and 2021 and evaluating the prognostic role of CTCs in PDAC. Data were extrapolated from the 8
studies with the aim to collect information on the detection frequency and enumeration of CTCs at
different stages of PDAC and their correlation with the prognosis (154, 198-203).

STUDY PATIENT DETECTION CTC/7.5mL STAGE PROGNOSIS
(number) RATE (%) blood
(median)

Kurihara et al., 2008 26 57% 16.9 v worse OS
Khoja et al., 2012 54 39% 0 v towards decreased OS
Bidard et al., 2013 29 5% 2.7 111 worse OS

Earl et al., 2015 45 20% 1 1-1v worse OS

Bissolati et al., 2015 20 45% 3 ITa and b no correlation to OS/PFS
Dotan et al. 2016 48 48% 4.9 mPC (IV)  no correlation to OS
Okubo et al., 2017 65 32.3% 1 -1V worse OS

Hugenschmidt et al., 2021 98 7% 1 1Ib worse CSS

Initial studies using CellSearch® Assay in PDAC have confirmed the presence of CTCs, but
with significantly lower overall numbers (median of 2 CTC/7.5mL of blood) and detection
frequency (range 5-57%) (table 2) (154, 198-203) compared to other epithelial tumors (115).
These low counts and discrepant frequencies impact negatively the (discriminatory) power of
CellSearch-CTCs as biomarkers. Nevertheless, with some exceptions (203), the majority of
the studies showed that in metastatic patients (with non-resectable tumor) CTC positivity
reflected a significant or a trend to poorer progression-free survival (PFS) and overall survival
(OS) than what is observed in CTC-negative patients (198, 199, 201, 202, 204, 205) (table 2).
No correlation was found in patients at resectable stage Ila and b (200). Of note, a consensual
cut-off number for CTCs used to define patient positivity/negativity has not been established

yet and different cut-off values have been used in different studies evaluating CTCs in PDAC
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(206), which makes difficult to compare the results. However, the low CTC numbers and
detection frequencies observed in PDAC patients suggest that lower cut-off value might be

considered to discriminate patients with a good or poor prognosis.

The low numbers and detection rates of CellSearch-CTCs in PDAC could be partially
explained by the heterogeneous expression of EpCAM protein on the CTC surface (154, 207,
208), and by the fact that a downregulation of EpCAM takes place during EMT and this is a
crucial step for PDAC progression at early stages (209). These features highlight that
EpCAM-based methods might not be efficient enough for pancreatic CTC capturing.

In addition, it has been hypothesized that the hepatic filtration during the portal circulation
transit could also contribute to trap CTCs and therefore reduce the chance to detect cells in the
peripheral blood, as already observed in colorectal carcinoma (210-212). The portal venous
circulation is the main way for hematogenous dissemination of PDAC CTCs, which have
direct access into the low-pressure flow of portal circulation where they can quickly reach
hepatic tissue. Thus, some studies proposed CTC enumeration from portal venous blood as a
strategy to increase the chance to find CTCs and identify patients at risk for hepatic metastasis

(213, 214).

1.2.5 Strategies to isolate CTCs for downstream analysis

The analysis of CTCs at single cell level is acquiring increasing interest to investigate the
mutational landscape of progressing cancers and open a window into tumor heterogeneity
(215, 216). To access the molecular profile of individual CTCs, they need to be first isolated
as single cells, and this is technically challenging. After enrichment and phenotypical
characterization, the population of target cells is still contaminated by WBCs (217).
Depending on the number of contaminating WBCs and the type of labeling used to detect
CTCs, the most appropriate method has to be selected for the target cell isolation. The cell
isolation can be performed manually or integrated in a semi- or fully-automated technology

(218).

The manual approach, i.e. micromanipulation, consists of detecting the CTC under a
fluorescent microscope and the operator guides a micropipette to suction the single cells and
place them in the desired reservoir (218). This strategy is economically convenient, but very

laborious. More recent technologies were developed to introduce some automation. For
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example, the CellCelector™ (ALS, Germany) offers the possibility to automatically scan the
entire source plate and analyze the images to detect and tag target cells to be picked by a high-
precision robotic arm (217). This strategy is compatible with many of the major biophysical-
(219) and molecular-based (including immunomagnetic (220)) CTC enrichment technologies.

An alternative strategy is provided by the DEPArray™ system, which combines
microelectronics and microfluidics in a highly automated platform, to enable the isolation of
single cells or pools of cells (221). After a preliminary immunostaining and volume reduction,
the cell suspension is loaded in a microfluidic cartridge which contains an array of
individually controllable electrodes, each with embedded sensors. This circuitry enables the
creation of DEP cages around the cells, which can be visualized and subsequentially selected
by a browser software to be gently moved into a holding chamber for isolation and recovery.
This strategy can be integrated in workflows downstream to many of the biophysical and
immunological-based (including immunomagnetic (221)) CTC enrichment technologies.

Flow cytometry is also one other strategy to sort CTCs from the background co-enriched
cells. It has been already shown that FACS sorting is a very efficient and cost-effective way
to detect and isolate CTCs (222), discriminating the cells based on the expression of several
markers, their size and granularity. However, this approach does not offer the chance to
visualize the cell and observe its morphology, which might hinder the selection. FACS sorting
showed compatibility with the major immunological-based CTC enrichment technologies

(including immunomagnetic (222)).

1.2.6 Diagnostic leukapheresis to increase the CTC yield

A major obstacle to unlock the potential of CTC-based liquid biopsy is their extreme low
concentration in the peripheral blood, which complicates their detection. This becomes
especially problematic if only 10 mL of blood (typical volume of standard clinical samples) is
analyzed. An approach that could increase the CTC yield would be to screen larger blood
volumes and the theoretical basis for this approach have been explored (223-226). The
diagnostic leukapheresis (DLA) was established with this purpose (227). DLA is a shorter
leukapheresis (LA), a method that is used to separate mononuclear cells (MNCs) from liters
of blood and it has various applications in the clinics (228, 229). During the LA procedure,
the blood is continuously extracorporeally processed (figure 6A) to enable a density-based
cell separation of MNCs with a density of 1.055-1.08 g/mL (227). As the density of epithelial
cells falls in the range of MNCs, LA could allow a co-enrichment of CTC and the MNCs
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(227) (figure 6B). During the DLA procedure around 2.5 L of blood are processed and its
MNC content is concentrated in approximately 40 mL with around 10® WBC /mL (230, 231).
DLA has been reported as a clinically safe method that reliably enables higher detection of
CTCs (227, 232). It was initially introduced by the HHU Diisseldorf (227), and in the
meantime it has been validated by different groups and a European multicenter study (230,
233, 234).

The high blood cell concentration makes the processing of the complete DLA product for
CTC enumeration extremely challenging. So far, the most effective method for CTC detection
in DLA samples is the CellSearch® system (230), where 2x10% MNCs (approximately only
5% of the total DLA product) can be analyzed. Considering the assay costs and the sample-
load capacity, the CellSearch® approach is not a feasible alternative to process a whole DLA
product. Alternative strategies are still required to process higher volumes of DLA and unlock

the full potential of the DLA.

A

Cell Density (g/mL)
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Figure 6. Diagnostic leukapheresis procedure. (A) Representation of the procedure of diagnostic
leukapheresis executed on patient.

Adapted from "Medical Equipment" attributed to Servier Medical Art, under a Creative Commons
Attribution 3.0 Unported License.

(B) Density of hematological cells and CTC. The plot shows that the CTC-density range mainly
overlaps with the density range of Lymphocytes and Monocytes (d = 1.055-1.08 g/mL). Therefore,
this density range can be used to separate together CTCs and MNCs from the rest of blood cells.
Adapted from Stoecklein et al. (232) and used with permission from Taylor & Francis.
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2. AIM OF THE STUDY

Despite an increased understanding of the biology of PDAC and modern therapies, this
malignancy is still characterized by an extremely poor prognosis. Prognostic biomarkers that
can help treatment decisions and new therapeutic targets could improve the clinical outcome
of PDAC patients. Prognostic value of CTCs has been already proved in different tumors and
the possibility to molecularly characterize CTCs at single cell level has been considered as a
good opportunity to dissect the heterogeneous biology of the tumor and move towards a more
personalized therapy (115, 116, 194, 235-237). However, a major obstacle that limits the use
of pancreatic CTCs for clinical and research purposes is their extreme rarity and difficult

accessibility. The main aims of my work were:

e To investigate whether the screening of large blood volumes could improve CTC
detection in PDAC patients and evaluate the prognostic impact of pancreatic CTCs.
The strategy was to analyze a fraction of patient derived DLA product using
CellSearch® system and compare the results with those obtained after the analysis of
matched PB.

e To investigate whether both fresh and cryopreserved DLAs could improve the
characterization of pancreatic CTCs.

e To test the performance of a label-free spiral microfluidic chip (DLA biochip) to
process samples with increasing cell load and demonstrate the potential for the up-
scalable DLA biochip to process complete DLA products, enabling high-volume
CTC-based liquid biopsies.
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3. MATERIAL AND METHODS
3.1. Cell culture

Human cell line cells of different tumor origin were cultured and used to model CTCs in
spike-in experiments and to validate the strategy for mutation analyses by targeted NGS. Hup-
T4, Capan-1 and MIA PaCa-2 were used as human pancreatic cancer cell model (all from
Leibniz Institute DSMZ- Germany), Sk-BR-3 (Leibniz Institute DSMZ, Germany) and MDA -
MB-231 (kindly provided by the Department of Obstetrics and Gynecology, University
Hospital of the Heinrich-Heine University Diisseldorf, Germany) as human breast cancer cell
model, and LNCaP (kindly provided by the Institute of Urology of the Heinrich-Heine
University Diisseldorf) as human prostate cancer cell model. Hup-T4 was cultured in MEM
Eagle (PAN-biotech Aidenbach, Germany), containing EBSS, NEAA, 1 mM Sodium
Pyruvate, 2 mM L-Glutamine, 1.5 g/LL NaHCO3, and supplemented with 20% fetal bovine
serum (FBS) (Gibco, Germany); CAPAN-1 in RPMI1640 (PAN-biotech, Germany)
supplemented with 20% fetal bovine serum (FBS) (Gibco, Germany); MIA PaCa-2 in
Dulbecco’s MEM (PAN-biotech, Germany) supplemented with 20% FBS and 2.5% horse
serum (PAN-biotech, Germany); Sk-BR-3 in McCoy’'s 5A modified (Gibco, Germany),
containing high glucose, L-Glutamine, bacto-peptone and 2.2 g/ NaHCO3, and
supplemented with 10% FBS (Gibco, Germany); LNCaP in RPMI1640 containing L-
Glutamine, 2 g/L NaHCO3 (PAN-biotech, Germany) and supplemented with 10% FBS
(Gibco, Germany); MDA-MB-231 in RPMI1640 (Gibco, Germany) containing 2 mM L-
Glutamine, supplemented with 10% fetal bovine serum (FBS) (Gibco, Germany) and 20mM
HEPES (Gibco, Germany). 1% penicillin-streptomycin was added to all culture media and the
cells were maintained in a humidified incubator at 37 °C with 5% CO2.

For passaging or to prepare the cells for experiments, the cells at a confluency of 60-80%
were detached with 0.25% trypsin/EDTA (Sigma-Aldrich, Merck KGaA, Germany) at 37 °C
for 2-5°, trypsin reaction was stopped by adding the respective supplemented medium and
centrifuging at 800 g for 4°. The pellet was resuspended in fresh medium for further culture or
in PBS for other analyses. Periodic profiling of short tandem repeats (STRs) was done to
verify the identity of the cell lines. The STR data were analyzed on the online DSMZ Profile
Database (www.dsmz.de/fp/cgi-bin/str.html).
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3.1.1 Cell size measurements

Because the efficiency of the enrichment methods that we wanted to test is directly dependent
on the size of the cells, we assessed the mean diameters of Hup-T4, LNCaP and Sk-BR-3
tumor cell harvested from cell culture and leukocytes isolated from buffy coat. The cells were
pre-labelled with 0.2 uM CellTracker Green CMFDA Dye (CTG) (ThermoFisher Scientific
Inc., USA) according to manufacturer’s instruction for a sharper definition of the cell contour
under microscopy. Then, a small fraction of each cell type was transferred into one 14mm-
field of a 3-field adhesive microscope slide (Erie Scientific LLC, USA). Each slide field was
automatically scanned (LabView 8.6 - CellSpotter 2.7.3) in an Eclipse E400 epi-fluorescence
microscope (Nikon, Japan) at 20X with Cy3 fluorescence filter and in bright field.
Afterwards, n = 22 Sk-BR-3 cells, n = 28 Hup-T4 cells, n = 25 LNCaP cells and n = 28
WBCs were randomly selected from different image frames to be analyzed with Imagel
software (https://imagej.nih.gov/ij/download.html). The drawing function was used to trace
the cell diameter, and the measuring tool was used to determine its length in pixels.
Subsequently, the values were converted in pm, using as conversion factor 1 pixel = 0.34 um

at 20X magnification.

3.2 Diagnostic Leukapheresis of PDAC patients

Diagnostic leukapheresis (DLA) and peripheral blood (PB) samples were obtained from 46
patients (24 women and 22 men) with a mean age of 66 years, treated for PDAC between
2011 and 2019 at the Department of General, Visceral and Pediatric Surgery in the University
Hospital of the Heinrich-Heine University Diisseldorf (Germany), as part of a study done in
collaboration with the University of Heidelberg. Part of the data collected within this study
are used in Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238). The
project was approved by the Ethics Committee of the Medical Faculties of the Heinrich-Heine
University Diisseldorf and Ruprecht-Karls-University Heidelberg, and it was performed
accordingly to Good Clinical Practice guidelines. All patients provided written informed
consent. DLA (DLA cohort) and PB (PB cohort) samples were obtained from each patient
prior of surgery. DLA was performed at the Department of Transplantation Diagnostics and
Cell Therapeutics in University Hospital of the Heinrich-Heine University, Diisseldorf
(Germany) in patients with appropriate venous access and no history of increased bleeding

tendency.
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The tumors of all 46 patients were staged by the pathologists according to the TNM
classification of malignant tumors as described in the seventh edition of the Union for
International Cancer Control (UICC) (239): 31 tumors were classified with stage I-III, the
remaining 15 tumors were classified with stage IV (table 10). Thirty-four patients were also
grouped according to their N stage: 31 patients showed locoregional metastasis (N+), three

patients did not show locoregional metastasis (N-). Survival data were updated until 2020.

3.2.1 Calculation of DLA efficiency

The efficiency of each DLA procedure was determined by calculating the collection
efficiency of MNCs. This was calculated based on the DLA product generated and the
analysis of corresponding PB sample. For that, complete blood cell counts were obtained
from the DLA samples (after the DLA procedure) and from PB samples (before the DLA
procedure), using a CELL-DYN Ruby hematologic analyzer (running software version
2.3ML) (Abbott, USA).

The MNC:s collection efficiency was calculated as follow:

[MNC in harvest (per mL) X Volume of DLA product (mL)]
[MNC before harvest(per mL) X Volume of PB processed (mL)]

MNC collection ef ficiency =

3.2.2 Freezing and thawing of DLA products

For each of the 46 patients, one aliquot of the DLA product containing 200x10® WBCs was
freshly analyzed with CellSearch® system (DLA cohort), while the rest was frozen in aliquots
containing 100x10° WBCs (FR_DLA cohort).

For freezing, the DLA product was first centrifuged at 200g for 10’ and supernatant was
aspired. The pellet was diluted to a final WBC concentration of 100x10%/mL, and each 1 mL-
aliquot was mixed with 1 mL of freezing medium consisting of 45% RPMI1640, 45% HSA
and 10% DMSO (Sigma-Aldrich, Merck KGaA, Germany) in cryovials. The cryovials were
then placed for 24h at -80 °C in a Mr. Frosti freezing container which guarantees a cooling
rate of 1 °C/min, and then transferred to liquid nitrogen for long term storage.

For thawing DLA products for CellSearch® analysis, the DLA product contained in one
cryovial was rapidly thawed in a 37 °C water bath, while the cap was briefly loosened to
allow pressure release. After complete thawing, the content was transferred directly into a

CellSearch® conical centrifuge tube (Menarini Silicon Biosystems Inc, USA), diluted up to 8

25



Material and methods

mL with a PBS containing 15 mM EDTA and the entire volume of fixative from one CellSave
preservative tube (Menarini Silicon Biosystems Inc, USA), and incubated for 30’ at RT
before CellTracks® Autoprep® system run.

The impact of our cryopreservation/thawing method on tumor cell loss was tested with spike-
in experiments in the context of the Master Thesis project of V. Raba (Department of
Experimental Surgical Oncology). For that, a defined number of CTG (ThermoFisher
Scientific Inc., USA) pre-labelled Hup-T4 cells were manually spiked in 100x10° WBCs, the
same content of 1 mL DLA product. WBCs were isolated from buffy coats (BC) obtained
from the blood donation center of the Institute for Transplantation Diagnostics and Cell
Therapeutics from the University Hospital of the Heinrich-Heine University, Diisseldorf
(Germany). Healthy donors provided written informed consent for the use of surplus blood
products for research purposes. Buffy coats were prepared by qualified operators at the blood
donation center according to standard protocol used in the clinics and were provided in bags
containing citrate as anticoagulant.

After receiving the BC, 15 mL were pipetted on top of Ficoll-Paque (GE Healthcare, Sweden)
for density gradient WBC separation and isolation (more detailed protocol will be described
in the chapter “Mimicked DLA product”). The obtained WBC-enriched fraction was washed
twice with PBS and the sample was concentrated to 100x10° WBC/mL.

The cultured cells were spiked in triplicate using different BCs (biological replicates) and
each spiked-in BC was frozen as described above and stored in liquid nitrogen until usage. An
aliquot of 100 pL was taken prior freezing and stained with 4 pL of anti-CD45/PE-Cy7
(ThermoFisher Scientific Inc., USA) as WBC marker, and 50 puL (of a 1:200 dilution in PBS)
of the nuclear dye DRAQS5 (ThermoFisher Scientific Inc., USA). The stained samples were
analyzed with flow cytometry in a FACSCanto II (BD Biosciences, USA). Each frozen
spiked-in BC was thawed as described above and 100 pL were stained and analyzed in the
same way as for the aliquot of sample before freezing. DRAQS was detected upon excitation
at 640 nm, whereas CD45-PeCy7 and CTG upon excitation at 488nm. In order to determine
the number of CTG positive Hup-T4 cells before and after freezing, 50 pL of CountBright™
absolute counting beads (Invitrogen, USA) (0,52 x 10° beads/50 pL) were added to the
sample prior flow cytometry analysis. Hup-T4 and counting beads were detected and the total

number of target cells in the sample was determined as:

cells count

—————— X beads concentration.
beads count
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The calculated number of Hup-T4 cells detected was compared to the number of spiked-in

cells, in order to determine the cell recovery rate (%).

3.3 CellSearch® analysis of PB and DLA samples

The number of CTCs in the PB and DLA samples was determined using the CellSearch®
system with the CellSearch® Circulating tumor cell kit (Menarini Silicon Biosystems Inc,
USA), containing all the reagents to allow a ferrofluid-based CTC capture and an
immunofluorescent cell staining. All the enrichment and labeling steps are performed within
the CellTracks® Autoprep® instrument. Here, after the capturing of EpCAM+ cells, CTCs
are stained with anti-CKs antibodies conjugated with Phycoerythrin (PE), anti-CD45 antibody
conjugated with Allophycocyanin (APC), and DAPI as nuclear marker. The output sample is
recovered in a cartridge located within the Magnest Cartridge holder, which is then loaded
into the CellTracks® Analyzer II (CTAII) instrument. This instrument scans the cartridge
content, acquires the images and pre-selects DAPI+/CK+ events, bigger than 4 um, which are
presented to the operator as an image gallery. The gallery was reviewed manually in post-
processing mode at the CTAII. Additionally, CTCs were also scored from the galleries using
the open-source imaging software ACCEPT for Automated CTC Classification, Enumeration
and Phenotyping (240, 241). CTCs were scored using the full detection tool with the
following settings: mean fluorescence intensity DNA >100; mean fluorescence intensity CK
>20, mean fluorescence intensity CD45 <20, size CK <500 pm?, size DNA >20, DNA
overlay CK >0.5. ACCEPT-selected DAPI+/PE+/APC- events, which were then reviewed by

an operator for CTC selection (semi-automated CTC selection).

PB samples were collected directly into CellSave preservative tubes and stored at RT until
use. Within 96h after blood collection, a volume of 7.5 mL was transferred into 15 mL
conical centrifuge tube, diluted up to 14 mL with the dilution buffer (Menarini Silicon
Biosystems Inc, USA) and centrifuged at 800 g for 10’ without brake to allow the plasma
separation. The prepared sample was processed by the CellTracks® AutoPrep® system

according to manufacturers’ instructions for “CTC samples”.

Aliquots containing approximately 200x10® WBCs of fresh DLA samples were diluted with
the CellSearch dilution buffer up to 7.5 mL in a CellSave preservative tube and stored at RT
until use. The content of the tube was transferred into a 15 mL conical centrifuge tube and

processed by CellTracks® AutoPrep® system according to manufacturers’ instructions for
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“control samples”. This strategy allowed to process the DLA samples without any additional
centrifugation for plasma removal as would be required if sample would be processed as

“CTC samples”.

For each DLA product, the concentration of MNC in DLA, the concentration of MNC in PB
and the processed DLA volume were used to calculate the equivalent PB volume analyzed by

CellSearch® according to the following formula (227):

n

MNCp; 4 Concentration (ﬂ) X DLA Volume (mlL)

Equivalent PB volume = 7
MNCpp Concentration (ﬂ)

Each thawed DLA sample (prepared as described in sub-chapter 3.2.2) was processed with
CellTracks® AutoPrep® system according to manufacturers’ instructions for ‘“control
samples”. The output samples were analyzed using CTAII and the image galleries were

reviewed manually in post-processing mode at the CTAIL.

The sample preparation and the CellSearch® system processing of PB and fresh DLAs until
2017 were performed by qualified operators in the Department of Obstetrics and Gynecology,
University Hospital and Medical Faculty of the Heinrich-Heine University Diisseldorf, while
samples collected after 2017 and cryopreserved DLA products were processed by qualified
operators in the Department of General, Visceral and Pediatric Surgery in the University

Hospital of the Heinrich-Heine University Diisseldorf, Germany.
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Sampling — Enrichment and detection — Single cell isolation

CellCelector™
Fresh/cryopreserved
DLA

Figure 7. Workflow for CTC enrichment, detection and isolation from patient derived blood,
fresh and cryopreserved DLA. PB, fresh and cryopreserved DLA samples were prepared to be
processed by CellSearch® for CTC enrichment and detection. Subsequently, the CellSearch®
cartridge was eluted and the content was analyzed by flow cytometry and/or CellCelector™ for single
CTC isolation. The zoom-in on the mechanical stage of the microscope integrated in the
CellCelector™ shows a slide placed on the MagnetPick™ adapter.

3.4 Isolation of CTCs and WBCs from DLAs after CellSearch®

enrichment

After CS-enrichment, the content of the cartridge was eluted using extra-long pipette tips pre-
coated with 2% BSA and transferred either to a Falcon 5 mL Polystyrene Round-Bottom
Tube (BD Bioscience, USA) for isolation of single WBC and CTCs by flow cytometry or

deposited on a glass slide for isolation by micromanipulation (figure 7).

3.4.1 Flow cytometry

The MoFlo™ XDP sorter (Beckman Coulter, Germany) was used for the flow cytometry
analysis and single cell isolation. As first, the entire content of the cartridge (around 375 pL)

was transferred into a Falcon 5 mL Polystyrene Round-Bottom Tube (BD Bioscience, USA),
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then, the inner walls of the cartridge were washed two times with 150 uLL PBS 1X, which
were also transferred into the same tube to maximize the cell recovery.

Immediately prior the analysis, 6 uL of the DNA intercalating Propidiumiodide (PI) were
added to the sample to re-stain the nuclei. The gating strategy to discriminate the different
populations was based on what reported by Neves et al. (222), but slightly re-adapted to also
include events with a lower intensity in PE (CKs+ cells), a modification based on preliminary
analyses.

CTCs were defined as high positive in the PI channel, positive in the PE channel and negative
in the APC channel (nucleated/CK+/CD45-), WBCs were defined as high positive in the PI
channel, positive in the APC channel and negative in the PE channel (nucleated/CK-/CD45+).
All the detected CTCs and five WBCs per each sample were isolated by the instrument
directly into empty 0.2 pL PCR tubes and frozen at -20 °C until use.

3.4.2 Micromanipulation

The CellCelector™ micromanipulator was used as alternative to flow cytometry to detect and
isolate CTCs from frozen DLA samples after CS-enrichment. The CellCelector™ consists of
an inverted epifluorescence microscope (CKX41, Olympus) connected to a CCD camera
(XM10-IR, Olympus, Japan) and a robotic arm with a glass capillary of 30 um in diameter for
the cell picking (CellCelector™ software 3.0).

To guarantee a good cell dispersion, the content of the cartridge was loaded unto two glass
slides placed on magnetic holders on the motorized stage of the microscope (figure 7). To
maximize the cell recovery, the inner wall of the cartridge was washed two times with 150 pL
PBS 1X which were deposited on the same slides. Before the analysis, the cells were allowed
to settle at least for 15°.

The slides were automatically scanned using the following parameters: cell diameter ranging
from 5 to 40 pm; exposure time of 20 ms for DAPI, 300 ms for PE and 500 ms for APC;
magnification of 40X. Then, the images of software- pre-selected events were reviewed by the
operator to score CTCs. CTCs were defined as DAPI+/CK-PE+/CD45-APC- cells, presenting
an intact-cell morphology in bright field (BF). The position of selected cells was
automatically recorded for subsequent isolation using the mechanical arm. The glass capillary
aspired the cell in a volume ranging from 20 to 100 nL and deposited it into an empty PCR
tube.
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3.5 Molecular characterization of isolated cells

In order to confirm the tumor origin of the cells isolated from PDAC patients, somatic
mutations and chromosomal copy number alterations were assessed. Single cells were

processed according to the workflow presented in the figure 8.

CTC

Whole genome
amplification

Whole genome sequencing

Copy number profiling

Copy rembee
o v 3

CTCTGTGCGCCGGTCTCTCCREC
E T R R D R G
TP53

Figure 8. Workflow for molecular characterization of single CTC. CTCs were isolated as single
cells according to the methods described above. Subsequently, the DNA content was amplified with a
protocol of Whole Genome Amplification adapted for single cells. The WGA product was used both
to detect somatic point mutations, with a target NGS-genome sequencing approach, and for copy
number profiling, with a whole NGS-genome sequencing.
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3.5.1 Whole genome amplification

The DNA from single cells was amplified to obtain a sufficient genomic material for a
comprehensive analysis of the whole genome. Whole genome amplification (WGA) was
performed according to the single-tube protocol initially described by Klein et al. (242), later
adapted by Stoecklein et al. (243), and which is now commercialized as Amplil (Menarini

Silicon Biosystems S.p.A., Italy).

As first step, every cell isolated was incubated with 3 pL of a reaction mix containing: 1 pL
picking buffer (Igepal (Sigma Aldrich, Merck KGaA, Germany) 0.5% in PBS 1X), 0.2 pL
One Phor All (OPA) buffer (prepared by diluting 12.5 g Tris-acetate, 50 mL Magnesium
acetate and 50 mL Potassium acetate in 500 mL distilled water), 0.13 pL Tween 20 (Sigma
Aldrich, Merck KGaA, Germany) 10%, 0.13 pL Igepal 10%, 0.26 puL Proteinase K 10 mg/mL
(Roche Diagnostic, USA) and 1.28 pL water.

The sample was incubated for 10h at 42 °C in a Thermal Cycler for PCR (C1000, BioRad,
USA) for protein digestion by cleavage of the peptide bonds, and then for 10’ at 80 °C to
inactivate the protease. Next, 2 pL of “digestion mix” were added to each sample for the
enzymatic cell DNA fragmentation at 37 °C for 3h. Digestion mix contained 0.2 pL. Msel
endonuclease 50 U/uL. (New England Biolabs Inc., USA), which recognizes the sequence 5°-
T~"TAA-3°, 0.2 pL OPA buffer and 1.6 pL distilled water. The restriction enzyme was
inactivated at 65 °C for 5°.

Meanwhile, two DNA oligonucleotides with complementary sequences (table 3) were
annealed by incubating 0.5 pL. OPA buffer, 0.5 uL LIB1 oligo 100 uM, 0.5 uL. ddMSE11
oligo 100 uM and 1.5 pL water. The pre-annealing PCR program starts at 65 °C and cool
down to 15 °C with ramps of 1 °C min™!. Annealing generates a double-stranded DNA
oligonucleotide with a 5> TA overhang compatible with that created by the Msel restriction

enzyme.

Table 3. Sequence of the oligonucleotides used as adaptors (WGA protocol).

Oligonucleotide name Sequence

ddMsel 1 5'-TAACTGACAGCdd-3'
LIBI 5'-AGTGGGATTCCTGCTGCTGTCAGT-3'
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Subsequently, 3 puL of the annealed adapters, 1 uL. T4 DNA ligase (Thermo Fisher Scientific,
USA) and 1 puL. ATP 10 mM (Roche Diagnostic, USA) were added to each Msel-digested
single cell genome and the mix was incubated at 15 °C overnight to allow the ligation
between the double-stranded adapters and the 5° TA overhangs of the Msel-digested DNA
fragments. As last step, each adapter-ligated fragment was amplified by a PCR. Fot that, an
“amplification mix” was prepared by mixing 3 uL Expand Long Template buffer 1 (Roche
Diagnostic, USA), 1 uL DNA PolMix (Roche Diagnostic, USA), 2 uL dNTPs 10 mM each
(GE healthcare) and 35 pL water. Each sample was incubated with 40 pL of “amplification

mix” according to the following PCR cycling protocol:

Table 4: PCR cycling protocol for the amplification of the ligated products (WGA protocol).

Cycles Temperature Time
1 68 °C 3
94 °C 40"
14 57°C 30"
68 °C 1'30" + 1"/cycle
94 °C 40"
8 57 °C 30"+ 1 °C/eycle
68 °C 1'45" + 1"/cycle
94 °C 40"
22 65 °C 30"
68 °C 1'53"+ 1"/cycle
) 68 °C 3'40"
4°C 00

At this point, the DNA was stored at -20 °C. In each experiment, isolated Sk-BR-3 cell line

cells were included as positive control and nuclease-free water as negative control.
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Figure 9. Whole genome amplification steps. The scheme represents the main steps of WGA starting
from single cell lysis. The genome is then digested through Msel restriction endonuclease that
recognize 5’-T"TAA-3’ to generate fragments which are subsequently ligated to pre-annealed
adapters. At the end, adapter-specific primers allow to amplify the DNA fragments.

3.5.2 Multiplex PCR-based DNA quality control

In order to verify the integrity of the WGA DNA library, a 6-fragment multiplex-PCR (QC-
test) was performed as previously described (244). For that, 0.5 uL of WGA product were
amplified using 5 pL DreamTaq Green PCR master mix (Thermo Fisher Scientific, USA), 1
puL primer mix (detailed in the table 6) and 3.5 pL water, according to the following PCR

cycling protocol:

Table 5. Multiplex-PCR cycling protocol.

Cycles Temperature Time

1 95°C 2'
95°C 30"
33 60°C 40"

72°C I

{ 72°C 5!
4°C +00
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To assess the success of this multiplex PCR, 10 puL of the amplified products were loaded on
an 1.5% agarose (Sigma-Aldrich, Merck KGaA) gel prepared in TBE and containing 0.01 %
gel red (Biotium Inc., USA) As a marker, 6 pL of 100 bp DNA Ladder (Thermo Fischer
Scientific Inc, USA) were used. The gel was run for 45” at 150 V and afterwards, it was
visualized in a Versadoc imaging system (Bio-Rad). five out of six bands are expected from
fully successful WGA products, corresponding to amplicons of 111 bp, 232 bp, 288 bp, 358
bp and 401 bp. The 175 bp amplicon should not be detected, since it contains a Msel
restriction site, and its presence would indicate an incomplete enzymatic digestion.

Human female reference DNA 0.2 pg/uL (gDNA) (Agilent, USA) and nuclease-free water

were used always as positive and negative internal control respectively.

Table 6. Primers used to assess the integrity of the WGA library with a multiplex-PCR method
(QC-test). The used concentration and the amplicon size are reported for each case. F: forward; R:
reverse.

Concentration Amplicon size

(M) (bp)
Lamcy [ TCTGCTTTGGGCATTCTTCT 0.2 i
R: TTCTAACAGGTTGGGGGATG

CADPS F: CCCCACCCTTCTTCACTACA 0.08 175
R: GTGTGCACATACCACCGAAG ]

F: CTAGCTCCCACCAACCTCAG
GRIKS R: CTCGATGATCCCGTTGATCT 02 232

F: GCAGGAGGGAACCTGTATGA
NEK9 R: CAGGAAAGAAAGCCCACAGA 01 288

F: TCGTATGCTGGAGTCCTGTG
PICKI R: GGGATGGCTTTGTTGAGGTA 0.08 338

F: GGGTCTCATCACCAGCATTT
DNAHY R: GCCATCTTCCACATGGTCTT 0.08 401

Gene Primer sequence

3.5.3 Detection of point mutations with NGS targeted sequencing

Single nucleotide variants (SN'Vs) in a total of five hotspot genomic regions located in KRAS
exon 2 and 3 and TP53 exon 5, 7 and 8 (19, 24) were sequenced with an amplicon-based NGS
deep sequencing.

Before applying it to patient derived CTCs, the procedure was validated in cell lines known to

harbor mutations in the analyzed hotspot regions: MDA-MB-231 (heterozygous G13D in
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KRAS exon 2; homozygous R280K in TP53 exon 8); CAPAN-1 (homozygous G12V in
KRAS exon 2; A159V in TP53 exon 5); Sk-BR-3 (homozygous R175H in TP53 exon 5);
MIA PaCa-2 (homozygous G12C in KRAS exon 2; R248W inTP53 exon 7).

3.5.3.1 Primer design

The primers used were designed using Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) adopting the following parameters to
efficiently amplify the WGA products: the absence of a Msel restriction site within the
target DNA sequence and a PCR product size below 200 bp. Each primer pair sequence
was flanked on its 5’ terminus by an oligonucleotide adapter (Tagl for the forward and
Tag2 for the reverse primers) that provided a binding site for universal MID Dx primers
for Illumina systems to be used later (Multiplicom, part of Agilent, USA). The adaptor-
primer oligonucleotides were synthesized by Metabion (Germany). Upon arrival, primers
were reconstituted with water to a concentration of 100 uM (stock solution) and stored at -20

°C until use.

Table 7. Adapter-primer used to amplify specific regions in KRAS (exon 2 and 3) and TPS3
(exon 5, 7 and 8) genes. The amplicon size is reported for each case. F: forward; R: reverse.

Amplicon

Gene Adapter-Primer sequence size (bp)

KRAS  F: 5-AAGACTCGGCAGCATCTCCA-TTGGATCATATTCGTCCACAA-3' 168
Ex2 R: 5'-GCGATCGTCACTGTTCTCCA-CCTTATGTGTGACATGTTCTAATATAGT-3'

KRAS F:5-AAGACTCGGCAGCATCTCCA-CCTTCTCAGGATTCCTACAG-3' 192
Ex3 R: 5'-GCGATCGTCACTGTTCTCCA-CCACCTATAATGGTGAATATC-3'

TP53 F: 5-AAGACTCGGCAGCATCTCCA-CTACAGTACTCCCCTGCCCT-3' 193
ExS R: 5-GCGATCGTCACTGTTCTCCA-CACCATCGCTATCTGAGCA-3'

TP53 F: 5-AAGACTCGGCAGCATCTCCA-GACTGTACCACCATCCACTA-3' 192
Ex7 R: 5-GCGATCGTCACTGTTCTCCA-AGAAATCGGTAAGAGGTGGG-3'

TP53 F: 5'-~AAGACTCGGCAGCATCTCCA-TGCCTCTTGCTTCTCTTTTC-3' 179
Ex8 R: 5-GCGATCGTCACTGTTCTCCA-CTTGCTTACCTCGCTTAGTG-3'
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3.5.3.2 Library preparation for NGS target sequencing.

The library was prepared with a KAPA2G Fast Multiplex Mix (F. Hoffmann-La Roche,
Switzerland) in two PCR rounds: the first PCR for the amplification of the target regions and
the second PCR for the sample barcoding. The reagents’ volumes were adapted according to
the protocol detailed by Franken et al (245).

A first PCR was performed to amplify each of the five target regions in five separate reaction
tubes. Each reaction contained 0.5 pLL of WGA product, 1 pL of 10 uM target-specific primer
pair mix (pre-dilution:10 pL reverse primer and 10 pL forward primer in 80 pL of water)
(table 7), 5 uL of KAPA2G Fast Multiplex Mix and 3.5 pL of water for a final volume of 10

uL. The reaction was performed according to the following PCR program:

Table 8. PCR cycling program for the first and second amplification step of the library
preparation for NGS target sequencing.

Cycles Temperature Time

1 98°C 3
98°C 45"
30 56°C 45"

72°C 1'

! 72°C 5
4°C +o0

The second PCR was performed to obtain a barcoded sample. Reaction contained 0.5 pL of
each of the five first-PCR products (total 2.5 pL template), 1 pL of MID Dx primer for
[llumina systems (0.5 pL of reverse primer and 0.5 pL of forward primer) (Multiplicom, part
of Agilent, USA), 10 uL of KAPA2G Fast Multiplex Mix and 6.5 pL of water, for a total
volume of 20 pL. Each primer consists of a sequence motif binding to the previously used
adapter-adapter, a unique multiplex identifier (MID), and a P5 or P7 adapter for sequencing in
the MiSeq platform. This second PCR reaction was performed according to the PCR program

as shown in table .
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Figure 10. Library preparation steps for target NGS.

3.5.3.2.1 Evaluation of the first PCR amplification with gel

electrophoresis.

In order to verify whether the target regions were successfully amplified using the specific
primer, the products of the first PCR were loaded into a 1.5% agarose gel prepared in 1X TBE
and containing 0.01% of GelRed. Based on the total length of the primers and the amplicon,
products of 208 bp were expected for KRAS exon 2 amplification, products of 232 bp were
expected for KRAS exon 3 and TP53 exon 7 amplifications, products of 233 bp were
expected for TP53 exon 5 amplifications, and products of 219 bp were expected for TP53
exon 8 amplification (figure 11). For the samples where no amplification was achieved for
one of the regions, the first amplification was repeated one time. The samples which did not
show an amplification of any of the target regions were not further processed. The samples
which showed an amplification of all the target regions, or a partial amplification (1-4 target

regions amplified) were further processed for library preparation and sequenced.

38



Material and methods

Figure 11. Representative gel electrophoresis to confirm the specificity of the amplification after
the first PCR cycle of the target NGS protocol. The smallest amplicons (208 bp) were detected for
KRAS exon 2 amplification; similar size amplicons (232 and 233 bp) were detected for KRAS exon 3,
TP53 exon 5 and TP53 exon 7 amplification, and intermediate size amplicons (219 bp) were detected
for TP53 exon 8 amplifications.

3.5.3.2.2 DNA purification and quantification.

The final PCR products were purified using Agencourt AMPure XP beads (Beckmann

Coulter, USA) according to the manufacturer's protocol.

Purified libraries were quantified with the Qubit 2.0 Fluorometer (Thermo Fisher Scientific
Inc., USA) according to the manufacturer's Protocol of the Broad Range Quant-iT dsDNA
Assay Kit (Thermo Fisher Scientific Inc., USA). Each indexed library was diluted to a
concentration of 0.043 pM, with the aim to pool equimolar amounts of the 96 samples loaded

into the MiSeq system (Illumina, CA).

3.5.3.3 Sequencing on MiSeq Illumina platform and data analysis

The indexed libraries were sequenced in 151 bp paired-end reads mode to a median coverage
depth of 3,056x. In each sequencing run, at least one WBC DNA library was included. For
the data analysis, each of the two FASTQ files generated from one sample were loaded on the

Galaxy web platform, available on the public server usegalaxy.org (246) and the reads were
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aligned against the entire human reference genome (h38) with the Bowtie2 tool (Galaxy
Version 2.3.4.3), choosing “paired-end reads” and default alignment parameters.

The process generates files.bam and files.bai. Bam file contains the index-able representation
of nucleotide sequence alignments and bai file is the index file which must be found in the
same directory as the bam file. In order to browse the alignment to detect single nucleotide
mutations, the file.BAM was open in IG Viewer (Version 2.3.25) (247). As criteria for
mutation calling, each identified mutation was covered by >100 reads and had a variant allele
frequency (VAF) >5%. To exclude germ-line mutations, mutations found in CTCs must be

absent in the patient-matched WBCs (three to five WBCs per patient analyzed).

3.5.4 Single cell copy number profiling

3.5.4.1 Whole genome library preparation for Illumina

With the purpose to analyze the copy number profile at genome-wide level and confirm the
cancer nature of the isolated cells, whole genome libraries for NGS were prepared from WGA
products using the Ampli 1 LowPass Kit for Illumina (Menarini Silicon Biosystems Spa,
Italy) according to manufacturer’s instruction and as previously described (248). The method
is based on a ligation mediated PCR WGA and uses hybrid PCR primers (including barcoded
adaptors compatible with Illumina platforms on the 5’ end, and primary WGA universal
adaptor on the 3’ end) (248). The protocol consists in three main steps: the first barcoding
reaction with Ampli 1 D7xx index adapter, the second barcoding reaction with Ampli 1 D5xx
index adapter and the final library amplification. Each step is followed by a purification step
with SPRIselect beads (Beckman Coulter).

A dual-indexed whole genome library was prepared from cell-DNA in which point mutations
were detected or from cell-DNA isolated from samples in which CellSearch-detected CTCs
were morphologically intact and showed a particularly strong signal in PE.

For each WGA product, all the reaction steps from first barcoding reaction up to the final
library purification were performed in the same well of a 0.2 mL PCR plate (96-well format).

After last purification, the library was eluted in a clean well within the same PCR plate.
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Figure 12. Library preparation steps for whole genome NGS to explore the CNA profile.

3.5.4.1.1 qPCR for library quantification

A real-time qPCR method was used to quantify the libraries. For that it was used the SYBR
green-based KAPA Library Quantification Kit for Illumina® Platform (Roche Diagnostics,
USA) according to the manufacturer’s instructions. Each library was preliminary diluted
1:10,000. All the reactions were prepared in duplicate in a 96-well plate, and these were run
in a G8830A AriaMix Real-Time PCR system (Agilent, USA) according to the following
cycling protocol:

Table 9. qPCR program set in the AriaMix Real-Time PCR system (Agilent, USA) for the
quantification of the NGS libraries before whole genome sequencing.

Cycles Temperature Time

1 95°C 5'
35 95°C 30"
60°C 45"

Six DNA standards present in the KAPA Library Quantification Kit were included in each run
for absolute quantification of library products. The average Cq values of the DNA standards
were plotted against their loglO(concentration in pM) provided by the manufacturer to
generate a standard curve, which was then used to interpolate the concentration of each

library.
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3.5.4.1.2 Size determination of the libraries with Bioanalyzer

To determine the average fragment size of the libraries, the sequencing libraries were diluted
to a concentration of 5 nM and analyzed in a Bioanalyzer (Agilent, USA) using the High
Sensitivity DNA Kit (Agilent, USA) following the manufactures’ instruction. All the
fragments with size between 200 and 3,500 bp were considered to determine the average size.

Libraries with an average size ~ 700 bp were considered as optimal.

3.5.4.2 Whole genome sequencing and data analysis

After converting the average Cq value (n= 2) of each library to concentration (in pM) using
the standard curve, libraries were pooled in equimolar amount aiming to obtain a pooled
library of 4nM. The concentration of the prepared pool was verified in a new qPCR with the
he KAPA Library Quantification Kit for Illumina Platforms as described in sub-chapter
3.5.4.1.1. The pool was then further diluted to 10-20 pM and sequenced with the MiSeq
(MiSeq reagent kit V3, [llumina) in 151 bp single reads mode.

For the data analysis it was used a pipeline established in the research laboratory within the
Department of General-, Visceral- and Pediatric Surgery. In this pipeline, Burrows-Wheeler
Aligner tool (BWA) was used to align the sequences to the hgl9 reference genome.
Alignments were randomly sub-sampled closer to 200k reads. The aligned sequences were
used to call the CNAs using the R package QDNAseq11.0 with a window size of 500kb bins.
Quality control (QC) criteria were applied on each cell including Inter-Quartile range (IQR
<0.35) and derivative log ratio spread (DLRS <0.35). All the CTCs that passed the QC criteria
were used to generate copy number states (Gain/Normal/Loss) in CTCs by transforming the
log2 ratios. The log2 values 0.25 and -0.25 were used as a threshold to determine gain and
loss respectively from normal copy-number states. After the examination of all the CN
profiles with the respective copy number states, a deletion of few segments in chr6 was
observed in all the CTCs. These deletions were considered as an artifact from the
amplification method and therefore, they were filtered out for further analysis. All the CTCs
which passed QC were used for hierarchical clustering analysis in R.

Furthermore, the percentage of aberrant genome (PAG) was calculated both for CTCs and
WBCs. The PAG calculated from the WBCs data set helped to choose a threshold to classify

aberrant profiles.
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CNA segments files were loaded into Progenetix and the plotting function was used to

generate CNA frequency plots.

3.6 Molecular characterization of tissue samples

In order to compare the genetic profiles of single CTCs with the corresponding tumor,

mutations in hotspot regions and CNA profiles were also analyzed in matched tumor tissues.

3.6.1 Selection of tissue sections, DNA extraction and quantification

Thin sections (5-10 um) from tumor tissue blocks fixed in 4% buffered formaldehyde
solution-embedded in paraffin (FFPE) were provided by the Institute of Pathology, Heinrich-
Heine-University and University Hospital of Diisseldorf. The sections stained with
hematoxylin and eosin (H&E) were examined by certified pathologists to score the tumor-
stroma ratio and only sections with >50% tumor tissue were selected. For each section, the
pathologist labelled the area of interest and performed microdissection to scrape off the
unwanted (non-tumorous) cells. The remaining fraction (mainly containing tumor cells) was
used for DNA extraction. Genomic DNA was extracted manually using the Qiagen Blood and
Tissue Kit (Qiagen Inc, USA) according to the manufacturers’ protocol. Subsequently, the
DNA concentration was measured with Qubit™ dsDNA BR Assay Kit (Thermofisher
Scientifics, Inc., USA) according to the manufacturers’ instructions. The genomic DNA from
eight samples and matched quantification data were provided by the Institute of Pathology,

Heinrich-Heine-University and University Hospital of Diisseldorf.

3.6.2 Detection of point mutations with target NGS

From seven out of eight samples the target sequencing library was prepared according to the
two round PCR protocol already described above (see sub-chapter 3.5.3.2), using between 9
and 100 ng of DNA (~2uL) in the first PCR. For patient #7, because no tumor tissue was
available, the mutation profile was provided by the Institute of Pathology, Heinrich-Heine-
University and University Hospital of Diisseldorf. This profile was generated with a
multiplex-PCR based approach, using the Ion AmpliSeq™ Cancer Hotspot Panel v2
(Thermofisher Scientifics Inc, USA) according to the manufacturers’ instruction (covering

207 amplicons from 50 oncogenes and tumor suppressor genes).
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3.6.3 Copy number alteration profiling with NGS

3.6.3.1 Quality control of the DNA fragmentation

Formalin-fixation can cause fragmentation and chemical modifications in DNA, which
could compromise the NGS applications. Prior the NGS library preparation, the DNA
integrity was assessed to decide whether a preliminary fragmentation step could be
skipped to avoid unnecessary steps that could affect the quality of the sample. With this
purpose, the DEPArray FFPE QC Kit (Menarini Silicon Biosystems Spa, Italy) was used.
The assay is based on qPCR, using two different primer pairs that produce amplicons of
54 bp and 132 bp. The quality of DNA (expressed as a QC score) is inferred by the
difference in quantification cycles (Cq) obtained for the two amplicons. The reactions
were prepared according to manufacturers’ protocol and run in a G8830A AriaMix Real-
Time PCR system (Agilent, USA). The data was analyzed to determine the QC score values

for each sample following the manufacturers’ instruction.

3.6.3.2 DNA library preparation

For the detection of CNAs in tumors, [llumina-compatible DNA libraries were prepared with
the DEPArray LibPrep kit (Menarini Silicon Biosystem Spa, Italy). This kit is
recommended when starting from human genomic DNA purified from FFPE samples

with low tumor content (<15%) or with low DNA input.

Samples with a QC value higher than 0.15 were preliminary processed for DNA
fragmentation with the Sonicator system M220 (Covaris LLC, USA), following the
instruction of the DEPArray LibPrep kit manufacturer. Depending on the sample
availability, a DNA amount from 30 to 100 ng was fragmented. After fragmentation, the
DNA was processed for a first enzymatic reaction at 37 °C for 10°, to dephosphorilate the
fragment ends. In a second reaction, the fragment ends were repaired and polished. In the
third step, the P7 adapter was ligated at the 3’ end at a temperature of 25 °C for 15” and in the
fourth reaction the P5 adapter containing a unique barcode was ligated at the 5’end at 40 °C
for 10°. The obtained products were amplified with the KAPA HiFi HotStart ready Mix (2X)
(Roche Diagnostics, USA) and the universal primer pair contained in the DEPArray LibPrep
kit.

44



Material and methods

3.6.3.2.1 qPCR library quantification and size determination with

Bioanalyzer

To accurately quantify and to assess the quality of the NGS libraries prepared for sequencing
on Illumina platform, a qPCR-based quantification and a Bioanalyzer-based size
determination were performed as already described in the sub-chapters 3.5.4.1.1 and 3.5.4.1.2

(see above).

3.6.3.3 Whole genome sequencing and data analysis

Eight libraries were pooled in equimolar amount to obtain a final pool of 4 nM and further
diluted to 12 pM prior to be loaded and sequenced with the MiSeq system in 151 bp single

reads mode.

The data were processed with the same pipeline described in the sub-chapter 3.5.4.2, but
considering the percentage tumor content in original sample (given by the tumor-stroma

ratio).

3.6.3.4 STR analysis of CTCs and tumor tissues

STR-analysis of CTCs and matched tumor tissue (when available) was performed to confirm
the common origin of the samples. The STR analysis was performed by the Department of

Legal Medicine, Heinrich-Heine University of Diisseldorf, as a fee-for-service.

3.7 Labelling of cell line cells

In order to label the cell line cells prior to the spike-in experiments, the cell line cells were
washed with PBS 1X and then incubated for 30 at 37 °C with the proper incubation media.
This media was prepared by adding either 0.2 pM CTG, 1 uM CellTracker Orange CMTMR
Dye (CTO) (ThermoFisher Scientific, Inc., USA), or 0.5 uM CellTracker Deep Red Dye
(CTdR) (ThermoFisher Scientific, Inc., USA) to 5 mL of the appropriate growing medium
(see chapter 3.1) without FBS. The cells were then washed one time in PBS 1X, harvested by

centrifugation and used for the experiments.
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3.8 Mimicked DLA product

Mimicked DLA (mDLA) were blood products prepared from fresh BCs and with a similar
cell content to DLA products that were used for testing new protocols and applications. For
convenience, buffy coats within two hours after collection (typically 60mL) were initially
transferred from their original bag into Falcon tubes. A 1 mL aliquot was analyzed with the
CELL-DYN Ruby hematologic analyzer (running software version 2.3ML) (Abbott, US) to

record a complete blood count and a WBC differential analysis.

Afterwards, we performed a density gradient centrifugation of the BC to isolate WBCs. For
that, 15 mL of BC were gently pipetted on top either of 15 mL Ficoll-Paque PLUS (d = 1.077
+ 0.001 g/mL; GE Healthcare, Sweden) or 15 mL Ficoll-Paque PREMIUM (d = 1.084 =+
0.001 g/mL; GE Healthcare, Sweden) in 50 mL conical tubes, and centrifuged at 800 g for 15’
without break. Then, the WBC ring was collected and transferred into a clean tube for a
washing step with PBS/0.01M EDTA. The pellet was then resuspended in 30 mL PBS and 1
mL aliquot was analyzed with the hematologic analyzer as before. Lastly, the mDLA volume

was adjusted to a final concentration of 100x10° WBC/mL.

3.9 Spike-in mDLA samples

To optimize the CTC enrichment process in the new DLA biochip, spike-in experiments were
done with cell culture cells from different tumor types. All of them were pre-labeled with
Hoechst 33342 nuclear dye (ThermoFisher Scientific Inc., USA) and one of three cytoplasmic
dyes according to the protocol described in chapter 3.8. Hup-T4 were pre-labelled with CTO,
Sk-BR-3 with CTG and LNCaP with CTdR, washed one time in PBS 1X and subsequently re-
suspended in 7.5 mL PBS 1X to be fixed in Cell-free DNA BCT tubes (Streck, USA) for 1
hour.

The MoFlo™ XDP flow sorter was used for the fluorescence-activated cell sorting (FACS) of
the pre-labelled cells into mDLA products as following: 1,000 cells of each cell line in 50x10°
WBCs equivalent to ~15 mL of peripheral blood (experimental condition 1); 4,000 cells of
each line in 200x10° WBCs equivalent to ~60 mL of peripheral blood (experimental condition
2) and 8,000 cells of each line into 400x10° WBCs equivalent to ~120 mL of peripheral blood
(experimental condition 3) (176) (figure 13).
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Figure 13. Spike-in experiments setup. Cells from culture were harvested and pre-labeled with
Hoechst 33342 as nuclear staining and one of three different cytoplasmic dyes: CellTracker Orange
CMTMR Dye (CTO); CellTracker Green CMFDA Dye (CTG); or CellTracker Deep Red Dye
(CTdR). 1.000, 4.000 and 8.000 cells from each differentially pre-labelled cell line were spiked with
flow cytometry respectively into 50x10°, 200x10° and 400x10° WBCs obtained as mDLA products.
Used from Guglielmi et al. (176), Creative Commons Attribution 4.0 International License.

3.10 Tumor cell enrichment with CTChip® FR1

The ClearCell® FX system (Biolidics Ltd, Singapore) and the respective CTChip FR1 were
prepared for the enrichment of tumor cells. Enrichment was done following the instructions of
the manufacturer and each sample was loaded at the input straw and processed with the
“Standard Protocol” for 54°. mDLAs samples prepared and spiked as described above (exp
condition 1: 50x10® WBC and exp condition 2: 200x10° WBC) were diluted up to 4 mL with
ClearCell® FX Resuspension Buffer (Biolidics Ltd, Singapore) while the sample containing
400x10® WBC (exp condition 3) was directly processed. To test the performance of the
CTChip FR1 with mDLA products, for each cell line we performed three replicates in
experimental condition 1 and four replicates in experimental conditions 2 and 3 (33

experiments in total).

3.11 Tumor cell enrichment with DLA biochip

DLA biochip system was prepared according to the manufacturer’s instruction. The chip was

manually connected with a syringe through the input channel. The two output channels were
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inserted in collecting tubes (“waste” or “sample”) (figure 14B). Spiked-in mDLAs (exp
condition 1, 2 and 3) were diluted up to 20 mL with PBS containing 2% of Diluent Additive
(Biolidics Ldt, Singapore) and 0.01M EDTA. The chip was first primed with PBS containing
2% of Diluent Additive and then the diluted mDLA product was loaded in a 20 mL syringe
(Injekt Solo, Braun) using a teflon tip. The syringe was placed on a 2-channels syringe pump
and the sample was then channeled through the chip with a flow rate of 2.1 mL/min for the
first enrichment cycle (cross-section of the chip is represented in figure 14A). The output
sample (S1) (~4 mL) and the output waste (W1) (~16 mL) were both recovered in two 50 mL
Falcon tubes. To calculate the output ratio the two tubes were weighted before (Wi and S;) and
(Wf-Wi)

after (Wr and S¢) the enrichment cycle and the ratio was calculated as Orl = s The S1

was re-diluted up to 20 mL with PBS containing 2% of Diluent Additive (Biolidics,

Singapore) and 0.01M EDTA and loaded again into the syringe for a second enrichment cycle
through the same chip. The second output sample (S2) (~ 4 mL) and the second output waste
(W2) (~ 16 mL) were recovered respectively in a 15 mL and a 50 mL Falcon tubes (figure
14B) and were weighted to calculate the output ratio (Or2) as before.

Output ratio is considered optimal in the range between 3.7 and 4.1, according to

manufacturer’s indications.
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Figure 14. DLA biochip: system and workflow. (A) (Left panel) Cross section of the microfluid
channel with representation of the blood cells (in grey and red) and CTCs (in green) at position 1 and
2 (as in the right panel). (Right panel) Representation of the DLA biochip showing the input slot for
the pre-diluted sample and the output slots for CTCs enriched fraction and the contaminating fraction.
Reused from Guglielmi et al. (176), Copyright 2013 by Creative Commons CC-BY-NC-ND.

(B) DLA biochip connected to the syringe (input) and the tubes (output). The syringe containing the
diluted sample is loaded into the syringe pump and connected to the DLA biochip. This one is placed
onto a portable microscope which is connected to a computer for monitoring the cellular flow through
inside the chip. The sample is channeled to the chip output, which forks into two channels: the
enriched fraction is collected in the 15 mL sample tube, while the contaminating fraction is collected
in the 50 mL waste tube.

3.12 Analysis of spiked mDLA samples after enrichment

The spiked-in mDLA samples prepared as described in sub-chapter 3.9 were enriched with
the CTChip FR1 chip or the DLA biochip and recovered in 15 mL Falcon tubes. Then, the
samples were centrifuged at 500 g for 10’ and supernatant was removed leaving around 500
pL and were immediately loaded on a MoFlo™ XDP flow cytometer for the enumeration of

the tumor cells enriched.
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For the detection of intact cells, HoechstP®® cells were discriminated from Hoechst™® cells.
Then, intact cells were discriminated based on their size and granularity measured
respectively as the height of Forward (FSC-Height) and Side Scatter (SSC-Height) signals.
Subsequently, the single cells were discriminated from clusters using the width of the Side
Scatter signal (SSC-Width). The tumor cells were then defined based on the cell tracking dyes
signals as follow: Hup-T4 as CTOP® cells; Sk-BR-3 as CTGP® cells; and LNCaP as CTdRP*
cells.

After DLA biochip enrichment, WBCs remaining in the S1 fraction (fraction after the first
enrichment cycle) were enumerated using the CELL-DYN Ruby hematologic analyzer
(running software version 2.3ML) (Abbott, US). Because S2 samples (fraction after the
second enrichment cycle) were entirely analyzed by flow cytometry for tumor cell
enumeration, the enumeration of WBCs using the hematologic analyzer could not be
performed. As alternative, 18 additional spiked-in mDLA samples (six per experimental
condition) were prepared according to the experimental set up described in sub-chapter 3.9
and were processed with the DLA biochip (two enrichment cycles). After enrichment and
volume reduction to approximately 500 pL, each sample tube was immediately loaded on a
MoFlo™ XDP flow cytometer, and the sample was entirely analyzed to measure the WBC
content. The gating strategy for detecting WBCs shows that intact cells were selected (based
on their size measured as the FSC-Height signal) and then Hoechst"™# events were excluded.
Instead, cell aggregates were not excluded using the SSC-Width signal.

The tumor cells recovery rate (expressed in percentage) was determined as the ratio between
the number of cells detected by flow cytometry after enrichment and the number of initially
spiked cells. Furthermore, a global mean tumor cell recovery rate was determined for each
technology as the mean of the recovery rates of all three cell lines cells in all three
experimental conditions. The global mean tumor cell recovery rate was used to compare the

recovery rate efficiency of the two chips.
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Figure 15. Representative flow cytometry analysis to determine the WBC fraction after two
rounds of enrichment with DLA biochip. The plots represent the gates used to identify intact (upper
plots) and Hoechst negative (bottom plots) cells, for each of the experimental conditions (mDLA
products with 50x10°, 200x10° and 400x10° WBCs).

Adapted from Guglielmi at al. (176), Creative Commons Attribution 4.0 International License.
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4. RESULTS
4.1 Analysis of PDAC DLA samples

4.1.1 Clinical parameters and blood parameters related to DLA and its

efficiency in PDAC patients

DLA is a safe procedure that can be performed without noticeable side effects (227, 231). As
part of the routine practice clinical parameters before and after the procedure were recorded
and can provide useful indications on the tolerance of the procedure by each individual
patient. In the present work, 49 patients were selected for DLA, but in three patients, the
procedure was not possible due to a difficult venous access. The procedure was well tolerated
by all the remaining 46 patients and did not lead to significant change either of the systolic (p
= 0.561 by paired t-test,) or diastolic blood pressure (p = 0.77 by paired t-test,). After the
procedure, the median heart rate did not change significantly (p = 0.297 by paired t-test,).
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Figure 16. Heart rate, systolic and diastolic blood pressure registered before and after DLA
procedure. After DLA procedure, median heart rate, systolic and diastolic blood pressure did not
change significantly (respectively: p =0.297, p = 0.561 and p = 0.77 by paired t-test).

Data are part of Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).

The volume of blood processed was recorded for each patient (Figure 17A). During the DLA

procedure the median volume of blood processed was 2,673 mL (769-5,765 mL) and the
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generated DLA products had a median volume of 47.5 mL (10-100 mL) (figure 17A). The
DLA procedure allowed us to obtain products 25 times more concentrated in MNCs and 11

times more concentrated in WBCs compared to matched PB samples (figure 17B).

Considering that DLA procedure primarily targets MNCs, their counts in DLA and matched
PB samples were used to further evaluate the DLA procedure. The mean efficiency of MNC
collection was 45.4% (range 8-71%) (figure 17C). In breast cancer, a MNC collection
efficiency above a threshold of 30% was previously used to indicate an efficient DLA
procedure (231). In our patient cohort, the MNC collection efficiency was <30% for five
patients (grey dots, figure 17C). However, all DLA samples were processed for CellSearch®
CTC analysis.
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Figure 17. Efficiency of DLA in PDAC patients. (A) Correlation between volume of PB
processed and the volume of DLA product generated. The volume of blood which flow out from
the body (inlet blood volume) was measured for each patient to register the amount of blood
processed. The dotted lines represent median values. (B) Concentration of WBCs and MNCs in PB
and DLA samples. Box plots show the median values with interquartile range. Whiskers represent
total range. Values are reported in the right panel (C) MNC collection efficiency in DLA procedure.
Each dot represents an individual DLA sample. The dotted line indicates the mean MNC collection
efficiency. The grey dots indicate DLAs with a MNC collection efficiency below the threshold of

Data are part of Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).
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4.1.2 CTC enumeration in DLA products: CellSearch® manual count
and ACCEPT analysis

From each DLA product, an aliquot containing ~ 200x10® WBCs, equivalent to a median of
2.9 mL of DLA product was screened for CTCs using CellSearch®. This DLA volume is
equivalent to a median PB of 69.62 mL (range: 20.51 -156.1 mL). After CellSearch® sample
processing, each gallery of images obtained from CTAII and containing candidate CTCs was
manually analyzed to classify the CTCs (CS_Detection). Thirty-seven percent of the patients
(17/46) were positive for CTCs, and 28% of the patients (13/46) had more than one CTC. No
CTC was detected in 63% of the patients (29/46). Additionally, the images galleries of all
samples were exported for semi-automated CTC enumeration by ACCEPT. ACCEPT
identified DAPI+/PE+/APC- events and subsequently an operator manually reviewed and
selected CTCs (ACCEPT Detection). Fifty seven percent of the patients (26/46) were
positive for CTCs, and 46% of the patients (21/46) had more than one CTC. No CTC was
detected in 43 % of the patients (20/46). The results indicate that ACCEPT detected CTCs in
a higher number of patients (p = 0.0016, by Fisher’s exact test) (figure 18A). However, the
number of CTCs enumerated by the two methods (CS Detection and ACCEPT Detection)
was not significantly different (p = 0.182, by Wilcoxon matched-pairs signed rank test)
(figure 18B).
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Figure 18. CTC detection and enumeration in DLA products by CellSearch®-manual count and
ACCEPT analysis. (A) Number of patient samples in which CTC were detected or not detected by
the two methods. (B) CTC count obtained for each individual sample with the two methods. p = 0.182
by Wilcoxon matched-pairs signed rank.
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4.1.3 CTC enumeration in DLA and matching PB

From each DLA patient, 7.5 mL of matched PB sample was also analyzed for CTCs in the
CellSearch® system. With the aim to evaluate the capacity of DLA to increase the CTC yield
and the detection frequency in PDAC patients, we compared the number of CTC detected in
the 46 DLA products and in the matching PB samples. An average of 0.08 CTC/mL was
detected in PB, while a mean of 1.29 CTC/mL in DLA (>16 times more) and this difference
was statistically significantly (P <0.0001, by Wilcoxon matched-pairs signed rank test) (figure
19A). The number of CTC/mL of DLA was multiplied for the entire volume of the produced
DLA to calculate the total number of CTCs potentially detectable in each DLA product if
entirely analyzed. This resulted in a mean CTC number of 54.56 CTCs/DLA product, which
is 90 times more than the number of CTCs found in the standard PB samples. Furthermore,
analyzing only 198.6x10° WBCs of the DLA products (corresponding to only 6% of the
complete product) CTCs were detected in 56.5% (26/46) DLAs while only in 17.4% (8/46)
PB samples being this difference also statistically significant (p = 0.0002, by Fisher’s exact
test) (figure 19B).
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Figure 19. CTC detection in DLA products and matched PB samples. (A) CTC count. The DLA
CTC/mL was calculated dividing the number of CTC counted in each DLA product by the
corresponding DLA volume processed by CellSearch®. The PB CTC/mL was calculated dividing the
number of CTC counted in each PB sample by 7.5 mL processed by CellSearch®. p <0.0001 by
Wilcoxon matched-pairs signed rank test. The DLA CTC count was extrapolated by multiplying the
CTC detected in 1 mL for the entire volume of DLA product. (B) Detection frequency in matched
PB and DLA samples. p = 0.0002 by Fisher’s exact test.

Data are part of Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).
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4.1.4 Correlation between CTC detection and disease stage

Next, I investigated whether the CTC detection frequency and counts found in PB and DLA
samples would correlate with the tumor-associated clinicopathological characteristics of the
patients (Table 10). It was found that the presence of CTCs did not correlate with the lymph
node metastasis, both in PB and DLA (p = 0.313 and p = 0.54 respectively, by Fisher’s exact
test).

However, the detection frequency was clearly higher in M1 (UICC stage IV) compared to MO
(UICC stage I-III) patients in both PB and DLA samples. In DLA samples, the detection
frequency increased significantly from MO to M1 patients (45.1% vs 80%, p = 0.031, by
Fisher’s exact test). In both patient groups MO and M1, there was a significant higher
detection frequency in DLA compared to PB samples (figure 20A).

In PB it was calculated a median of 0 CTC/100x10° WBCs both in M0 and M1 patients, and
therefore a statistical analysis could not be performed. In DLA it was calculated a median of 0
CTC/100x10° WBCs (mean = 0.008) in MO patients and 0.025 CTC/100x10® WBCs (mean =
0.021) in M1 patients, showing that the CTC count in DLA correlated positively with the
progression of the disease (p = 0.005, by Mann-Whitney U test) (figure 20B).
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Figure 20. CTC detection and correlation to clinicopathological parameters. (A) CTC detection
frequency in DLA and matching PB, both for MO and M1 patients. P values by Fisher’s exact test. (B)
Number of CTC/100x10° WBCs detected in DLA samples in MO and M1 patients. Horizontal line
represents mean.

Data are part of Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).
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Table 10. Summary of clinicopathological data from all patients. The clinicopathological data are
reported for PB cohort, DLA cohort (patients undergoing the DLA procedure from which PB was also
collected and analyzed for CTC enumeration) and FR_DLA sub-cohort (patients undergoing the DLA
procedure from which cryopreserved DLA was processed to count, isolate and genetically characterize
CTCs).

Data are part of Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).

# PB cohort (%) # DLA cohort # FR_DLA cohort
(%) (sub-cohort from
DLA cohort) (%)
Total CTC+ Total CTC+ Total CTC+
Total 46 8 (17) 46 26 (57) 16 12 (75)
patients (100) (100) (100)
Sex F 24 6 (25) 24 15 (63) 9 7(78)
M 22 2(9) 22 11 (50) 7 5(71)
Surgical Curative | 36 5(14) 36 20 (56) 10 8 (80)
intervention | "pajjiative | 10 3(30) 10 6 (60) 6 4(67)
Tumor I 2 0 2 1 (50) 0 0
status 11 25 4(16) 25 12 (48) 5 4 (80)
(UICC I 4 0 4 1(25 1 0
stage) (25)
1% 15 4(27) 15 12 (80) 10 8 (80)
Metastatic | MO 31 4(13) 31 14 (45) 6 4 (67)
stage M1 15 4(27) 15 12 (80) 10 8 (80)
Lymph N- 3 1(33) 3 1(33) 0 0
node status 'y 31 3(10) 31 19 (61) 9 7(78)

4.1.5 CTC detection and overall survival

The correlation between the presence of CTCs and the survival rate was explored. For the
analysis, CTCs detected from DLA products where both the numbers and frequency of CTCs
are higher were used. Kaplan-Meier analysis revealed a shorter overall survival for DLA-
CTC+ patients compared to DLA-CTC- patients (p = 0.0163, by Log-rank test) (figure 21A).
A shorter overall survival for DLA-CTC+ patients compared to DLA-CTC- patients was also
observed in the subgroup of patients operated with curative intent (n = 36; p = 0.026, by Log-
rank test). Kaplan-Meier analysis was also applied to the subgroups M0 and M1. As expected,
MO _CTC- patients showed the best OS but interestingly, M0 CTC+, M1 CTC- and
M1 _CTC+ patients had similar OS (figure 21B).
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Figure 21. DLA-CTCs and overall survival. Kaplan-Meier survival analysis curves shows the time
from blood draw in months (range 0-95 months). (A) Kaplan-Meier survival analysis of all 46
patients, subgrouped in CTC+ and CTC-. (B) Kaplan-Meier survival analysis of all 46 patients,
subgrouped in MO _CTC-, MO_CTC+, M1_CTC- and M1_CTC+ patients. Patients who were still alive
at the time of last contact were censored.

Data are part of Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).

4.1.6 Isolation of CTCs with flow sorting

For the latest two patients enrolled in the DLA cohort, samples were processed with the
CellSearch® system and subsequently analyzed with the Moflo™ XD flow cytometer with
the aim to isolate single CTC. From patient #5, 3 CTCs candidate and 5 WBCs were isolated.
From patient #6, 8 CTCs candidate and 5 WBCs were isolated.

4.2 Analysis of cryo-preserved PDAC DLA products to detect, isolate

and characterize CTC

For each DLA product, only a fraction containing ~ 200x10® WBCs (corresponding to around
6% of the total volume) was analyzed for CTCs immediately after the DLA procedure, while
the remaining fraction was cryopreserved in aliquots for later analyses. However, before
analyzing cryopreserved patient samples, preliminary tests were necessary to evaluate the
impact of the DLA cryopreservation on tumor cell loss. For testing purposes, mimicked DLA

(mDLA) products were used.
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4.2.1 Establishment of mimicked DLA product

Because DLA products represent precious patient material for detection of CTCs (227, 232)
and the access to these samples is limited, for testing new protocols and applications were
generated blood products with similar cell content to DLA products. These blood products are
here referred as mDLA samples, and were generated from BCs, since BCs are concentrated in
WBCs and they are available in large amount for research purposes from blood banks or
commercial providers.

The blood cell profiles of unprocessed BCs and DLAs were first compared to see if the BC
could be used without any further processing. BC collected from healthy donors (n = 18) had
on average higher red blood cell (RBC) fraction (p <0.0001, by Mann-Whitney U test),
similar platelet fraction (p = 0.72), and lower WBC fraction (p <0.0001) compared to patient-
derived DLA products (n = 26) (figure 22A). Moreover, a significant difference in the
prevalence of each WBC population between DLA products and BCs was observed (figure
22B). In particular, the monocytes were significantly less prevalent in BC than in DLA (p
<0.0001, by Mann-Whitney U test) and contrariwise the neutrophils were more prevalent (p
<0.0001, by Mann-Whitney U test). Aiming to obtain samples better mimicking DLAs, the
BCs were processed by density gradient centrifugation using Ficoll-Paque PLUS 1.077 g/mL
to enrich the mononuclear cells, which have a density between 1.067 and 1.077 g/mL, and the
Ficoll-Paque PLUS 1.084 g/mL (1.05-1.08 g/mL) to include more granulocytes, which have a
density higher than 1.080 g/mL) (249). Surprisingly, no significant difference between WBC
composition after centrifugation with the two different media could be observed (by Mann-
Whitney U test) and both media resulted in a WBC composition similar to DLA products
(figure 22C), indicating that both could be used alike to produce suitable mDLA products. In
BCs, after Ficoll centrifugation (BCs-Ficoll), basophil count was still lower compared to DLA
products (p = 0.0153, by Mann-Whitney U test) (figure 22B), but due to the extremely low

prevalence of this population, the result was considered not relevant.
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Figure 22. Blood cell composition in DLA samples, unprocessed and processed buffy coats.

(A) Percentage of RBC, platelet and WBC in DLA, BC and BC-ficoll. (B) Percentage of five
individual populations of WBCs in DLA, BC and BC-ficoll. (C) Percentage of WBCs determined after
processing BCs with Ficoll-Paque PLUS 1.077 g/mL and Ficoll-Paque PLUS 1.084 g/mL.

Box plots show the median values with interquartile range. Whiskers represent total range. *p <0.05;
*Ep <0.01; ***p <0.001; ****p <0.0001, by Mann-Whitney U test.

Adapted from Guglielmi et al. (176), Creative Commons Attribution 4.0 International License.

4.2.2 Thawing of mDLA

To evaluate the impact of the DLA cryopreservation on tumor cell loss, the recovery rate of
pre-labelled Hup-T4 and Capan-1 cells was determined after the thawing of spiked frozen
mDLA samples. The number of spiked-in cells (before freezing) was compared with the
number determined after thawing to calculate the recovery rates. A mean recovery rate of
66% = 3 % (n = 9) was calculated for Hup-T4 and a mean recovery rate of 61% =+ 6% (n =9)
for Capan-1. The recovery rates of the two cell lines were statistically different (p = 0.029, by

unpaired t-test). The global mean recovery rate considering the two cell lines was 64% =+ 5%.
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Figure 23. Tumor cell recovery rate determined in mDLA after sample thawing. Pre-labelled
Hup-T4 and Capan-1 cells were spiked-in mDLA before freezing. In thawed samples, the number of

cells was determined using flow cytometry and then compared with the number of spiked-in cells to
calculate the recovery rates (%). p = 0.029, by unpaired t-test.
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4.2.3 CellSearch® CTC analysis of cryopreserved patient-derived
DLA samples

Cryopreserved DLA aliquots from 16 CTC+ patients were processed with the CellSearch®
system for CTC detection (FR_DLA cohort, n = 16). For each patient of the FR_ DLA cohort,
the CTC count of freshly analyzed DLA products was available and this allowed to have a
reference to compare the cell recovery from cryopreserved samples. Aiming to adopt similar
scoring criteria, the galleries from the frozen samples (figure 24, left panel) were compared

with the ones from the freshly analyzed samples (figure 24, right panel).

A B
CTC Cryopreserved samples CTC Fresh samples

DAPI/  CK-PE  DAPI CD45- DAPI/  CK-PE  DAPI CD45-
CK-PE CK-PE

Figure 24. Representative images from CTCs obtained with CTAII. The four columns depict from
left to right: Nuclear DAPI staining (purple)/cytokeratin (CK)-PE (green) overlay, CK-staining,
nuclear DAPI staining and CD45-APC staining. (A) Left panel shows representative images from
CellSearch-processed cryopreserved DLA samples from 4 different patients. (B) Right panel shows
CellSearch-processed fresh DLA samples from one patient.

Although CTC classification in frozen samples was more challenging due to the higher
frequency of WBC-aggregates which could mask some CTCs (figure 24, left panel, ¢) and
cells with fragmented CK (figure 24, left panel, d), CTCs could be detected in 75% of 16
frozen samples (12/16) (figure 25A), and the detection frequency was not statistically
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different (p = 0.101, by Fisher’s exact test). A median of 2.5 CTCs per 100x10° WBCs
(range: 0.5-16 CTCs/100x10° WBCs) was calculated in fresh samples and a median of 1.85
CTCs/100x10° WBCs (range: 0-11 CTCs/100x10° WBCs) in the matched frozen samples (n =
16). The CTC count was not significantly different in fresh samples compared to frozen

samples (p = 0.07, by Wilcoxon matched-pairs signed rank test) (figure 25B).
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Figure 25. CellSearch-CTC detection in fresh and cryopreserved DLA products. (A)
CTC detection frequency in matched fresh and frozen DLA samples (n = 16). (B) Number of
CTCs detected in matched fresh and frozen DLA samples. All CTC counts were normalized
for 102 WBCs analyzed.

4.2.4 CTC isolation with flow sorting and micromanipulation

After detection of CTCs with CellSearch® system in thawed DLA samples of 12 patients of
the FR_DLA cohort, the enriched samples were further processed to isolate single tumor
cells. Cell isolation was performed from a total of 14 CellSearch-enriched samples (two
additional aliquots were processed for patient #1). A total of 102 potential CTCs (from 13
DLA aliquots obtained from 11 patients) were isolated with the MoFlo™ XD flow cytometer
with a median of five cells/patient, and a total of four potential CTCs (from one DLA aliquot
obtained from patient #1) were isolated by CellCelector™ micromanipulation (figure 26A, B).

For each patient sample, five single WBCs were also successfully isolated either with flow
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sorting or micromanipulation. The number of cells isolated by flow sorting was 1.9-fold

higher than the number of the cells detected by CellSearch® (figure 26C).
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Figure 26. CTCs detected and isolated from thawed DLA samples of PDAC patients. (A)
Representative CTC candidates isolated using CellCelector™ micromanipulator. Glass slides
were scanned at a magnification of 40X, in each of the following channels: bright field for cell
morphology visualization, DAPI for nuclei, PE for cytokeratins, APC for CD45. CTCs were defined
as cells with intact morphology and DAPI+/PE+/APC-. (B) The table summarize the number of CTCs
detected by CellSearch® system analysis and the number of CTC candidates isolated either with flow
sorting or micromanipulation. Results are also reported as the median CTC count (with range) for each
patient sample. (B) Counts of CellSearch-CTCs and CTC candidates detected by flow cytometry for
individual patient samples. p = 0.021, by Wilcoxon matched-pairs signed rank test.

4.3 Molecular characterization of single cells isolated from fresh or

cryopreserved PDAC DLA samples and matched tumors
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4.3.1 Genome quality evaluation of WGA products of single cells
isolated from fresh or cryopreserved PDAC DLA samples

The single cells isolated from the fresh or cryopreserved DLA samples were genomically
characterized to validate their value as molecular tumor surrogates.

As a first step, the whole genome of each single isolated cell was amplified using a whole
genome amplification (WGA), and a quality control check of the WGA procedure was
performed. The quality control helps to predict the success of downstream analytical methods
through the determination of the number of PCR amplicons, which indicates the presence of
specific DNA fragments in the WGA library (figure 27A). From the initial 117 potential
CTCs isolated (106 CTCs from cryopreserved DLAs and 11 CTCs from fresh DLAs), a
medium to high quality of the WGA product (more than two PCR amplicons observed with
the QC test) was observed in around the 71% of cells (83/117), while a low genomic quality
(one or two QC-PCR amplicons) was observed in around the 12% of cells (14/117) (figure
27B). All the 97 CTCs from these both fractions were subsequently analyzed to detect point
mutations in hotspot regions by targeted NGS, while only cells with a medium to high DNA
quality and/or with at least a SNV detected (n = 31) were selected for more comprehensive
chromosomal copy number profiling by whole-genome low coverage NGS. As shown by the
black column in the graph of figure 27B, 17% (20/117) of the potential CTCs did not show
any PCR amplicon with the QC test (e.g., CTC#4, figure 27A) and DNA from these cells was

not further processed for molecular characterization.
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Figure 27. Evaluation of single cell genome quality after WGA. (A) Representative gel
electrophoresis of QC multiplex PCR products. Amplified DNA samples from six patient-derived
potential tumor cells (CTC#1-6). One SK-BR-3 cell serving as WGA positive control (WGA+), and
DNA and nuclease-free water serving as WGA negative control (WGA- NC) of the WGA reaction.
Commercial human genomic DNA (hgDNA) was used as positive control (QC+) and water was used
as negative control (QC- NC) of the QC-PCR reaction. The presence of more than 2 PCR amplicons
indicated a medium to high genomic quality. L: 50bps ladder. (B) Genome quality of the 117 single
cells isolated from fresh and cryopreserved PDAC DLA samples. Bar graph shows the number of
cells with 0, 1, 2, 3, 4, 5 and 6 amplicons obtained after QC multiplex PCR.
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4.3.2. Detection of KRAS and TP53 point mutations

Point mutations in KRAS and TP53 are crucial events of PDAC carcinogenesis (32, 33), and
specific point mutations are frequently detected in hotspot regions of these genes. For this
study, the isolated CTCs and matched tumor tissue was analyzed for the presence of
mutations in the hotspot genomic regions located in KRAS exon 2, KRAS exon 3, TP53 exon
5, TP53 exon 7, TP53 exon 8.

Out of the 97 CTCs screened, a total of 26 cells from seven patients (Pt #1-7) showed at least
one SNV, with an allele frequency >5% (table 11). Globally, 12 SNV types were detected, of
which 10 are predicted as being pathogenic and two with an unknown pathogenicity
prediction (table 11). The potential pathogenicity of the detected point mutations was
evaluated using a FATHMM scores >0.9 as criteria for pathogenicity (COSMIC:
http://cancer.sanger.ac.uk/cosmic).

In CTCs of two patients (patient #1 and #7) the mutation KRAS G12V (c.35G>T) was
detected. Interestingly, in patient #1, this mutation was present as homozygous (VAF =
100%) in one CTC, and as heterozygous (VAF = 50%) in the other CTC. In patient #7, the
same mutation was present as homozygous in six CTCs, while in 1 CTC the G12V mutation
was detected with a VAF = 16%. Although the presence of low frequent SNVs in codon 13
and 61 was investigated (27-29) (table 1), no mutations in those codons were detected.
However, in two cases, mutations in KRAS exon 3 with an unknown pathogenicity were
detected: KRAS D33N (patient #6), KRAS I55T and KRAS T58A (patient #7). In patient #7,
one cell showed concomitant mutation in KRAS exon 3 (KRASI55T) and TP53 exon 7 (TP53
M246T), but in no cases, concomitant mutations in KRAS exon 2 and in TP53 were observed.
In six patients, only mutations in TP53 were detected. Patients #2, #3 and #5 harbored the
mutations TP53 P151R, TP53 R273C and TP53 R282W respectively, which are among the
highly frequent missense mutation in TP53 occurring in PDAC patients (25, 35-40, 50). In
four patients, less frequent mutations in TP53 were annotated: P112R, Q165*, R174G,
T230A, M246T, L252P, E258G. Nevertheless, each of these mutations except R174G are

reported as pathogenic.
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Table 11. Summary of SNVs and CNA detected in CTCs and tumors. Data are part of Stoecklein,
N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).

Patient |Sex| CTC(C) ID or SNV SNV VAF Prediction CNA profile
m Tumor(T) ID | (KRAS) (TP53)
C9917 G12v 0 50 pathogenic aberrant
Patient F C9918 G12V 0 100  |pathogenic aberrant
#1 C16328 NA P112R 31 pathogenic aberrant
T727 GI12R P15IR 21,25 |pathogenic aberrant
Patient F C10597 0 P151IR 100  |pathogenic not aberrant
#2 T723 G12V R175H 8.9  |pathogenic not aberrant
Patient C10602 0 R273C 5 pathogenic not aberrant
4 M C10603 0 R273C 12 pathogenic not aberrant
T728 0 P278H 45 pathogenic aberrant
Patient F Cl1123 0 R174G 31 unknown not aberrant
#4 T 725 G12V 0 31 pathogenic aberrant
Patient C11351 0 R282W 100  |pathogenic failed
45 F C11352 AS9G E258G 30,31 |pathogenic failed
T724 GI12R R175H 7.7  |pathogenic not aberrant
C11569 0 L252P 16 pathogenic not aberrant
C11570 0 T230A, Y87H| 16,19 |pathogenic not aberrant
C11571 0 T230A, Y87H| 25.25 |pathogenic not aberrant
Patient F C11572 0 T230A, Y87H| 13,16 |pathogenic not aberrant
#6 C11573 0 Y87H 20 pathogenic aberrant
C11575 0 T230A, Y87H| 16,11 |pathogenic aberrant
C11576 0 T230A, Y87H| 23.23 |pathogenic not aberrant
T 730 G12D 0 13 pathogenic aberrant
C12201 G12V 0 100  |pathogenic aberrant
C12202 G12V 0 100  |pathogenic aberrant
C12204 G12V 0 100  |pathogenic aberrant
C12207 T58A 0 14 unknow not aberrant
C12214 0 Q165* 21 pathogenic not aberrant
C12219 I55T M246T 17,28 |unknown, pathog. |not aberrant
Patient C12222 G12v 0 100  |pathogenic aberrant
47 F C12226 G12V 0 16 pathogenic aberrant
C12228 G12v 0 100  |pathogenic aberrant
C12229 G12v 0 100  |pathogenic aberrant
T 924-20 G12V 0 1.76  |pathogenic na
T 924-20 G12D 0 0.48 |pathogenic na
T 924-20 0 DI186N 1.12  |pathogenic na
T 924-20 0 R273H 1.38  |pathogenic na
T 924-20 0 E285K 1.25  |pathogenic na
Patient F C10589 0 0 na na aberrant
#8 T 726 0 0 na na not aberrant
Patient M C11105 0 0 na na not aberrant
#9 T na na na na na
Cl1116 0 0 na na failed
Patient M C11117 0 0 na na aberrant
#10 C11118 0 0 na na failed
T na na na na na
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When available, tumor tissue sections with a tumor content >50% were used for DNA
isolation (figure 28) and SNV analysis. In patient #1, KRAS G12R and TP53 P151R were
detected in the tumor tissue but not in the CTCs. Peculiar of this case was the difference in the
nucleotide substitution of KRAS codon 12, between CTC and tumor: ¢.35G>T (translated in
the G12V substitution) in CTC and ¢.34G>C (translated in the G12R substitution) in the
tumor. Indeed, patient #2 and #4 harbored KRAS G12V in the tumor DNA, but not in the
CTC. KRAS G12R was also observed in tumor DNA from patient #5, which did not harbor
any mutations in codon 12 of KRAS in CTC DNA. In patient #6, KRAS G12D was detected
only in tumor tissue. TP53 P151R was detected in tumor DNA from patient #1, but it was not
detected in CTCs isolated from the same patient. Tumor DNA from patient #2 and #5
harbored the mutation TP53 R175H, but neither of them harbored that mutation in CTCs.

In patient #8, no SNV was detected in the tumor tissue neither in CTCs.

The data showed that the mutational profiles of KRAS and TP53 were often discordant
between CTC and matched tumor tissue. Since the mutations detected in CTCs are not
expected to originate in the germline, in parallel, the absence of each mutation was verified in
WBC from the same patient (one to four WBC per patient) to exclude that the CTC-mutations
were artefacts of WGA and NGS. In every case, the mutations detected in CTCs were not
detected in WBCs. In one single WBC it was detected the point mutation TP53 S110P (VAF
= 16%), with neutral pathogenicity score and not present in the CTCs from the same patient

(supplementary table 1).
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Figure 28. Histology sections of pancreatic tumor tissue. The sections were stained with
hematoxylin and eosin and examined for the tumor content by a specialized pathologist. The pictures
are representative of pancreatic sections with different tumor contents: (A) 50% (patient #2), (B) 70%
(patient #6), (C) 80%. (patient #4). All the images were acquired at 50X and the scale bar represents
500 um. Images were kindly provided by the Institute of Pathology, Heinrich-Heine-University and
University Hospital of Diisseldorf
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4.3.1.1. Validation of mutation screening with single cells from cell
lines

The target NGS assay was validated in single cells form four cell lines with a known mutation
profile (MDA-MB-231, CAPAN-1, SK-BR-3 and MIA PaCa-2). The profiling approach
involving WGA, library preparation and NGS allowed us to detect in each cell line, point
mutations in the expected position. However, in MDA-MB-321 cell line, we detected a point
mutation that translated in a R280A substitutions instead that the reported R280K. Moreover,
surprisingly, MDA-MB-231 cell line showed homozygous mutation G13D instead of the
expected heterozygous mutation. To understand if this result was due to an allele loss, the
sequencing library from bulk MDA-MB-231 WGA DNA was also sequenced. The VAF for
GI13D in this case was 65%, which could indicate that an allelic imbalance might have

occurred during the whole genome amplification, deviating from the expected 50%.

Table 12. Overview of the point mutations in KRAS and TP53 detected in single cells and bulk
material from cell lines. The percentages represent the VAF values. The right columns show the
expected mutation and zygosity according to the literature (Cosmic, www.cancer.sanger.ac.uk, (250)).
Data are part of Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).

KRAS TP53
Exon 2 Exon 5 Exon 7

G12C|GI12VIGI3DA159VR1I75HR248WR273CR280A

Exon 8 Expected Expected
Mutation Zygosity

MDA-MB-231

bulk 0% | 0% |65% | 0% | 0% 0% | 0% |100% GI13D; R280K | Het; Hom
MDA-MB-231 #1| 0% | 0% [100%| 0% | 0% 0% | 0% | 100% G13D; R280K | Het; Hom
MDA-MB-231#2| 0% | 0% [100% 0% | 0% 0% | 0% |100% G13D; R280K | Het; Hom
MDA-MB-231#3 0% | 0% [100% 0% | 0% 0% | 0% |100% G13D; R280K | Het; Hom

CAPAN-1#1 0% 1100% 0% 100% 0% | 0% | 0% | 0% ' G12V;Al159V | Hom; Hom
CAPAN-1 #2 0% 1100% 0% [ 100% 0% | 0% | 0% | 0% | G12V;Al159V| Hom; Hom
Sk-Br-3 #1 0% | 0% 0% | 0% | 100%| 0% | 0% | 0% R175H Hom
Sk-Br-3 #2 0% 1 0% 0% | 0% [100%| 0% | 0% | 0% R175H Hom

MIAPaCa-2#1  100% 0% | 0% | 0% | 0% |100% 0% | 0% | GI2C;R248W | Hom; Hom
MIAPaCa-2#2  [100% 0% | 0% | 0% | 0% |100% | 0% | 0% |G12C;R248W | Hom; Hom
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4.3.2 Analysis of copy number alteration profiles in patient derived

cells and matched tumor tissues

Genomic instability is a characteristic of most cancer cells and it contributes to originate
somatically acquired CNAs, which play a major role in the cancer progression (251, 252).
Due to tumor genetic heterogeneity, somatic CNAs might be masked by bulk genomic
analysis, and can be best investigated analyzing individual cells. Therefore, here we assessed
PDAC genome instability analyzing whole-genome CNAs in patient-derived single CTCs and
matched tumor.

From the 31 cells screened, four potential tumor cells were discarded due to the low quality of
the obtained profiles (dLRS >0.30 and number of reads <200k) (supplementary table 2). On
the profiles with good quality obtained from tumor derived DNA and in single cell DNA, the
percentage of aberrant genome (PAG) was calculated. To better evaluate if a single cell
profile was aberrant or not, PAG was calculated also for matched single WBCs (figure 29A,
supplementary table 3). The mean and highest value (mean = 0.7%; range 0-4.6%) of WBC-
PAG (n=7) helped to interpret the CNA profiles from candidate CTCs, and all the patient
derived cells with a PAG below than 4.6% were considered as non-aberrant cells. A total
number of 13 cells from 5 patients (Pt#1, Pt#6, Pt#7, Pt#8, Pt#10) were confirmed as aberrant
CTCs with an average PAG of 27.38% (range: 2.16-53.34%) (figure 29A). It was observed
that 11 out of these 13 aberrant cells were also mutated for at least one pathogenic nucleotide
substitutions in KRAS and/or TP53 genes (red rectangles, figure 32B), while two aberrant
cells (from patient #8 and #10) did not show any investigated point mutations (grey
rectangles, figure 29B). In one patient case (patient#1) aberrant profiles were observed in both
CTCs and tumor (figure 29B, figure 30A). In patient #6 and #8, only CTCs showed aberrant
profiles. On the contrary, only the tumor tissue DNA from patient #3 and #4 harbored CNAs.
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Figure 29. Mutational status from single patient derived cells and matched tumor tissue (A)
Percentage of altered genome (PAG) in WBCs and CTCs. WBCs were isolated from 6 different
patients, while CTCs from 10 patients. Line represents mean with standard deviation. Red dashed line
represents the threshold determined by the highest PAG values obtained in WBCs. (B) Summary of
the mutational and CNA analysis. Data were collected from 10 patients. Tumor was not available
for 3 patients.

Data are part of Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).

Differences in gain and losses of chromosomal regions were observed between CTCs from
different patients, as well as in CTCs from the same patient (figure 30A). CNAs were
visualized via the progenetix plotting tool (https://progenetix.org/service-collection/uploader).
The most frequent gains were observed in chromosome 1q, 1p, 2q, 5q, 6p, 7q, 7p, 8q, 11q,
11p, 12p and 19q; while the most frequent losses were observed in chromosomes 3p, 8p, 9p,
10q and 17p (frequency > 50%). Notably, several known oncogenes and tumor suppressors
are located in the same regions where more frequent aberrations were detected (e.g., EGFR in
chromosome 7p, CDKN2A in chromosome 9p and TP53 in chromosome 17p) (figure 30B).

Although several differences in gains and losses were detected among CTCs, the CNA
patterns revealed a high clonality among different CTCs of the same patient indicating a
common origin of those cells, as shown by hierarchical cluster analysis performed for patient

#1 and #7 (figure 30C). This analysis was performed only for those patients who displayed
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the highest number of aberrant CTCs. Furthermore, in patient #1 CTC CNA profiles
genomically resembled the pancreatic tumor (#1727) (Figure 30A and C).

Short tandem repeat (STR) analysis was used for the authentication both of CTC derived
DNA and FFPE tumor derived DNA. Because the STR-PCR was not optimized for
characterization of WGA products obtained with the Msel PCR, only partial STR profiles
were obtained from such WGA-originated samples. However, the comparison between the
patterns from patient derived single cells- and matching tumor- DNA was sufficient to
confirm the same genetic origin in patient #2, #3, #4, #5 and #6 (supplementary table 3). In
patient #1, #7, #8, #9 and #10, the tumor was not available for STR analysis.
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4.4 Marker-independent enrichment of CTCs: DLA biochip

The use of CellSearch® system to analyze the whole DLA product would require multiple
runs, due to the high load of WBCs (typically around 40 mL with 200x10°® WBCs/mL), and it
would require high amount of expensive antibody cocktails, resulting inefficient in terms of
load of work and costs. Therefore, alternative methods to process the entire DLA volumes are
needed. A new label-free spiral chip was optimized to process DLA products and its
performance was compared with the one of another commercialized label-free spiral chip

(176).

4.4.1 Size of the tumor cell line cells

The efficiency of the cell enrichment within the spiral microfluidics chips is ultimately
dependent on the size of the cells. Therefore, the cell diameter was calculated for three cell
lines used for testing the device. A mean diameter of 13.7 + 1.4 pm (range 10.5 to 15.9 pm)
was measured for Sk-BR-3, a mean diameter of 15.1 £ 2.4 um (range 11.8 to 20.5) was
measured for Hup-T4, and a mean diameter of 15.9 + 3.4 um (range 12.3 to 26.4) for LNCaP
(figure 31). The mean diameter of the WBCs was 8.5 £ 0.9 um (range 6.4 to 10 um),
significantly smaller than the diameter of the cell line cells (P <0.0001).
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Figure 31. Cell diameter of the Sk-BR-3, LNCaP, Hup-T4 cells used for testing the microfluidic
chips and of WBC isolated from mDLAs. Diameter was measured in randomly selected n = 22 Sk-
BR-3 cells, n = 28 Hup-T4 cells, n = 25 LNCaP cells and n = 28 WBCs. Horizontal lines represent
median value. Statistically significant differences. * indicates p = 0.0194 by Mann-Whitney U test.
Adapted from Guglielmi et al. (176), Creative Commons Attribution 4.0 International License.
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4.4.2 Tumor cell recovery rates after mDLA enrichment with

ClearCell® FX system and the DLA biochip

The three different cell lines were pre-labelled with different fluorescent dyes and were spiked
in mDLA samples containing 50x100°, 200x10° and 400x10% WBCs (experimental condition
1, 2 and 3 respectively), and these resulting samples were used to test both the commercially
available ClearCell® FX platform (CTChip FR1) and the new DLA biochip. For each of the
tumor cell type used, it was observed a higher tumor cell recovery rate after DLA biochip
enrichment than after CTChip FR1 enrichment (figure 32). By processing mDLA samples
with 50x10° WBCs (equivalent to ~15 mL PB), the mean tumor cell recovery rate was 30% in
ClearCell® FX (n = 3 for each cell line, niwt=9) and 47% in DLA biochip (n = 6 for each cell
line, niot = 18). By processing mDLAs containing 200x10® WBCs (equivalent to ~60 mL PB),
the mean tumor cell recovery rate was 23% in ClearCell® FX (n = 4 for each cell line, nit =
12) and 47% in DLA biochip (n = 6 for each cell line, nw¢ = 18). By processing mDLAs
containing 400x10°® WBCs (equivalent to ~120 mL PB, experimental condition 3) the output
straw of the ClearCell® FX system clogged and did not allow sample enrichment, while it
was calculated a mean tumor cell recovery rate of 50% (n=6 for each cell line, ni¢= 18) in the
DLA biochip.

The global mean tumor cell recovery rate after CTChip FR1 enrichment, calculated
considering all data collected with the different cell types, was 25% (n = 21) (data from
experimental conditions 1 and 2), while the global mean tumor cell recovery rate with the
DLA biochip was 48% (n = 54) and significantly higher (p <0.0001) than the recovery
calculated for the FR1 chip.

Although the difference in tumor cell sizes, the recoveries were not significantly different
between the different cell lines across the three experimental conditions. An exception was
observed only in the case of a higher recovery rate of LNCaP, the largest measured cell line,

enriched from mDLA samples with 400x10°® WBCs.
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Figure 32. Tumor cell recovery rates after enrichment with the CTChipFR1 and DLA biochip.
*p <0.05; **p <0.01, by Mann-Whitney U test.
Adapted from Guglielmi at al. (176), Creative Commons Attribution 4.0 International License.

4.4.3 WBC contamination after DLA biochip enrichment.

The CTC count and isolation can be difficult if the sample still contains a high WBC fraction
after the enrichment step. Therefore, an efficient CTC enrichment technology should allow an
effective CTC capture with low WBC contamination (i.e. high CTC purity). This can be
difficult to achieve when the initial sample has an extremely high WBC load, as the case of
DLA products. For this reason, it was measured the average WBC carryover after one (S1, n
= 3) and two (S2, n = 6) enrichment cycles of mDLA products containing 50x10°, 200x10°
and 400x10® WBCs. As expected, it was observed that the higher the cellular content of the
processed mDLA, the higher the number of WBC contaminants counted in S1 and S2 (right
panel, figure 33). Also not surprisingly, the number of contaminating WBCs decreased
substantially after performing the second round of enrichment in all three experimental
conditions.

Respect to S1sox10®, S1a00x10® and Slagoxi0®, the second enrichment cycle alone led to a WBC
depletion of 75%, 94% and 99.7% respectively (right panel, figure 33). In the enriched sample
initially containing 400x10® WBCs, an average of 60,000 WBCs was observed after the two
cycles (S2).

78



Results

Enrichment Enrichment
cycle | cycle 2

357

25- S1 '|'

151 = s2

1.87
1.4+

1.04 '|'
0.6

024
0.127

0.08+ 6n | 0.3%
0041 [ . 8 .

T25% - L
0.00-—==

50%10° 200x10° 400x10°
(z15mL PB) (=60mL PB) (=120mL PB)

Figure 33. WBC carryover after one and two DLA biochip enrichment cycles. Left panel shows a
representative snapshot taken at the branching point close to the outlets showing the WBCs flow in the
DLA biochip during the first and the second enrichment cycle, tracked using the Photron Fastcam SA3
(MEC, Indiana) connected to the Olympus IX71 inverted microscope (Olympus, US). Right panel
shows the mean number of WBCs counted after one enrichment cycle (S1, analyzed with hematology
analyzer), and two enrichment cycles (S2, analyzed with flow cytometry), starting from mDLA
products containing 50x10°, 200x10° and 400x10° WBCs. Adapted from Guglielmi et al. (176), under
a creative Commons Attribution 4.0 International.
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S. DISCUSSION

The goal of the present work was to increase the chance to detect and isolate pancreatic CTCs,
with particular interest to obtain a sufficient number of cells that allows to stratify patients at

high risk of metastasis and to perform genomic characterization.

5.1 Detection of CTCs in DLAs and prognostic impact

A first attempt to reach the research goal of this work was to test the value of screening a
larger blood volume to increase the chance of detecting pancreatic CTCs. Recent studies
demonstrated the value of increasing the blood volume for CTC analysis (223-226). Based on
this strategy, DLA was used for the purpose of this work. In fact, DLA was introduced with
the aim to increase the detection of CTCs (227, 232) by the screening of liters of blood and
the analysis of only 5% of a DLA product using CellSearch® resulted already in a 250%
increase of the CTC detection frequency and a 30-fold escalation of CTC count compared to a

7.5 mL PB sample (227).

In this study, the DLA procedure was performed in a cohort of 46-patients without any
noticeable side effects and without any clinically relevant effect on vital parameters (figure
16), which is in line with previous reports (231, 233, 253). Using MNCs as a reference, the
mean efficiency of the procedure was higher than 30% in 41 patients, indicating a highly
efficient pre-enrichment process according to previous studies (231). Although the MNC
collection efficiency was below 30% cut-off in 5 patients, the PB-equivalent volume was
within the expected range and therefore, we decided to further process those samples as well.

The CellSearch® analysis of a median of 3 mL DLA/patient (containing approximately
200x10° WBCs) significantly increased the chance to detect CTCs compared to the analysis
of 7.5 mL of matched PB (figure 19 B) and the mean CTC count in 1 mL DLA was 16-folds
higher than the mean CTC count in 1 mL PB (figure 19 A). These results demonstrated that
the small sample volume dramatically affects the CTC detection in PDAC and that the
analysis of around 6% of DLA product increases the CTC yield, in line with recent findings
that emerged from a European prospective multicenter study in metastatic breast and prostate
cancer (230). Noteworthy, it is the fact that extrapolating the mean number of CTCs in the
whole DLA product results in a 90-fold higher mean number of CTCs compared to in 7.5 mL
PB sample. This data emphasizes the advantages of screening a DLA entirely and the need of

efficient methods to do it.
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An additional relevant aspect of our study was the choice of a strategy to help the operator
with DLA-CTC selection, by using a semi-automated image analysis software, ACCEPT
(254). The ACCEPT pre-selected events were anyhow reviewed by a trained operator for the
final cell selection. A comparative analysis between fully manual- and ACCEPT-
classification of target cells was performed to evaluate the differences in terms of CTC count
and detection frequency. Notably, the ACCEPT algorithm includes a more effective image
segmentation to separate the relevant objects from the background cells compared to the older
CellSearch® algorithm, which is especially relevant for cartridges with high density as
observed in DLA samples (255). These different image processing tools can account for the
differences observed in CTC detection frequencies between the original CellSearch® analysis
and the reviewed ACCEPT detection (figure 18) of the same images. Indeed, although in the
72% of the cases, ACCEPT and the operator agreed to score a patient as CTC+ or CTC-
(figure 18A), the use of ACCEPT allowed to detect CTCs in a significantly higher number of
patients compared to the manual classification, for a total of 26 patients scored as CTC+ ( >1
CTC) by ACCEPT and 17 scored as CTC+ by operator. On the contrary, only two samples
that were scored as CTC+ by the reviewer were not scored as CTC+ by ACCEPT. However,
the CTC count was statistically not significantly different between CTC+ samples scored with
ACCEPT and CTC+ samples scored by the original CellSearch® classification (figure 18 B).
The differences observed for CTC detection highlight that a higher variability in the CTC
selection might occur when a full manual scoring is adopted and the potential benefit to use a
more standardized CTC count approach, which might facilitate the detection of relevant
objects from the background cells (255), enable comparison of different reviewers and

facilitate the achievement of a consensus on assigning objects (254).

The use of DLA products, which allowed to detect higher numbers of CTCs compared to PB
offered the chance to explore the clinical value of pancreatic CTC count as tool for the risk
stratification of operable PDAC patients. A positive correlation was found between DLA-
CTC count and disease progression, as suggested by the higher CTC detection frequency (p =
0.0314) and CTC count (p = 0.005) in patients with advance disease (M1) compared to
patients with localized tumor (MO) (figure 20 A, B). Similar associations were not found with
the PB-CTC count, although this result might be biased by the low number of CTC detected,
highlighting further the importance to detect a significant number of CTCs.

Furthermore, Kaplan-Mayer analysis in the entire cohort and in the subgroup of patients

treated with curative intent showed that the presence of at least one DLA-CTC correlated with
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poor survival, suggesting their potential as prognostic biomarkers. This observation is
supported by the prognostic role described for CellSearch® CTCs in PB (198, 199, 201, 202,
205), although CTCs were less frequently detected. However, low frequent events detected in
PB might limit Kaplan-Mayer analysis, making the analysis less robust. Interestingly, MO
patients in the DLA cohort without CTCs showed a significantly better OS compared to
MO CTC+ patients, showing that the presence of CTCs might also help to predict the risk of
disease progression in patients with localized tumor, when the metastasis is at a subclinical
stage and treatments might be more efficient (256). The data also showed that the absence of
PDAC CTCs in M1 stage might also help to select M1 patients that could profit from
combined chemotherapy (78, 80), as highlighted by the similar OS observed between
MO _CTC+ and M1 _CTC- patients. Of course, the potential of PDAC CTCs to drive
therapeutic decisions would be unlocked once technical solutions for their detection are

available for clinical routine.

5.2 Molecular characterization of CTCs from cryopreserved and fresh

PDAC DLA:s.

Besides CTC enumeration that has the potential to refine tumor staging in PDAC, the value of
CTC profiling is gaining lot of interest for diagnostic tests in the context of targeted therapies
but also for basic research questions (235-237).

In the present work, the genetic profiling was performed on cells isolated both from fresh and
frozen DLA samples. Indeed, only 6% of the whole DLA product/patient was processed
immediately after collection by CellSearch® system, while the remaining sample fraction was
frozen and represented a precious source to isolate and characterize CTCs. A thawing
protocol was adapted for DLA products (257) and the thawed samples were processed by
CellSearch® similarly to fresh DLA samples.

In this work, the detection of typical SNVs in KRAS and TP53, the mutated genes in PDAC,
helped to confirm the tumor identity in isolated CTCs. A total of 24 cells from six patients
(four patients of the FR_DLA cohort and two patients of the DLA cohort) showed at least one
pathogenic mutation in the target regions, while two additional cells showed mutations with
unknown pathogenicity.

Genomic instability is considered as a hallmark of cancer (251, 258). Therefore, with the aim
to identify pancreatic CTCs, single cell CNA profiling was performed in addition to SNV
detection. The isolation of single CTCs and the generation of WGA libraries enabled low-
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resolution NGS to assess the CNA profile from cells isolated from 10 patients. A total of 13
cells from five patients harbored multiple genomic aberrations, with a mean PAG of around
27%. The results (summarized in figure 29 and table 11) showed that 10 out of these 13
aberrant cells harbored also point mutations in KRAS and/or TP53 genes, providing
additional evidence for their malignant origin. Indeed, two cells (from patient #8 and #10)
which showed an aberrant profile did not harbor any of the SNVs investigated. The lack of
SNVs in well-known tumor associated genes was already observed in CTCs with copy
number altered regions involving the tumor suppressor gene PTEN and the oncogene MYC
(258). Also, it must be considered that KRAS and TP53 mutations are not detectable in 100%
of PDAC tumors (259). Surprisingly, 15 cells that harbored at least one pathogenic mutation
did not show an aberrant profile. The absence of CNAs in the PDAC CTCs cast thus doubt on
their malignant origin and their nature remains unclear at this point. It is possible that these
cells are CECs (260), pre-malignant epithelial cells co-mobilized with the cancer cells or,
potentially, false-CK-positive endothelial cells. On the other hand, the absence of mutations
in the tested WBCs corroborates that the detected pathogenic SNVs in the CNA-negative cells
are not sequencing artifacts. In summary, low-pass NGS allowed to detect similar CNA
profiles in CTCs isolated from the same patient proving the common origin of the cells and
allowed to show that CTC CNA profiles genomically resemble generally the tumor tissue
(figure 30 A, C). Moreover, the method allowed to detect frequent aberrations in
chromosomes 8q and 9p, consistent with previously reported CNAs in PDAC (54, 57) (figure
30 B). Additionally, our analysis revealed aberrations at chromosome arms 6p, 12p, 9p and
17p, which are not known as most frequent aberrant regions in PDAC. The CNAs were
localized in regions where known oncogenes and tumor suppressors are located. In particular,
CNAs were observed in chromosome arms where genes as CCND3 (cyclin D3), KRAS,
CDKN2A and TP53 are located. Interestingly, these genes are known for their role in PDAC
(124).

By showing that the genetic characterization of CellSearch-detected CTCs from DLA
products was technically feasible, it was provided a proof of concept that the analysis of a
whole DLA product might offer the chance for pancreatic CTC profiling. CTC profiling is
gaining interest as a promising approach to dissect tumor heterogeneity and detect new
potential therapeutic targets (235-237) and might be a useful approach in PDAC management.
PDAC is characterized by a high degree of intra-tumoral heterogeneity with often multiple
subclones displaying different genotypes and biological characteristics (261, 262) and

therapeutic failure is often attributed to such heterogeneity (263). The formation of subclones
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with distinct genotypes is explained by the clonal evolution model as the stochastic
accumulation of mutations over time (264, 265). NGS studies of bulk tumor samples showed
that metastasis is initiated by a subclone of the primary tumor (founder clone), but also
revealed that there are many mutations represented in higher frequencies in metastatic tumor
than in the paired primary tumor (264, 266). However, although sophisticated statistical and
mathematical models have been developed, bulk data did not result sufficient to extrapolate
single-cell genotypes or identify rare subclones to infer tumor heterogeneity (264, 267).
Indeed, a tumor biopsy is limited in space and is usually sampled at a single time point,
providing only a snapshot in location and time (268). In this context, the analysis at single cell
level of CTCs which are released from the tumor into the bloodstream and can be repeatedly
collected by a liquid biopsy, might better represent the whole tumor allowing to reveal
subclonal mutations and monitoring the cancer evolution (natural or due to the pressure of
therapy) (133, 269-271).

Several studies showed that mutations in CTCs reflect the spectrum of mutations in the
primary tumor and distant metastases (272-274). On the other side, other studies highlighted
that SN'Vs as well as CNAs can be divergent between CTCs and tumor tissue (275, 276) and
that CTCs represent a genetically heterogeneous population of cells (215, 277). However, in
PDAC not many studies used single cell analysis to deeply investigate this aspect, mainly due
to the difficulties to obtain sufficient pancreatic tumor cells.

A recent study which analyzed KRAS mutations in pancreatic CTCs and tumor showed that
KRAS mutations in CTCs were only partially concordant with those detected in matched
tumor (278). In this study, 6 mL PB/patient was processed to capture the target cells using a
size-based method and discriminating malignant CTCs based on their cytomorphological
features. Although this method yielded a detection frequency higher than 70%, it relied on a
less validated assay compared to the CellSearch® technology used in the present work. The
processing of DLA samples using an EpCAM-based enrichment proved to be advantageous
for the detection of pancreatic CTCs and allowed downstream profiling. The genetic analysis
revealed that CTCs from the same patient harbored both common and unique SNVs, and that
CTCs and matching tumor showed discordant SNVs in every patient, supporting the
hypothesis that CTCs represent only a subpopulation of a heterogeneous tumor (216). For
example, in patient #1 we could detect the mutation KRAS GI12V (exon 2) in 2 out of 3
CTCs, while the mutation KRAS GI12R was detected in the tumor. Similar observations
emerged for TP53 SNVs. For example, patient #6 showed concordant TP53 Y87H (exon 5)
and TP53 T230A (exon 7) mutations in the CTCs, but TP53 Y87H was not detected in the
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tumor (exon 7 was not covered by target sequencing). Being aware that sample contamination
can falsely inflate sample heterogeneity, STR analysis was performed to confirm the common
origin of CTC and tumor (supplementary table 3).

As observed for SNVs, some differences in gain and losses emerged in CTCs from the same
patient and between CTCs from different patients, supporting previous findings (276).

A comparison of CNA profiles between CTCs and matched tumor tissue was not always
possible, because tumor DNA content was not sufficient (patient #7), or biopsy was not
available (patient #10). Excluding these cases, comparative CNA profile analysis highlighted
that in two patients (patient #6 and #8) only CTCs showed aberrant profiles. FFPE samples
weren’t always informative, because they showed either flat (patient #2, #5, #6 and #8) or
low-aberrant profiles (patient #4). Considering that we processed FFPE samples stored for a
long time, one possibility to explain this result might be connected to a low DNA quality. In
fact, the DNA integrity of FFPE tissue can be affected by formalin fixation which induces
molecular crosslinking, nucleotide changes and DNA degradation (279, 280). Another
possible explanation is stromal contamination (281). Although tissue samples were accurately
pre-selected by qualified pathologist and only slices with tumor content > 50% were chosen,
one cannot exclude that normal stromal cell DNA was amplified and thus, the method did not
allow CNAs detection. The presented proof of concept sets the stage for deeper clinical
studies that might use DLA-enriched CTCs as an interesting alternative to invasive

endoscopic ultrasound guided biopsy, to enable pancreatic CTC profiling.

5.3 Technical validation of a new microfluidic device for enrichment of

CTCs from large volumes of blood by using mimicking DLA products.

In this study, CellSearch® analysis of around 6% of DLA products helped to detect a
sufficient number of pancreatic CTCs to demonstrate their correlation with the disease
progression and the clinical outcome, supporting their potential clinical utility as prognostic
biomarkers. Furthermore, PDAC DLA allowed to obtain pancreatic CTCs for molecular
characterization, even from cryopreserved aliquots. Taken together, these findings highlight
the value that CTCs might have for the clinical management of PDAC and for unravelling
important mechanisms of the disease. Despite the promising results collected in this study, the
potential of DLA has not been fully exploited, due to the small fraction of product analyzed.
Indeed, the analysis of the whole DLA would allow to obtain higher number of CTCs and
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thus increase the sensitivity for further CTC studies in PDAC.

However, the analysis of the whole DLA requires methods that efficiently deplete the high
load of WBCs typical of this product (around 100x10%mL), within reasonable processing
time and costs. So far, CellSearch® analysis allowed to efficiently process at once up to 5%
DLA (200x10° WBCs) (230, 231). This means that multiple CellSearch® runs would be
necessary to process the whole DLA product from one patient, with a considerable impact on
costs and time. Different strategies have been tested to process higher DLA volume.
Interesting results have been recorded using enrichment methods based on biophysical
properties as size, deformability and inertial focusing. For example, ISET allowed to process
up to 10 mL NSCLC DLA, containing between 3- and 8-fold as many leukocytes as could be
handled by CellSearch® (253). However, the ISET protocol adapted for DLA is quite labor
intensive and the rescue of the cells from the filter might be challenging. Another recent
promising research showed that the microfluidic based device “PCTC-iChip allowed to
process the entire DLA volume (65 mL) (282). However, this method is also labor intensive
because it requires multiple steps (RBCs and platelet inertial separation, magnetic depletion
of antibody-tagged leukocytes) and cell loss might occur during the transfer of the sample
between the two fluidically unconnected compounds of the device. Moreover, the need of an

antibody cocktail used for the negative depletion might not be economically convenient.

Although many interesting methods have been reported (234, 253, 257, 282), the need of
volume-scalable, time- and cost-effective methods are still required to process high DLA
volumes. As part of this thesis work, a new label-free spiral chip (DLA biochip) was tested
and the results were compared with those from a similar label-free spiral chip (CTChip FR1)
commercialized with the purpose to enrich CTC from 7.5 mL of blood (176). DLA biochip
was manufactured by Biolidics Ltd (Singapore) specifically to process DLA products. It is
based on a spiral microchannel technology as the CTChip FR1, but the geometry of the cross-
section is different between the two chips: rectangular for the CTChip FR1 and trapezoidal for
DLA biochip (172) (figure 5 and 14 A). The trapezoidal geometry of the cross-section
facilitates the cell separation based on their sizes upon a Dean Vortex Trapping (DVT)
process. Large tumor cells migrate and can equilibrate in positions near the inner wall (figure
14 A, right panel), while the secondary dean flow acts as a “cell trapper” preferentially on the
small blood cells, which are entrapped within the dean-vortexes near the outer wall (172).
Compared the cell separation performed within the rectangular cross-section chip, the

physical proprieties of this chip allow that larger sample volumes can be enriched at faster
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rates with potentially higher tumor cell recoveries, although a lower CTC purity might be
observed. However, two enrichment cycles through the same chip are considered a good
compromise to increase the purity, as we also demonstrated. Similar size-based resolution
obtained by trapezoidal geometry already showed promising results to efficiently separate
WBCs and RBCs (172, 283). Although this design was not new, the DLA biochip was
optimized to process DLA with the maximal CTC retention and WBC depletion possible.
Here, the technical performances of the spiral chips were tested using cell line tumor cells
from three major cancer entities and mDLAs. Because DLA represents a precious sample, it
was thought about using a surrogate for technical validations. Therefore, we proved that the
hematological composition of patient-derived DLA was similar to BC after density gradient
centrifugations (figure 22) and used these processed BC as mDLA product.

The data showed that DL A biochip performed better than CearCell FX system to enrich tumor
cells from three different cell lines spiked-in mDLAs. ClearCell® FX system showed
immediately limits to operate outside its intended use. In fact, the recovery rate of tumor cells
from mDLAs containing just 50x10° WBCs (equivalent to ~15 mL PB) was in average 30%
(figure 32), which was much lower compared to the expected performance of the chip when
processing standard 7.5 mL PB (171). Additionally, the recovery rate decreased when mDLA
samples containing 200x10° WBCs were processed and the system clogged while processing
mDLAs with 400x10° WBCs.

Indeed, DLA biochip efficiently processed up to 400x10® WBCs per run (equivalent to ~120
mL PB) with a mean recovery rate of 50%. Differently to what we reported in the CTChip
FR1, as well as to what was reported in filtration devices (284), DLA biochip never clogged,
probably also due to the larger size of the channels compared to the CTChip FRI.

The performance of the chip was also evaluated in terms of WBC depletion. Because a high
WBC carryover might interfere with downstream analysis, an efficient enrichment method
should also remove a consistent fraction of WBCs. In order to guarantee the maximal WBC
depletion, the DLA biochip workflow was designed as a two-cycle enrichment process
through the same chip. The processing of samples containing 400x10® WBCs with DLA
biochip resulted in the 99.98% of WBCs depletion after two cycles and the second enrichment
cycle alone removed approximately the 5% of the initial WBCs (around 18.6x10° WBCs),

confirming the importance of this step to improve the depletion.

In summary, the results of this study suggest that the DLA biochip might be a promising
technology to enrich CTCs from DLA products with an acceptable WBC carryover. Although

87



Discussion

we tested the performance of the chip with samples containing up to 400x10° WBCs, the
scalability of the method might allow to process further DLA aliquots either on the same chip
or on more chips in parallel, preserving the simplicity of the system. Furthermore, since the
technology separate the cells based on biophysical properties, it does not require expensive
antibody cocktails for CTC capturing. Taken together, these observations suggest that this
chip could represent an easy and cost-efficient tool to potentially screen a complete patient
derived DLA. The potential of this technology meets our interest to increase the sensitivity for
pancreatic CTCs, increasing the value that CTCs might have for the clinical management of

PDAC and for unravelling unknown mechanisms of the disease.
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Conclusions and outlooks

6. CONCLUSIONS AND OUTLOOK

In this study it was demonstrated that DLA is a promising tool to increase the detection
frequency and the yield of PDAC CTCs, offering the chance to establish CellSearch®-CTCs
as prognostic biomarkers in this entity. The observed increase of analyzable cancer cells
contributed to the potential value as a tool for improving patient selection and to guide
treatment choice, setting the stage for future prospective clinical trials. Additionally, the
feasibility of frozen DLA for pancreatic CTC detection and downstream analysis was
demonstrated. Overall, it has been shown that DLA offers the possibility to analyze pancreatic
CTCs at single-cell level, disclosing genomic feature that might contribute to explore the
systemic disease and identify molecular targets for future targeted therapies in PDAC patients
with advanced inoperable disease. Based on these findings, it is conceivable that the
possibility to screen whole DLA products might provide the clinical relevance of CTCs in
PDAC patients. Therefore, with the purpose to find an easy and cost-efficient tool to screen
higher DLA volumes and increase the sensitivity for pancreatic CTCs, we tested a spiral
microfluidic DLA biochip. The chip efficiently screened up to 4 mL mDLAs with a cell
recovery rate of 50%. Although the processed volume represented only around 10% of a
whole DLA product, the process can be repeated on the chip with further portions of the same
DLA product, or several chips might be run in parallel. The scalability of the approach and
the promising results might encourage to test DLA biochip for processing samples with
higher cell load and patient derived DLAs, in combination, for example, with “in suspension”
immunostaining protocols. A similar workflow could allow to isolate higher numbers of

pancreatic CTCs, a prerequisite for future clinical use.
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8. APPENDIX

8.1 Supplementary tables

Supplementary table 1. Mutation analysis of targeted gene sequences in patient derived WBCs.
The same genomic regions as for matching patient derived tumor cells have been sequenced and
analyzed. Any pathogenic mutation was detected in CTCs. Only one cell (from patient #4) showed a
SNV, but with neutral pathogenicity.

Data are part of Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).

PtID WBC Mutation status Pathogenicity
analyzed (n) Ml(l‘t{z};())ns Cell (n) prediction
Pt #1 3 N
Pt #2 3 N
Pt #3 2 N
Pt #4 4 Y (TP53 S110P) 1 neutral
Pt #5 3 N
Pt #6 3 N
Pt #7 4 N
Pt #8 4 N
Pt #9 1 N
Pt #10 1 N
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Supplementary table 2. Summary of sequencing data quality analysis.

Values below the acceptance criteria are labelled in red; PAG values referring to CTCs that passed the
quality check analysis are pointed out (orange).

Data are part of Stoecklein, N.H., Fluegen, G., Guglielmi, R. et al., Mol Cancer (2023) (238).

Patient | Cell ID |Cell type| DLRS IQR total.reads |used.reads| genome altered

patient 1 727 PT| 0.1816154 0.1751073 389425 321727  4.87776922151732
patient 1| C9917 CTC| 0.2181884] 0.1744741 1572645 1315352  42.0890518162297
patient_1| C9918 CTC| 0.,2048953] 0,1791397 1048036 876140, 18.8998131953938
patient 1| C16328 CTC| 0.2119652 0.2192597 1290529 1070246)  26.3226400412809
patient 1| W2585 WBC| 0,1430425 0,1367745 1301521 1081753  0.27457641313177

patient 1| W4023  WBC| 0.1351795 0.1260478  6080433] 5054451 0
patient_2 723 PT| 0.1428482 0,1289831 562907 467388 0
patient 2| C10597  CTC| 0.2296235 0.2185181 285743 236736 0
patient 3 728 PT| 0.1688063] 0,1443904 589769 487482 18.332013464974
patient 3| C10602 CTC na na na na 0
patient 3| C10603  CTC| 02271428 0,2137900 290469 240100  4,1832524118311
patient 3| W4016 ~ WBC| 0.141359¢ 0.1206641]  3699323] 3065838 0
patient 4 725 PT| 0.1507993 0.1277659 592057 491638]  9,04487007963477
patient 4 C11123)  CTC| 0.1935925 0,1803388 680650 564674 0
patient 4 W3134  WBC| 0.1341928 0.1273579] 3077239 2559097 0
patient_5 724 PT| 0.1119385 0.0954982 1194235 988202  4,15094930440381

patient 5| C11351 CTC| 0.4859273| 0.3330477 292701 239178 41,544291501908
patient 5| C11352 CTC| 2.6033214] 1.5593992 213541 174490,  28.1234454412203

patient 5| W3086 WBC| 0,1570890]  0,1413595 2894794 2409113 0
patient 6 730 PT| 0.1253089] 0.1117687 735333 610741 0
patient 6/ C11569 CTC| 0.2243689 0.2135501 346587 287982 0

patient 6 C11570 CTC| 0.2287544] 0.2150931 332077 275169 0.258424859418136
patient 6| C11571 CTC| 0.2416802] 0.2278155 288238 238789 0.629910594831707
patient 6| C11572 CTC| 0.2503451] 0.2243192 261056 216387 0
patient_ 6/ C11573 CTC| 0.3230420 0.3202109 295258 234053| 6.26680284088981
patient 6/ C11575 CTC| 0.1375590, 0.1286252 7379328 6157842  2.16430819762689
patient 6| C11576 CTC| 0.2249632| 0.2104948 343698 285320 0
patient 7| 12201 CTC| 0.1792991] 0.1999746 4407622 3625212)  38.7809755417759
patient 7| 12202 CTC| 0.2157045 0.1939702 352955 289485  50.9562548050145
patient 7| 12204 CTC| 0.1590123| 0.1653878 3163384 2602126 31.8681105523407

patient 7| 12207 CTC| 0.2022738 0.1910846 391023 323879 0
patient 7| 12214 CTC| 0,2303374] 0,2095322 270454 224715 0
patient 7| 12219 CTC| 0.2485680, 0.2467178 223011 185734 0

patient 7| 12222 CTC| 0,1739216/ 0,1736244  3028820] 2489822  36.2315254054643
patient_7| 12226 CTC| 0.2701912] 0.2586315 282748 234922  7.92602036145231
patient 7| 12228 CTC| 0,1741843] 0.1948186  3707604] 3045027 38.4256413600759
patient 7| 12229 CTC| 02342492 0,1865784 693440 566684  53.3360207882022
patient_7 W3351 WBC| 0.12692000 01180768 3747377 3117295 0
patient_8 726 PT| 0,1414311) 0,1316677 553034 459721] 0,145363983422702
patient_8 C10589 CTC| 0.1778747 0.1783086  1397226] 1159227 46,7705070427409
patient 8 W3192 WBC| 0.1447158 0,1299038 2913565 2425187 0.226121751990869
patient 9 C11105 CTC| 02318783 0.2219128 331715 273074]  3.65025113928117
patient 10, C11116 CTC| 0.2848057 0.2537113 214513 176886]  4.74855679180825
patient 10, C11117 CTC| 0.2453763] 0.2502895 351154 289916  30.2866585635054
patient 10, C11118 CTC| 0.3430098 0.2684839 125464 103397 22.3052956785279
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Supplementary table 3. Illustrative results of STR analysis. STR-System column shows the target
STR loci amplified. Squares with the same color indicate that same allele/alleles were amplified for a
specific STR locus; white squares indicate that the allele/alleles were unique for the specific cell or
tumor; the symbol minus is used to indicate the non-amplification of the alleles for a specific locus.
Tumor was not available for patient 1 and 7. (A) Patient 1, 2 and 3. (B) Patient 4, 5 and 6. (C)
Patient 7. CTCs are labelled with “C”, tumors are labelled with “T”.

A

STR-System Patient1 Patient 2 Patient3

Cl | C2 C2 T

D3S1358 s

D1S1656 -

D6S1043 .

D13S317 - -

PENTA E -

D16S539 =

D18S51 - -

D2S1338 - =
CSF1PO = -
PENTAD - -
THO1

VWA -

D21S11 - -

D7S820 - -
D5SS818 - .
TPOX - -
D8S1S391 - -
D12S391 - -

D195433 - -
FGA - - -
AMEL

=
<
=
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B
STR-System | Patient Patient 5 Patient 6
4
C1 T Cl| C2 T |C1|[C2|C3|C4]|C5|Cé6 | CT
D3S1358 . i }
D1S1656 ) . i } ) ) ) )
D6S1043 I _ )
D13S317 } ) - _ _ - = o x ”
PENTA E i . i
D16S539 } i }
D18S51 ) - )
D2S51338 - - na = 2 s _ 2 -
CSF1PO - - | na ; ] . . - ] ]
PENTA D - - - na - - - - _ - -
THO1 - na -
YWA - na -
D21S11 - na =
D7S820 . . na . . - - 2 x "
D5S818 - = na . . “ . . = -
TPOX - - na - " - - - - -
D128391 - na 2
D19S433 - na - -
FGA = na - = - - - - -
AMEL X X
- % - na v X X - X - X X
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STR-
System

Patient 7

Cl1

C2

C3

C4

Cs | Cé6

Cc7

C8

9

D3S1358

D1S1656

D6S1043

D13S317

PENTA E

D16S539

D18S51

D2S1338

CSF1PO

PENTA D

THO1

VWA

D21S11

D75820

D5S818

TPOX

D8S1S8391

D125391

D195433

FGA

AMEL
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8.2 List of illustrations

Figure 1. Steps of PDAC carcinogenesis.

Figure 2. Metastatic cascade.

Figure 3. Circulating tumor cells based liquid biopsy: approach and utility.
Figure 4. Methodological approaches to enrich CTCs.

Figure 5. Spiral microfluidics and cell separation within CTChip FR1.
Figure 6. Diagnostic leukapheresis procedure.

Figure 7. Workflow for CTC enrichment, detection and isolation from patient derived blood,

fresh and cryopreserved DLA.
Figure 8. Workflow for molecular characterization of single CTC.

Figure 9. Whole genome amplification steps.
Figure 10. Library preparation steps for target NGS.

Figure 11. Representative gel electrophoresis to confirm the specificity of the amplification

after the first PCR cycle of the target NGS protocol.

Figure 12. Library preparation steps for whole genome NGS to explore the CNA profile.
Figure 13. Spike-in experiments setup.

Figure 14. DLA biochip: system and workflow.

Figure 15. Representative flow cytometry analysis to determine the WBC fraction after two

rounds of enrichment with DLA biochip.

Figure 16. Heart rate, systolic and diastolic blood pressure registered before and after DLA

procedure.
Figure 17. Efficiency of DLA in PDAC patients.

Figure 18. CTC detection and enumeration in DLA products by CellSearch®-manual count

and ACCEPT analysis.
Figure 19. CTC detection in DLA products and matched PB.

Figure 20. CTC detection and correlation to clinicopathological parameters.
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Figure 21. DLA-CTCs and overall survival.

Figure 22. Blood cell composition in DLA samples, unprocessed and processed buffy coats.
Figure 23. Tumor cell recovery rate determined in mDLA after sample thawing.

Figure 24. Representative images from CTCs obtained with CTAIIL.

Figure 25. CellSearch-CTC detection in fresh and cryopreserved DLA products.

Figure 26. CTCs detected and isolated from thawed DLA samples of PDAC patients.
Figure 27. Evaluation of single cell genome quality after WGA.

Figure 28. Histology sections of pancreatic tumor tissue.

Figure 29. Mutational status from single patient derived cells and matched tumor.

Figure 30. CNA analysis in CTC and tumor.

Figure 31. Cell diameter of the Sk-BR-3, LNCaP, Hup-T4 cells used for testing the
microfluidic chips and of WBC isolated from mDLAs.

Figure 32. Tumor cell recovery rates after enrichment with the CTChipFR1 and DLA biochip.

Figure 33. Evaluation of WBC carryover after one and two DLA biochip enrichment cycles.
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8.3 List of tables
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111



8.4 List of chemicals and Kits

Appendix

Chemicals/Kit Manifacturer
Agarose Sigma-Aldrich
Agencourt AMPure XP beads Beckmann Coulter

Amplil TM LowPass Kit for lllumina®
ATP

Broad Range Quant-iT dsDNA Assay Kit
BSA

CellTrackerDeepRed
CellTrackerGreen

CellTrackerOrange

ClearCell® FX Resuspension Buffer
CountBright™ absolute counting beads
DEPArray FFPE QC Kit

DEPArray LibPrep kit

Diluent Additive

DMSO

dNTPs

DPBS

DRAQS5

EDTA

FBS

Ficoll-PaqueTM PLUS

Ficoll—PaqueTM PREMIUM
GelRed

GeneRuler, 50 bp

Hoechst 33342

HSA

Igepal CA-630

KAPA HiFi HotStart ReadyMix
KAPA Library Quantification Kit
KAPA2G Fast Multiplex Mix
Ladder

Low TE Buffer

Nuclease-free water

PEG NacCl solution
Penicillin-Streptomycin
SPRIselect beads

TBE Buffer pH 8.3

TE Buffer pH 8.0

Trypsin 0.25%

Menarini Silicon Biosystems
Roche Diagnostic

Thermo Fisher Scientific Inc.
GE Healthcare

Invitrogen

Invitrogen

Invitrogen

Biolidics

Invitrogen

Menarini Silicon Biosystems
Menarini Silicon Biosystems
Biolidics

Sigma Aldrich

GE Healthcare
Sigma-Aldrich

Thermo Fisher Scientific Inc.
Serva

Gibco

GE Healthcare

GE Healthcare

Biotium

Thermo Fisher Scientific Inc.
Thermo Fisher Scientific Inc.
Albunorm

Sigma-Aldrich

Roche Diagnostic

Roche Diagnostic

Merck

Thermo Fisher Scientific Inc.
Menarini Silicon Biosystems
Gibco

Menarini Silicon Biosystems
Sigma-Aldrich

Beckman Coulter

Thermo Fisher Scientific Inc.
Promega

Sigma-Aldrich
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