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Resumo

O cancro colorretal (CCR) é o terceiro cancro mais incidente e o segundo com maior
taxa de mortalidade a nivel mundial. A principal causa de morte nestes doentes continua
a ser a metastizacao, cerca de 60% dos mesmos sdo diagnosticados numa fase mais
avancada da doenca (fase IIl e IV). H4, por essa razao, uma necessidade urgente no
desenvolvimento de estratégias que permitam o diagndstico precoce e monitorizacdo da
doenca metastatica em CCR. Nesta perspetiva, as células tumorais circulantes (CTCs),
libertadas pelo tumor para a corrente sanguinea, revelaram ter um papel importante
como ferramenta para o diagnostico e monitorizagdo em tempo real do cancro. Estas
refletem a heterogeneidade tumoral e a evolucao clonal, bem como o seu isolamento e
andlise podem ser efetuados repetidamente ao longo do tratamento, de forma facil, rapida
e minimamente invasiva. Assim, o desenvolvimento de tecnologias que permitam a
aplicagdo destas células na pratica clinica é imperativo quer para a detecdo precoce de
potenciais recidivas, quer para a monitorizacdo atempada da resposta do paciente ao
tratamento. Este estudo teve como objetivo avaliar a eficiéncia de captura de um
dispositivo de microfluidica, o RUBYchip™, desenvolvido no International Iberian
Nanotechnology Laboratory (INL) com o propdsito de capturar e caracterizar CTCs com
base em duas caracteristicas, o tamanho e a deformabilidade celular. A fim de otimizar o
desempenho deste dispositivo, foram adicionadas concentracgoes definidas de células de
diferentes linhas celulares de CCR (SW480, Caco2, RKO e HT-29) a 7,5 ml de sangue de
voluntdarios saudaveis para posterior processamento a diferentes velocidades de fluxo de
modo a aferir a eficiéncia de captura nestes tipos celulares. Posteriormente, a
identificacdo e analise fenotipica de CTCs no RUBYchip™ foi efetuada por ensaios de
imunocitoquimica com anticorpos que reconhecem a Citoqueratina, para uma sele¢do
positiva dos CTCs; a Vimentina, expressa por CTCs em transi¢do epitélio mesenquimatosa;
e ainda, o CD45, para identificar e excluir as populacdes de células sanguineas.

Ap0és otimizacgao, as condigdes 6timas definidas foram aplicadas em amostras de
sangue periférico de pacientes recrutados no Instituto Portugués de Oncologia do Porto,
com o propésito de identificar subpopulacdes de CTCs, que potencialmente podem

predizer diferentes respostas clinicas.



Abstract

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the
second with highest mortality worldwide. Metastases are the main cause of cancer-
related mortality and 60% of patients are diagnosed at stages Il and IV. Hence, there is
an urgent need for the development of methodologies for the early diagnosis and
monitoring of metastatic disease in colorectal cancer.

Circulating tumour cells (CTC) are shed from tumours into the bloodstream and
are emerging as a fundamental tool for cancer diagnosis and monitoring. Just like solid
tumours, CTCs are very heterogeneous, hence reflecting tumour heterogeneity and clonal
evolution of cancer in real time. Adopting CTCs into the clinical practice, particularly in
CRC, is imperative for early detection of potential recurrences, and in individualized
monitoring of the disease during treatment. However, current tools in the clinic have
shown limited sensitivity and clinical utility.

To overcome this limitation, a microfluidic technology for unbiased CTC isolation
and characterization was developed at INL, the RUBYchip™, designed to capture CTC
based on two important characteristics, cellular size and deformability. To optimize the
performance of the device, four CRC cell lines (SW480, Caco2, RKO and HT-29) were
spiked into 7.5 mL of healthy whole blood samples and processed at different flow rates
to assess capture efficiency. Further identification and phenotypical analysis of CTCs in
the microfluidic device was achieved by immunostaining with antibodies against
Cytokeratin, to positively select CTCs; Vimentin, to identify CTCs that undergone
epithelial-mesenchymal transition and CD45, to identify and exclude white blood cells.

Subsequently to optimization studies, whole blood samples from metastatic CRC
patients, recruited at IPO do Porto, were processed in the microfluidic device and further
analysed, aiming to elucidate and identify CTC subpopulations that could be related to

different clinical outcomes.
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1. Introduction

1.1. Cancer: An Overview

The onset of cancer is believed to be a rare event as two different conditions, the
deregulation of cell proliferation and the suppression of apoptosis, must take place
together in the same cell. Otherwise, deregulated proliferation itself will ultimately cause
cell death and, alternatively in the absence of cell proliferation, the suppression of
apoptosis does not award any selective advantagel.

Normal human cells are constantly growing and dividing to form new cells in order
to replace old and defective ones and, at the same time, ensure the human body needs.
But when there is a failure in this mechanism, cells that are already abnormal, old, or
damaged continuing to grow uncontrollably, eventually forming growths called tumours.
These malignant cells differ from normal cells; hence they can be distinguished under the
microscope. Cancer cells are usually less differentiated and exhibit characteristics of
rapidly growing cells such as a high nucleus-to-cytoplasm ratio, little specialized structure
and, among others, a prominent nucleolus?.

To better understand the biology of cancer, in 2000, Douglas Hanahan and Robert
Weinberg proposed that as normal cells evolve to a neoplastic state, they would acquire a
succession of characteristic traits that enable them to become tumorigenic, called the
hallmarks of cancer3. These hallmarks were initially six, but about a decade later they
were updated to ten major cancer hallmarks to include the contributions of tumour
microenvironment to tumorigenesis, as illustrated in figure 14.

Although cancer complexity is simplified into specific cancer features that can be
explained through mutations of characteristic cancer genes or interactions of genetic
networks, the inclusion of these hallmarks into clinical practice (either in the diagnostic
and treatment regimens) has failed because cancer is far more complex>. Indeed, these
cancer marks help us to understand how cancer develops, but the scientific community is

still far away from being able to answer why it happens in the first place.



r N
1 Sustaining proliferative 6 Activating invasion
signaling & metastasis
8 N i
o9 Evading growth - Inducing
- SuUppressors { Angiogenesis
»
r a N
3 Avoiding immune S Genome instability
destruction & mutation
A\, w A, i
4 D r B
4 Enabling replicative 9 Resisting
immortality cell death
h & % v
4 3 r 3
= Tumour- promoting 1 0 Deregulating
9 inflammation cellular energetics
A\, 2 A\, 2

Figure 1: The Hallmarks of Cancer+.

Cancer is a leading cause of morbidity and mortality worldwide, accounting to 9.6
million deaths in 2018. In-the same year the number of new cases reached 17 million
globally and 58 199 in Portugal ¢’. The International Agency for Research on Cancer
reported that colorectal cancer (CRC) is a common type of cancer and the second with the
highest mortality rate worldwide, outpaced only by liver cancer. In 2018, this malignancy

was the second most common and the second with the highest death rate in Portugal’.

1.2. Colorectal Cancer

Colorectum is constituted by the colon and the rectum, which combined are
referred to as the large intestine. Together they form the final part of the gastrointestinal
system and are mostly responsible for water absorption and solid waste excretion&.

Although colon cancer and rectum cancer has been referred many times as one,
there are some biological differences between one and the other based on the anatomical
location 8. One example of this is that tumours in the proximal colon are much more
common in older patients than in younger individuals, and also more common in women
than in men. Furthermore, patients with a tumour in the proximal colon have lower
survival rates than those with tumours in the distal colon or rectum?.

A diversity of risk factors is associated with this pathology, of which age is the main
one since the risk of developing CRC is much higher after the fifth decade of life. Moreover,
there are also increased risks associated with the family history and the existence of
inflammatory bowel disease, characterised by chronic inflammation and abnormal cell

growth or dysplasial®.



Diet and lifestyle also have an impact on CRC development, as a low-fiber and high
fat-diet with high consumption of red and processed meat has been associated to a higher
risk of developing this pathology11.12,

Late diagnosis is a major concerning issue in CRC, since many patients experience
no symptoms in the early stages of the disease, depending on the tumour size and location
in the large intestine. When symptoms eventually appear, it might be that metastasis has
already occurred. Some of the most common symptoms of CRC are a persistent change in
the bowel habits including diarrhea or constipation, or simply a change in the consistency
of the faeces. Rectal bleeding or blood in the stool are also very common, and some
patients also mention a persistent abdominal discomfort like pain or cramps!3. An
unexplained weight loss associated with weakness or fatigue could also be related to this

disease especially when the patient also presented iron deficiency anaemial3.

1.2.1. Colorectal Cancer Diagnosis and Screening

Nowadays there are several different types of screening and diagnostic tests that
are used to detect colorectal cancer. Although some of these methods are invasive, they
all have two important characteristics, sensitivity and specificityl4. Current CRC screening
tests can be differentiated, depending on their mode of action, between early detection
tools or cancer-prevention tools?>.

Colonoscopy is considered the gold standard tool for CRC diagnosis, being the
definitive examination strategy when screening tests are positive. Colonoscopy allows the
direct visualisation of the entire large bowel, which makes it possible to directly detect
and even resect both cancerous and precancerous lesions1. However, this technique is
not only invasive, but also requires full bowel preparation and sedation during the
procedure. Also, there is an associated risk of bowel perforation, along with post-
colonoscopy bleeding. In addition, this methodology is expensive to be performed, so its
potential application for mass screening is very questionablel4.

Flexible sigmoidoscopy has long been used for CRC screening. This methodology
reliably detects colonic neoplasms in the distal colon and rectum. In comparison to the
standard screening tool, the procedure time is shorter and there is often no need for
sedation!718, Additionally, there is no need for full bowel preparation and is less

expensive. However, a number of studies have demonstrated that sigmoidoscopy may



miss a substantial portion of right-sided colonic neoplasia in patients without concurrent
left-sided neoplasia?l’.

Among the available screening strategies to detect CRC, Computed Tomography
Colonography is a structural radiologic examination of the colon. Although this type of
screening allows the identification of colonic lesions with lower procedural risks when
compared to colonoscopy, it requires the same patient preparation and discomfort during
procedure insufflation. Additionally, patients are also exposed to radiation and, in case of
positive findings, have to be submitted to colonoscopy!#1°.

On the other hand, Guaiac Faecal Occult Blood Test (gFOBT) is a non-invasive,
inexpensive, simple, and widely available screening test that aims to detect the presence
of blood in faeces. Its methodology simply consists in an oxidation reaction dependent on
the peroxidase activity of heme, a component of hemoglobinlé. But this test requires a
moderate quantity of heme to induce a reaction, hence lacks in sensitivity14.

Like gFOBT, Faecal Immunochemical Test (FIT) detects blood on faeces, more
specifically human globin through an antibody-based assay. This sampling technique is
simple and easy to collect, requiring a smaller faecal sample when compared to gFOBT,
and shows a greater sensitivity for detecting advanced adenomas and CRC16.

More recently, in 2014, a new non-invasive, multitarget stool DNA screening test
for CRC was approved by the Food and Drug Administration (FDA), the Cologuard. This
stool DNA test has the ability to detect abnormal DNA and occult blood in stool samples?®,
that the result of the test depends on a stipulated threshold of abnormal DNA and/or
blood. In case of a positive result the patient would then be referred for a diagnostic
colonoscopy, otherwise if the levels are below the threshold, the patient should continue
with recommended routine screenings4. Cologuard holds a lot of potential since it does
not require any bowel preparation or diet changes, has high sensitivity and is relatively
cheap. However, some concerns still exist around this screening test, since it is still recent
and has shown limited evidencel4.

A brief comparison of the explained CRC screening/diagnostic tests is summarized
in table 1. In order to improve patients' health and reduce CRC mortality is imperative to
increase patients' compliance with CRC screening. In that perspective, it is urgent to find
cost-effective and non-invasive methodologies that reduce complications and anxiety

over CRC screening and ultimately improve overall acceptance of the screening process?é.



Blood based markers emerge as a promising tool for CRC screening, however
colonoscopy continues to be the standard methodology for diagnosis in individuals

selected as high risk.

Table 1 Comparison of Current Methods for Colorectal Cancer Screening.

s Invasive
Modality Sedation medication Detection Biopsy or Bowel Proce dur Test
changes before Sensitivity Polypectomy Preparation Frequency
test?

] Colonoscopy Usually 95% Every 10 years
2
o
2 95%
=} Yes (Less
E Sigmoidoscopy Rarely Yes On.l 7913 Yes extensive than Yes ey -l
= sided years
Colonoscopy)
cancers
gFOBT No No 70% No No No Every year

=
w
=
= FIT No No 73.8% No No No Every year
S
w

Cologuard No No 92% No No No Every 3 years
)
9
§ CT Colonography No No 88.8% No No No Every 5 years
]
-

1.2.2. Colorectal Cancer management: Staging

Once CRC is diagnosed, disease staging is performed according to the TNM System
developed by the American Joint Committee on Cancer (AJCC), which is based on three
main features, namely the size of the tumour (T), the spread to nearby lymph nodes (N)
and the spread to distant sites or metastasis (M)19, as detailed in figure 2.

Development of metastasis is a concern for patients and clinicians, as survival rates
drastically decrease in a metastatic setting. Strikingly, approximately 60% of CRC patients
already have metastasis at the time of the diagnosis, 35% with regional lymph nodes
metastasis and 22% with distant metastasis?%2l, With the help of continuous
developments in CRC treatment, survival rates have improved, however patients with
advanced disease at the time of the diagnosis have a 5-year relative survival of 14.3%,
while at an early-stage the 5-year relative survival is 90.2%, so early detection is key for

a good prognosis20.
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Figure 2: Anatomic Colorectal Cancer Stage according to the American Joint Committee on Cancer
(AJCC)20.

1.2.3. Molecular Overview in Colorectal Cancer

Colorectal cancer is a complicated disorder that is not a result of a single cause, but
most of the times several mechanisms are involved in molecular tumours subtypes which
have considerable prognostic implications.

Colorectal malignancies are classified as inherited and familial in about 30% of
CRC cases, normally involving a familial component with a possible definable genetic
basis13. This type of CRC is frequently associated to highly penetrant monogenic germline
mutations, which highly confers lifetime risk of CRC development?2. Familial CRC are
divided in two groups, the polyposis and non-polyposis form. The main difference is that
the polyposis form are related to adenomatous polyposis coli (APC) gene mutations and
involves the formation of multiple potentially malignant polyps in the colon, while the
non-polyposis is related to mutations in DNA repair mechanisms?23.

Familial Adenomatous Polyposis (FAP) is precisely characterised by the formation
of hundreds of thousands of colonic adenomas at an early age in patients and without

medical intervention it's likely that this person will develop CRC by the age of 402223,
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[tis not known at what age the onset of colonic adenomas occur because is variable
in each patient, but it is thought that at 10 years of age approximately 15 % of patients
manifest adenomas, by the age of 20 the probability increases to 75 % and by the age of
30, 90 % will have presented with FAP22. In this syndrome, the APC gene, which is a
tumour suppressor gene, is in most cases mutated and, is responsible for the classic
polyposis phenotype.

However, the most common form of hereditary CRC is non-polyposis form, also
known as Lynch Syndrome (LS). A germline mutation in genes associated with the DNA
mismatch repair system (MMR) is responsible for this syndrome?2. Tumours in this type
of CRC are often poorly differentiated and presented an accelerated carcinogenesis. In
fact, a small colonic adenoma may emerge as a carcinoma within 2 to 3 years when usually
this process takes 8 to 10 years to occur in the general population?23.

Still, the most frequent type of CRC in the population is sporadic cancer, which
results from point mutations that appear during life and, in spite of targeting different
genes, in CRC about 70 % of the cases follow a specific succession of mutations resulting
in the formation of an adenoma that fast evolves to a carcinoma statel0.

These mutations could appear in various genes with crucial functions within the
cell driving to chromosomal instability (CIN), island methylator phenotype (CIMP) and
microsatellite instability (MSI), which are the three main mechanisms in CRC onset?*.
According to several studies, in CIN pathway, the first mutation occurs in a tumour
suppressor gene, the APC gene, followed by mutations in oncogenes like KRAS and
inactivation of tumour suppressor genes such as TP5324. In addition, there is an increase
of B-catenin levels which leads to the activation of the Wnt signalling pathway, important
in functions like stem-cell differentiation and cellular growth. This altered pathway may
drive tumour development because is associated with weakened tight junctions and
therefore reduced cellular adhesion, favouring migration, and metastasis2>.

Furthermore, KRAS mutations leads to the increasing of RAS signalling which
further activates the RAF-MEK-ERK and PI3K-AKT-PKB pathways or RAL small
GTPases?*. The activated PI3K are responsible for AKT1 and AKTZ genes activation, which
enhances tumour growth by promoting epithelial-mesenchymal transition (EMT). The
presence of this type of mutations are likely associated with poor prognosis as well as
lower survival rates in CRC patients?3,

Another gene that appears to be affected in CRC patients is PTEN, a tumour

suppressor gene that is activated under stress targeting cell cycle inhibitors and pro-
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apoptotic factors. But, loss-of-function mutations in this gene may induce AKT-regulated
metastasis in CRC24. Also, although not common, TGF-f pathway, crucial in cellular
processes such as growth, differentiation, and apoptosis, is known to be deregulated in
CRC13,

Microsatellites are short repetitive DNA sequences positioned throughout the
human genome, so the MSI could occur due to mistakes that do not get corrected during
DNA replication because of inactivating mutations that occur in DNA mismatch repair
(MMR) genes, responsible for correcting those DNA replication errors?*. This
dysregulation could be derived from germline mutations in the MMR genes- MLH1, MLHZ,
MLHG6 or PMS2- or could also be caused by sporadic mutations resulting in the inactivation
of MLH12¢. Based on the percentage of loci affected, microsatellite instability could be
classified into microsatellite instability-high (MSI-H) or microsatellite instability- low
(MSI-L). And in case of lack of MSI features the tumour is designated as microsatellite
stable (MSS).

In addition to MSI with a sporadic origin is frequently associated a BRAF V600E
mutation, which is extremely rare to occur in familial CRC cases like LS. So, BRAF V600E
mutation analysis is frequently performed in order to distinguish sporadic from
hereditary forms of CRC, as well as guide further germline mutations analysis26. MSI
tumours occur in about 15 % of colorectal cancer patients and are normally more
associated with proximal colon, as well as poor differentiation, but better prognosis for
CRC patients who presented this type of abnormalities?4.

Another carcinogenesis mechanism involved in CRC is the CIMP pathway
characterised by promoter hypermethylation which results in the transcriptional
inactivation of genes that have tumour suppressor roles or are involved in the cell cycle,
specially MGMT and MLH1 24.

Colorectal cancer is a complicated disorder that is not a result of a single cause, but
most of the times several mechanisms are involved in molecular tumours subtypes which

have considerable prognostic implications.

1.2.4. Biomarkers in Colorectal Cancer

Biomarkers are defined as any substance, structure or process that can be
measured in the body or its products, allowing the understanding of the presence or
progression of a specific disease or the effect of a particular treatment1927, Thus, they need

highly specific, sensitive and easy to be measured?0.
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Regarding CRC there is an urgent need for new diagnostic and prognostic
biomarkers, not only to decrease CRC mortality, but also to better predict disease
evolution and to design the best treatment for each patient.

One of the earliest studied prognostic biomarkers in CRC and the main one used in
the clinical practice is carcinoembryonic antigen (CEA), a glycoprotein expressed in
colorectal malignancies?8. This blood-based biomarker was firstly described as specific
for CRC, but evidence showed that this protein can be expressed in other malignancies as
well as in inflammatory conditions, such as inflammatory bowel disease. So, CEA may lack
specificity that is why its expression levels must be interpreted with caution?2. In general,
elevated levels of CEA have been related to more aggressive types of cancer specially
when found in stage II and III CRC patients. But could also be associated with cancer
progression and indicative of recurrence disease particularly after surgery3°.

In terms of genes, the only one that has entered in the clinical practice routine was
the study of KRAS in metastatic CRC patients receiving epidermal growth factor receptor
(EGFR) targeted therapy3l. The KRAS gene encodes a small GTPase transductor
responsible for the regulation of cellular growth and differentiation and is involved in the
RAF-MEK-ERK cascade, whose function is the transmission of signals from extracellular
receptors to transcription factors 32. Therefore, a mutation in this gene may result in the
continuous activation of a signal transduction pathway which results in the inefficacy of
therapy with anti-EGFR antibodies3.

Regarding BRAF mutations, it has been described that they do not predict response
to standard chemotherapy, however there are a number of studies that show a predictive
value in the lack of response to anti-EGFR treatment. For this reason, it is assumed that
this type of mutations may be used as a biomarker to screen CRC patients treated with
anti-EGFR antibodies31. A comparison study between two groups of CRC patients, one
with both wild type KRAS and BRAF (WtKRAS, wtBRAF) and another with wild type KRAS,
but mutated BRAF (WtKRAS, mtBRAF), showed that both groups responded to Cetuximab,
amonoclonal antibody used in EGFR target therapy. However, there was a better response
from the (WtKRAS, wtBRAF) group of patients, while the group with (WtKRAS, mtBRAF)
presented lower overall survival (OS) and progression free survival (PFS)2°.

Microsatellite instability is another genetic alteration that has been widely studied
since it shows potential as a prognostic biomarker. Preclinical data has showed that CRC
tumours with this type of genomic abnormalities tend to be 5-fluorouracil (5-FU)

resistant, but sensitive to oxaliplatin, two anticancer drugs used in the colorectal cancer

9



treatment26. Moreover, retrospective studies and meta-analysis in stage I and III CRC
patients exhibited that the MSI presence was a predictive factor of improved OS
regardless the cancer stage. Besides, MSI-H patients also showed lower lymph node
metastasis incidence and distant metastases when compared to MSI-L or MSS cancer cells,
which is in overall associated with a better prognosis3°.

Prospective biomarker-driven studies are now under investigation to identify
potential prognostic and predictive biomarkers for CRC screening and treatment. Cancer
biomarkers hold the potential to provide non-invasive and cost-effective diagnosis, as
well as to allow more rational use of medication with the ultimately goal of preventing
patients from undergoing unnecessary ineffective treatments, avoiding their side-effects,

and providing better use of health-care resources30.33,

1.2.5. Epithelial- Mesenchymal transition and metastatic
Colorectal Cancer

Epithelial cells are normally arranged in cohesive sheets mediated by several types
of cell junctions to keep them attached to each other. But, sometimes under specific
circumstances, epithelial cells are stimulated to undergo EMT, a biochemical shift that
allows them to become mesenchymal. During this process, epithelial cells suffer multiple
changes that enable them to become non-polarized elongated mesenchymal cells as they
lose intracellular junctions and acquire the capacity to move through the extracellular
matrix34.

EMT could be related to different stimuli processes and, for that reason, this type
of transition is classified into three distinct types. Type 1 is associated with implantation,
embryo formation, and organ development in embryonic stage after fertilization. Type 2
is related with wound healing, tissue regeneration and organ fibrosis. Finally, type 3
occurs in cancer cells and, therefore is related to cancer progression and metastasis3>.
This last type of EMT is responsible for promoting fibroblastoid morphology, cell
migration and invasion, resistance to apoptosis and chemotherapy, and also helps to
maintain the overall cancer stem cell phenotypes3®.

During this process, several changes occur at the molecular level, such as changes
in the expression of genes and specific microRNAs, function and activation of various
proteins. But they also occur at biochemical level since there is a metabolic

reprogramming in those transitioned cells, which is characterized by upregulated
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glycolysis, lipid metabolism, activation of the pentose phosphate pathway, and
mitochondrial biogenesis, resulting in high energy production3¢. In addition, loss of
adhesiveness is one of the most significant changes during EMT that is related with the
downregulation of canonical epithelial markers, such as E-cadherin, cytokeratins, and ZO-
1, and the simultaneous increase of expression of mesenchymal markers like N-cadherin,
vimentin, fibronectin and a-SMA37. Other critical features associated with this transition
mechanism are the production of extracellular matrix-degrading enzymes, the
cytoskeleton reorganization and, ultimately the activation of transcription factors, for
example Twist, Snail, Slug, ZEB, and 3-catenin, that regulate EMT markers3®.

For colorectal cancer, some of these alterations may have a negative impact on the
patient prognosis. For example, it has been shown that the loss of E-cadherin expression
is associated with a poor prognosis in stage III CRC patients. Also associated with poor
prognosis in CRC patients is the elevated levels of fibronectin, an extracellular protein
required for mesenchymal cell migration38. Furthermore, evidences showed that
overexpression of N-cadherin is related with metastasis poor survival rates 3°. Overall,
aberrant regulation of EMT-related transcription factors, as well as mesenchymal
markers seems to be correlated with increased rate of recurrence and decreased
survival3s.

Being widely related to the metastatic cascade, EMT works as the very first step of
this process by increasing invasiveness, allowing cells to migrate through the extracellular
matrix and colonize in the lymph or blood vessels38. However, both metastatic process
and EMT are highly complex cellular mechanisms regulated by a diverse of signalling
molecules, transcription factors, epigenetic regulators, and non-coding RNAs, so it is not
yet clear the precise mechanism that links both processes#0.

Advances in precision medicine have radically changed the therapeutic scenario in
medical oncology. There is a constant searching for target therapies, which often relies on
the presence of specific tumour biomarkers. However, in many cases, these biomarkers
are not uniformly present in all cancer cells, and such heterogeneity has been implicated
as a source of therapeutic resistance and treatment failure41.42, Furthermore, it has been
reported that dynamic cell plasticity increases the phenotypic heterogeneity of tumours,
hence tumour versatility at the population level. Such phenotypic plasticity could be
acquired through epithelial-mesenchymal transition, which increases the complexity of

the mechanisms underlying carcinogenesis, metastasis and its treatments#3. Thus, there
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is an urgent need for new technologies able to study single cell phenotypes and cell state

transitions.

1.3. Liquid Biopsy

Liquid biopsy is a recent concept based on the analysis of tumour-associated
components that circulate in the blood of cancer patients. Therefore, this biopsy basically
consists in a blood sample collection that can be subsequently processed and analysed#4.

Several tumour-derived material can be isolated from this collected sample such
as circulating tumour cells (CTCs), cell free nucleic acids and tumour-related extracellular
vesicles, among others*.

Another alternative source of tumour-related biological information that is the
focus on several studies is tumour-educated blood platelets46.47,

Moreover, the study of CTCs and ctDNA in the clinic has demonstrated to be useful
for early diagnosis, accurate prognosis and personalised therapeutics. As such, liquid
biopsy may overcome the limitations of current sampling methods in oncology since it is
non-invasive and, therefore, can be easily repeated, obtaining information about tumour
dynamics. Also, since cancer material is released in circulation from primary and
metastatic lesions, liquid biopsy also provides information about tumour heterogeneity.
Overall, and since CTCs and ctDNA have a short half-life in circulation, liquid biopsy can
directly address clonal evolution of cancer, by obtaining real-time information about
disease progression and resistance to treatment. In opposite, tissue biopsy is not only
invasive, but sometimes it might not even be possible depending on the condition of the
patient and the tumour location#8. So, this methodology arises as a useful tool for
monitoring the evolution of patients in real time, to predict cancer treatment responses,
to evaluate treatment efficacy and for early detection of secondary mutations towards
personalised therapy.

Although liquid biopsy has not yet fully entered clinical practice, it has a lot of
potential to become clinical routine. In fact, in 2016, the first liquid biopsy test was
approved by the FDA for the detection of EGFR mutation in non-small cell lung cancer, in
which the analysis of cfDNA allows the selection of patients as responders for anti-EGFR
therapy#°. Research in the field works hence in this direction, to develop and transfer

liquid biopsy technologies towards meaningful clinical applications in diagnosis,
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monitoring, evaluating treatment response or resistance, and quantifying minimal

residual disease, among others*s.

1.3.1. Liquid Biopsy in Colorectal Cancer

Currently, in CRC, clinical disease assessment and staging is based on
histopathological tumour tissue analysis, however, it lacks in providing clinically useful
prognostic and predictive information for each individual patient>°.

For this reason, there is an increasing interest in the use of liquid biopsy in the
management of CRC patients. In fact, the presence of tumour material in the peripheral
blood of patients has been identified as a potential biomarker with prognostic importance
in different phases of CRC progression, not only in early diagnosis and identification of
minimal residual disease, but also in the evaluation of response to treatment and clonal
evolution of the disease>051,

Indeed, circulating tumour cells has been proven useful and with clinical
implications either in early stage or metastatic cancer. Particularly in CRC, some studies
have already demonstrated its prognostic value for cancer progression and survival, in
addition to help the clinicians regarding therapeutic decisions since the presence of CTCs
may represent an early indicator of disseminated disease>%53.

The analysis of ctDNA has been reported as a promising tool in the clinical
management of CRC since it allows the detection of tumour-specific mutations. Indeed,
some studies reported a statistically significant correlation between disease stage and the
presence of tumour associated genetic aberrations such as TP53, KRAS and APC in the
blood of CRC patients, which could bring added value in the diagnosis of this pathology>+.

In regards with the detection of minimal residual disease in CRC after surgical
procedure, a study conducted by Tie et al. suggested that ctDNA can persist in circulation
after surgery, which can be associated with an increased risk of relapse in stage II colon
cancer>>.

Still on this subject, current methods of residual disease monitoring and
recurrence after post-treatment follow-up, are costly and frequently use radiological
technologies, which have limited sensitivity for the detection of micro-metastases>¢. For
that reason, methodologies based on liquid biopsy can emerge as an alternative
monitoring technique since patients with residual disease can be identified through

persistence of tumour-associated genetic aberrations.
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Liquid biopsy is increasingly studied by the scientific community and for colorectal
cancer several data show its potentiality in the management of CRC patients in different
stages of disease, either using ctDNA or CTCs. But the use of this approach in the clinical
practice is still far from happening, mostly because lack of standardization of the tests to

be used>1.

1.3.2. Circulating Tumour Cells

During tumour development, cancer cells acquire various genetic and epigenetic
alterations becoming a heterogeneous population of cancer cells. Some of these alteration
events could result in cells with increased adaptations. The so-called circulating tumour
cells, undergo epithelial-mesenchymal transition releasing themselves from the primary
tumour, then penetrating into the bloodstream and relocating to a distant location, where
they are able to adapt to the new environment and finally grow to form metastasis>’.

The presence of tumour cells in the blood was described for the first time by
Ashworth, in 1869, in a metastatic cancer patient. Years later, in 1955, Engell observed
that circulating tumour cells were present both in peripheral and venous blood and only
after draining a tumour during an operation, he was able to observe a larger amount of
tumour cells in the draining vein when compared to the peripheral blood8. But only in
1993, Leather et al. identified CTCs with conventional cytology and cytokeratin staining
after isolating tumour cells from 42 colorectal cancer patients using a density gradient
followed by cytospin and showed immune histological evidence of CTCs in 4 of these
patients>?,

Even though epithelial cells die upon detachment and losing cellular assembly,
through a process called anoikis, it is possible to observe carcinoma-derived cells in the
blood (49)¢°. However, most of them die once in the bloodstream by suffering apoptosis
either due to the action of the innate immune system, shear forces or even oxidative
stress. So, it is thought that to resist death CTCs perform a diversity of mechanisms
including taking advantage of blood platelets through direct interactions which end up
forming an emboli that appears to be able to shield them from shear forces and avoid
immune system detection>7.61,

Upon exit from the bloodstream, CTCs face new adversities because now they must
undergo a mesenchymal-epithelial transition (MET) to be able to colonize and survive in
the new tissue-specific microenvironment. This survival ability is thought to be driven

partly by genetic programs present in the CTCs that are also likely to direct the
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development of organ-specific metastatic spread®2. The isolation and characterisation of
these cells require methods of extreme sensitivity and specificity which usually tries to
combine enrichment and detection methods.

Nowadays, CTC detection has been correlated with disease stage, relapse rate, and
survival in different types of cancer, therefore holds the potential to, not only become an
early non-invasive diagnosis of cancer, as well as a useful monitoring tool to predict and
select the most appropriate treatment during the disease®3.

Although the major challenge to implement CTCs into the clinic continues to be the
tumour heterogeneity that is reflected in the different populations of CTCs and their low
number in circulation, these cells can still provide important genetic, phenotypic and
functional information to understand cancer dynamics, to provide early and precise

diagnosis and to select the most effective targeted therapy for each patient>7.64,

1.3.2.1.  Circulating Tumour Cells in Colorectal Cancer

The detection and enumeration of CTCs as a tool in the clinical management of
colorectal cancer has been proving very beneficial and, similarly to what happened with
other epithelial malignancies, several studies showed that CTC counts have prognostic
significance in the clinic. In fact, most studies demonstrated a clear association between
worse prognosis and higher CTC counts>2.

The first studies performed on CTCs regarding colorectal cancer were conducted
by Cohen et al. in 430 mCRC patients receiving chemotherapy. The results of the study
suggested a high potential of CTC counts in the selection of patients who may sustain
longer treatment breaks to minimise treatment toxicity without compromising treatment
outcomes>265-67, Curiously, the data obtained in this clinical trial supported the only US
Food and Drug Administration (FDA) approved technology, the CellSearch® system, for
enumeration of CTCs in metastatic colorectal cancer and is now commercially available®?.

Recent prospective studies demonstrated higher CTC concentrations in patients
who had received previous chemotherapy, which could, on one hand, reflect a higher
burden of the disease, but on the other hand could also reflect the accumulation of
resistant cells in pre-treated tumours®8. Indeed, there are growing evidences showing that
more aggressive CTCs are responsible for multidrug resistance which allow these cells to

avoid apoptosis and conventional therapy and consequently drive tumour growth©°.
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These facts raise the question whether conventional anticancer therapies target
the right cells. The truth is almost all conventional treatments do not have CTCs as
therapeutic targets, but the cells from the primary tumour, which means they might be
missing these circulating cells and therefore chemoresistant and radioresistant
subpopulations as well®?,

Another prospective study in mCRC regarding CAIRO2 role in this malignancy
explored the use of CTCs as a complementary predictive tool to current imaging
modalities such as computed tomography (CT) imaging and the results suggested not only
an increased accuracy for predicting tumour progression, but also allowed the patient
classification as having either stable or progressive disease’0. These type of correlation
could also be achieved in other types of functional imaging, like positron emission
tomography (PET) since targeted therapy can cause necrosis and tumour cavitation
without shrinkage, which cannot be concluded by only analysing PET images®8.

A totally different scenario is presented regarding early CRC because the scarcity
of CTCs indicates a far more limited prognostic value. CTCs have been mainly correlated
to the metastatic development and are associated with advanced stages of disease, so it is
much more frequent to detect these cells in metastatic patients rather than patients at an
early stage. However, in some cases, it is possible to observe CTCs events in early stage

patients, which is considered to be associated with poorer prognosis®s.

1.3.3. CTCs isolation: Available technologies

CTCs can be isolated through different technologies that are based on physical or
biological properties of the CTCs. Physical properties comprise their size, density,
electrical charge, or deformability, allowing the separation from blood cells without
labelling. On the other hand, biological properties include capturing the cell by cell surface
protein expression, either by using antibodies that recognise tumour associated antigens
or common leukocyte antigens, which implies a positive or negative selection,

respectively’1.72,
1.3.3.1.  Isolation based on biological properties

The most common techniques for the isolation of CTCs lean on antibody-based
methods. This type of methodology is possible because there are antigens on the surface

of CTCs that distinguish cancer cells from blood cells, such as epithelial markers?3.
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Until now, the CellSearch® system is the most widely used and the only method
approved by the FDA for breast, colorectal and prostate cancer, operating through
immunomagnetic antibodies conjugated against EpCAM, protein that is present in the
surface of some CTCs, but not in blood cells. Then a cross characterization is performed
by staining the captured cells to demonstrate the presence of the nucleus and by
immunofluorescence analysis with antibodies against cytokeratin (CK) to demonstrate
the epithelial origin of the cell, and CD45 to exclude leukocytes. So, in order to be
considered a CTC a cell needs to be DAPI positive, Cytokeratin positive, but negative for
CD45 (DAPI+, CK+, CD45-)74.

Nonetheless, there are some limitations regarding the CellSearch system that are
related to the expression of EpCAM for CTC detection since this protein is downregulated
in many CTCs during EMT74. In addition, not all cancers have an epithelial origin and for
those EpCAM will not be expressed, therefore other target antigens are needed to enrich
the cancer cells, which means that in this system cell loss may be occurring during the CTC
capture step’>.

But there are also other commercially available technologies such as AdnaTest
designed by AdnaGen for the detection of CTCs in patients with prostate, breast, and colon
cancers. Similarly, to CellSearch, this system is based on a magnetic isolation with an
enrichment step of EpCAM-expressing cells, but here the detection is achieved by an RT-
PCR assay that identifies putative tumour-associated transcripts’¢. However, it has the
same limitation as CellSearch® since the cell enrichment is performed only through
epithelial markers. In addition, in this technique there is not only the probability of
obtaining false negatives due to the possibility of contamination, but after the

identification of tumour cells, they are no longer viable?®.

1.3.3.2.  Isolation based on physical properties

Several technologies have been developed to isolate CTCs relying on the fact that
they are physically distinct from most normal blood cells. For example, CTCs (20-30 pum)
an on average larger than blood cells (8-12 pm) and based on this, approaches like size-
based membrane filters, size/deformation-based microfluidic chips, and size-based
hydrodynamic methods are being proposed?”.

However, the simplicity of this kind of procedures as well as being label-free can
also become a limitation, since the isolation might not be specific, negatively influencing

their capture efficiency’’. As a matter of fact, some morphological data regarding CTCs
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have highlighted the heterogeneity present in these cells since they can either be round
or oval shape and even their size can vary from 4 um to 30 um?8. In addition, CTCs are
deformable which could affect the isolation efficiency and loss of CTCs. Indeed, the
selection of a specific capture size may yield reliable CTC isolation in most of the patient
samples, yet inadequate performance across all patients?9:80,

CTCs can also be physically isolated considering their electrical charge. Assuming
that cells are electrically neutral, yet polarisable in an electrical field, electric dipole
moments are induced in cells which means that the magnitude and direction of these
dipole moments mainly depend on the dielectric properties of each cell. So, the principle
behind this type of CTC separation depends on the cell phenotype, physiological state and
morphology, which is different in different types of cells?’.

Although these isolation physical-based methods have shown high recovery and
purity rates, they are set aside mostly due to its sample processing methodology and

extremely low processed volumes.

1.3.3.3.  The role of microfluidics

Microfluidics implies the study of the behaviour of fluids in micro-channels, as well
as the manufacturing of such systems. Microfluidic devices have a wide range of
applications and have been used in various areas ranging from physics and chemistry to
biology. Among their applications, microfluidics has been widely used in cancer research,
and more specifically, in the capture and detection of CTCs81.

This technology holds many advantages not only enabling a cost-effective, simple,
and automated operation, as well as uses small quantities of samples and reagents to carry
out highly sensitive detection. Additionally, it allows a one step process of sample loading,
separation and capture of live rare cells that can be later analysed through cellular,
microscopic or molecular techniques?9:8L,

Like traditional technologies, in microfluidic devices the separation may also be
based on the cell size or immune-capture, as these devices are designed and constructed
with high control of their properties at the micrometre scale to allow an efficient cell
separation’®.

CTC isolation based on antibodies can also be achieved with microfluidic devices
in which its large surface area is coated with ligands or capture molecules, that bind to
CTCs due to the antigens present in its surface, like EpCAM. Therefore, when CTCs flow

across the device, the tumour cells will be retained?9.82 . But for this method to be efficient
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requires optimization of antibody immobilization processes to facilitate strong
interactions between cells and the surface-bound capture molecules.

Many microfluidic systems for CTC isolation based on size have been developed
such as Parsortix System, a size and compressibility-based platform for CTCs isolation,
allowing capture of viable cells with high efficiency. However, this methodology as many
other size-based technologies have the difficulty to completely separate cancer cells and
leukocytes by their size®3. Another size-based technology widely used is Vortex, which
allows CTC isolated in less than 1h, with high purity and good cumulative efficiency8+.
Furthermore, this approach opens up possibilities for the capture CTC characterization,
to obtain information on proliferative and invasive properties or, ultimately, tumour re-
initiating potential and response to drug8+.

Many microfluidic devices with promising results are under development. Some of
them have already begun to enter in a variety of clinical trials. Nevertheless, their clinical
application remains challenging because of the high quality standards needed to obtain
certification, including system reliability, performance and minimal inter-user or inter-
laboratory variability®1.

The RUBYchip™ is a microfluidic device fully designed, developed, and
manufactured by the Medical Devices group at the International Iberian Nanotechnology
Laboratory (INL) with the main purpose to capture viable CTCs according two different
characteristics, the cell size and deformability.

Design wise the device is organized in two principal areas, each one containing
four separated modules and in each module is possible to observe a single row of
micropillars, distanced from each other in 5 pm, forming the filtering area in which
potential CTCs will be retained, as illustrated in figure 3. Previous studies using earlier
generations of this device have shown the capacity to process 7,5 mL of whole blood with
no need of pre-processing.

The microfluidic masters were designed in 2D AutoCAD software and fabricated
on a 200 mm silicon wafer using photolithography and deep reactive ion etching as

described on Ribeiro-Samy et al. 8.
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Figure 3 The RUBYchip™ design to capture CTCs based on physical properties such as
size and cellular deformability. Focusing on the filtering area, which is composed by
micropillars, distanced from each other in 5 pm.

Prior to the RUBYchip® development, other microfluidic-based platforms aiming
the isolation of CTCs with high efficiency and without the need of blood sample pre-
processing were achieved by Medical Devices group at INL. While the first generation of
these devices, called Mini, was only able to process 1 mL of whole blood samples, further
developments resulted in a second generation of these devices, the Cross, which was able
to process 4 mL of whole blood samples. Later, a third generation was achieved, the Mega,
in which 7.5 mL whole blood samples could be processed. Finally, Mega redesign to half
its size led to the development of the RUBYchip®, with the same processing capacity,
however able to fit in standard microscope glass side.

In the last years, several studies have been conducted using whole blood samples
from metastatic colorectal and bladder cancer patients in order to validate the
microfluidic device8>-87, In these studies, high isolation efficiencies were reported, in
addition to discriminate patients with good prognosis from those facing an unfavourable

outcomes>,
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2. Objectives

Every individual is different, and so is every patient. Recognising that each patient
needs an appropriate follow-up to its own illness will allow for a more accurate treatment
with fewer side effects which ultimately will provide a better quality of life and longer
survival rates. So, the research for a non-invasive approach for precise diagnosis that is
sensitive and specific for each patient has been a continuous challenge for the scientific
community. There is a growing demand in implementing liquid biopsy in the clinic such
as the capture of CTCs to be applied whether in diagnosis, to complement tissue biopsy,
or in screening and prognosis of cancer patients, especially in colorectal cancer.

In this context, this master thesis aims to optimise a microfluidic device, the
RUBYchip™, for the isolation and characterisation of CTCs from the blood of colorectal
cancer patients. Hence, it comprises the evaluation of the device efficiency to get the
optimal sample processing parameters using colorectal cancer cell lines. It is also
envisioned the assessment of vimentin expression in CTCs to further understand the

epithelial versus mesenchymal type of CTCs and its meaning in CRC patients.
Thus, this work aims to accomplish the following specific objectives:

e Flow rate determination and capture efficiency assessment of the RUBYchip™
using colorectal cancer cell lines.

e Optimization of the immunostaining protocol to be applied as the criteria set in the
colorectal cancer patient samples.

e Optimal parameters validation in whole blood samples from patients with

metastatic colorectal cancer.
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3. Materials and Methods

3.1. Device fabrication

For the fabrication of the microfluidic devices, 9 masters were available to rapidly
obtain replicas through a technique named soft lithography. First, a polymer was
prepared by mixing polydimethylsiloxane prepolymer with a cross-linker (PDMS,
SYLGARD™ 184 Silicone Elastomer, Dow Chemical Company) in a ratio of 10:1, followed
by degassing in the desiccator to be then poured over the master, degassed again and
cured at 65°C for at least a minimum of 2 hours or left overnight to solidify.

After cured, the PDMS was peeled off from the master with the help of a scalpel and
then both inlet and outlets were punched using a 1.25 mm biopsy puncher (World
Precision Instruments). Finally, to obtain the device, both the PDMS replicas and glass
slides (size 25x75 mm, ThermoFisher Scrientific), previously cleaned with Hellmanex
(Hellmanex III, Hellma Analytics), were treated with oxygen plasma at medium power for
30 seconds to be then brought in contact to produce irreversible bonding.

In the end, 30 cm ethyl vinyl acetate microtube (51x 0.5mm ID x 1,5mm OD EVA,
ColeParmer) was inserted both in inlet and outlet of the microfluidic device and in order
to connect the inlet to a syringe a blunt needle (LS22K Luer Stub, Instech) was used.

To finalise device fabrication, functionalization of the devices was required to
avoid unspecific attachment of cells onto the channel surface. Hence, using a syringe pump
(NE-1200, New Era Syringe Pumps) three solutions were injected into the device.

Right before the functionalization process, the devices were subjected to an
inspection test under the inverted Nikon MA200 microscope to check on the bonding and
to verify whether the filtration areas were clear and fibre-free as the device
manufacturing procedure is not carried out under strict aseptic conditions.

Then to prime the microchannels the functionalization process was conducted.
First, to enhance wettability 350 pL of ethanol (Sigma Aldrich) were pumped at 100
pL/min, followed by 350 pL of 10 mM Phosphate Buffer Saline (PBS, Sigma Aldrich) at 120
uL/min, as a washing step. Finally, 4000 pl of the same solution were injected in the chip
in order to stress test the device with a volume of the same magnitude as the blood sample
that will be processed, thus assuring an efficient performance during blood sample

processing. The protocol explained above is illustrated in figure 4.
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Figure 4 Device Fabrication. (A) PDMS polymer is prepared by adding PDMS elastomer and
crosslinker in a 10:1 ratio and vigorously mixed, afterwards the aerated mixture is degasses using
vacuum. (B) Once degassed the PDMS is poured over the master. (C) The master is also put under
vacuum to further degas the PDMS. (D) The master is brought to the oven, at 65°C for 3h to cure the
PDMS. (E) Once the PDMS is cured, the replica is peeled off from the master, and inlet and outlet holes
are punched. (F) Previously cleaned and inspected replica and glass slide are put under oxygen
plasma treatment, to allow irreversible linkage between them. (G) The bonding between the replica
and the microscope glass is performed. (H) The device is connected to a syringe pump to proceed with
device functionalization.

The device fabrication was included in the weekly tasks, 2 to 3 days, in order to
guarantee a reasonable stock for experimental needs. At the lab scale, even though a large
number of devices are achieved, device fabrication efficiency is not 100%, which means
that is expectable to have losses during this process.

After assembled, each device was nominated according with the master number
from which the replica was achieved, the number of replica from that specific master and
the total number of fabricated devices. This information was registered in the course of

this year in a logbook as schematized in figure 5.
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Figure 5 Schematic representation of the device fabrication logbook to keep track of the
functional and non-functional fabricated devices.

3.2. Cell culture

For cell culture and cell experiments, four colorectal cancer cell lines were used
namely SW480 (ATCC, CCL-228), Caco-2 (ATCC,HTB-37), RKO (ATCC, CRL-2577) and HT-
29 (ATCC, HTB-38), all of them kindly provided by medical devices group at INL.

All CRC cell lines were cultured in Dulbecco’s modified eagle medium (DMEM)
supplemented with 1% Penicillin/Streptomycin (PS) and 10% fetal bovine serum (FBS)
except for Caco-2, which required a 20% FBS supplementation. Cultures were kept in an

incubator at 37°C and with 5% CO2 humidified atmosphere.

3.2.1. CRC cell lines thawing

All the cell lines were thawed following the same protocol, except RKO that were
kindly provided by colleagues already in culture. Firstly, they were removed from the -
802C freezer and rapidly defrost in a 37°C water bath. When thawed, the vial was removed
from the bath and decontaminated by spraying with 70% ethanol and all the subsequent
operations were carried out under strict aseptic conditions. Next, the vial content was
transferred to a falcon containing complete culture medium, and spin at approximately

225xg for 5 minutes.
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The resulted cell pellet was resuspended with the recommended complete
medium for each cell line and dispense into a new culture T25 flask, that was then kept in
an incubator at 37°C with 5% CO2 humidified atmosphere.

At each starting culture, cells were closely monitored by observation and imaging
under the microscope for 72 h, or until the regular growth pace was achieved, as

schematized in figure 6.

Sw480 Caco-2 HT-29

48h

72h

Figure 6 SW480, Caco-2 and HT-29 cells were closely monitored. Cell confluence images at 24, 48 and 72 hours after
starting the cell culture. Images were obtained in inverted microscope with x4 objective and analyse through NIS software.

3.2.2. CRCcell lines freezing

Once the cells were in culture, growing at the normal pace, a cell freezing protocol
was conducted in order to store them for future needs. At full confluence, cells were
briefly rinsed with 0.25% (w/v) Trypsin-EDTA solution and then placed at 37°C to
facilitate dispersal. Trypsin was then neutralised with fresh medium. After which the
solution was transferred to a sterile centrifuge tube, to be centrifuge at 225xg for 3-5

minutes.
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In the end, the resultant pellet was quickly re-suspended in freezing media
composed by each cell line specific media with 5% DMSO to be subsequently distributed

in cryovials to be frozen and stored in liquid nitrogen.

3.2.3. CRC cell culture maintenance

The cells were routinely maintained with medium renewal every 2 to 3 days and
sub-cultured when reaching about 80-90% confluency. In figure 7, is possible to observe

95-100% confluent cells in each cell line.

Caco-2 SW480 RKO HT-29

x10

x20

Figure 7 Acquired images from colorectal cancer cell lines (Caco-2, SW480, RKO and HT-29) at high confluency and
monolayer.

At this confluence, growth medium was removed and discarded, followed by the
addition of PBS, as a washing step to remove any serum detritus that could inhibit trypsin
action. Then, the cell layer was rinsed following the standard protocol explained above.
Subsequently, the trypsin was neutralized by adding complete growth medium to the cell
suspension. After gently resuspended, viable cells were counted in the Neubauer
Haematocytometer (Hirschmann® EM Techcolor) by adding 10 pL of a solution containing
Trypan Blue (Corning) and 10 pL of the cell suspension, after which was taken to an

inverted microscope for cell counting.
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Of note, only viable cells were counted to then calculate the cell density through
equation 1. Finally, cells were transferred to a new T25 flask in the recommended

subcultivation ratio.

Total Cells Counted

x 107*

Equacao 1: Cell Concentration =

3.3. Spiking experiments
3.3.1. Flow rate influence

In order to determine the optimal parameters for the processing of blood samples
from colorectal cancer patients, several spiking experiments were performed. For this
purpose, the four cell lines previously mentioned were used since they have
morphological differences such as size and deformability.

At approximately 90% confluence, adherent cells were harvested by incubation in
0.25% Trypsin-EDTA to obtain a cell suspension, which was then transferred to a falcon
tube. Cell density was obtained using the haemocytometer according to the protocol
described above. After estimating cell density, 6,0x105> cells were transferred to a new
falcon tube and the appropriate volume to achieve a total volume of 2 ml was added. To
stain the cells, the solution was then centrifuged at 225xg for 5 minutes at room
temperature (RT) and the resultant pellet was brought to suspension and incubated with
Hoechst (Invitrogen®, ThermoFisher Scientific) for 30 minutes. Then, as washing steps,
several centrifugations were performed at 225xg for 5 minutes each.

After which an additional cell counting was performed using the Neubauer
haemocytometer, following the standard protocol, to assess the cell number in the stock
cell suspension after which step-by-step serial dilutions were prepared, as detailed in

figure 8, to obtain a final cell suspension of 1000 cells / 1mL (200 cells per 200ul).
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Serial Dilutions
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Figure 8 Schematic representation of the serial dilutions performed in
spiking experiments in order to obtain final a cell concentration of 1000
cells/mL.

In order to determine the optimal capture efficiency of the microfluidic device, five
different flow rates were tested, namely 80, 100, 120, 160 and 200 pL/minute in
experiments performed in triplicate. Thus, 200 cells were spiked in 7,5 mL of whole blood
samples collected from healthy donors and injected into the device using a syringe pump.
Afterwards, to wash 350 pL of 2% Bovine Serum Albumin (BSA, Sigma Aldrich) were
injected in the device, followed by 350 uL of 4% Paraformaldehyde (PFA, Sigma Aldrich)
incubated for 20 minutes to fix the cells. Lastly, as a second washing step, 350 uL of 0.01M
PBS was pumped through the device.

Once these steps were concluded, the device was taken to the fluorescence
inverted Nikon TI-E microscope to perform the manually counting of the Hoechst positive
trapped cells. This value was then compared to the total number of spiked cells to obtain

the capture efficiency of the RUBYchip™, as in the following equation (equation 2).

Trapped CTCs

Equation 2:  (TC Capture ef ficiency (%) = — = “r -

x 100
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3.3.2. Cell target influence

The protocol previously described was performed to evaluate the influence of
different cell target numbers, number of cell spiked into the blood sample, in the capture
efficiency. Thus, 50, 200 and 1000 cells of the different CRC cell lines (SW480, Caco-2 and
HT-29) previously stained were added to 7,5 mL of whole blood samples collected from
healthy volunteers and then processed in the device at the optimal flow rate earlier
determined.

In the end, the devices were taken to the fluorescence inverted microscope to
proceed with the cell counting, which was then compared to the total number of spiked

cells in order to determine the capture efficiency.

3.3.3.  Cell size and nucleus-to-cytoplasmatic ratio

Cell dimensions, namely cell size and nucleus size, were assessed using NIS-
Elements analysis software from Nikon, in acquired images obtained from spiking
experiments. In detail, using a tool that allows measuring the distance between two
points, it is possible draw the cell diameter (spherical diameter) in the selected cell event
and determine cell size in micrometres. Only individualized and bright field clear cell
events were used, cell limits were confirmed adjusting the contrast of the bright field. Cell
nucleus size is determined in a similar way, measuring nuclear diameter using the same
NIS tool, its circular limits can be clearly observed since cells are stained with Hoechst
nuclear dye, as showed in figure 9. Then, to achieve the nucleus-to-cytoplasm (N:C) ratio

the following equation was used (equation 3).

Nucleus size

Equacao 3: NC ratio = oLl Sire
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Figure 9 Schematic representation of NIS- elements analysis software namely the cell measuring used tool

3.4. Immunocytochemistry studies

In this study, CTC identification was achieved by antibody (Ab)-based methods.
Therefore immunocytochemistry (ICC) assays were performed to select and optimise the
antibody panel to be used in the analysis of clinical samples.

All antibodies chosen were purchased already conjugated with fluorophores which
allows to perform direct immunofluorescence. In this way, the protocol is performed
faster, and risk of cross-reactivity is minimised when using antibodies combined in a
cocktail solution.

Thus, an anti-Pan Cytokeratin was used to positively select epithelial cells, an anti-
vimentin antibody to identify mesenchymal events and, finally, an anti-CD45 antibody as
an exclusion criteria of CTCs, since it allows to identify white blood cells (WBC). In
addition, DAPI (NucBlue™; Invitrogen) was used to stain the cell nucleus. All the tested
antibodies are detailed in table 2.

For this study, each fluorochrome was chosen in accordance with the emission and
excitation filters of the fluorescence inverted Nikon- TI-E microscope, which is used for

image acquisition.
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Table 2 Tested antibodies specifications

Target Biological Conjugate Emission //
Antibody Company
Protein Source Fluorophore Excitation (nm)
Monoclonal Anti- Mouse FITC 530//365 Sigma Aldrich

Cytokeratin

Pan Cytokeratin

Mouse Alexa Fluor 488 525//490 ExBio
Monoclonal Anti- Invitrogen by Thermo
Vimentin Mouse eFluor 570 570//555
Vimentin Fisher Scientific
Polyclonal Anti-
Rabbit Cy5 670//625 Immunostep®
Human CD45
CD45
Monoclonal Anti- Santa Cruz
Mouse Alexa Fluor 647 665//650
Human CD45 Biotechnology

3.4.1. Immunocytochemistry studies performed in well-plate

Firstly, ICC experiments were performed in well plate using the CRC cancer cell
lines previously mentioned (SW480, HT-29 and Caco-2), as well as peripheral blood
mononuclear cells (PBMCs) isolated from blood of healthy volunteers.

To conduct these experiments cell lines were seeded in 24-well-plates, on sterile
cover slips (13 mm in diameter) previously treated with Poly-Lysine (Sigma) to promote
cell attachment to the glass surface. Prior to cell seeding, a brief set of experiments were
carried out to assess which was the ideal cell seeding for each cell line to grow up to 72h,
until ICC was performed (results not shown). Ideal cell seeding for SW480 and HT-29 was
found to be 45x105 cells per well and for Caco-2 is 35x105 cells per well. As mentioned,
cells were left to grow for 72h and later stained with different antibodies dilutions.

PBMCs were isolated from blood of healthy donors through density gradient
centrifugation using Histopaque® (Sigma Aldrich). The whole blood sample was
transferred to a falcon tube and diluted in 2% PBS/FBS on a 1:1 volume ratio. In a new
falcon tube, containing the Histopaque® in a 2:1 dilution, the diluted blood was carefully
poured followed by a centrifugation for 30 minutes at 400xg. Differential migration
during centrifugation results in the formation of layers containing the different blood
components. It is possible to observe in the falcon tube, a top layer composed by plasma,
which was removed and discarded. In the following layer, the mononuclear cells were

gently harvested and subsequently washed with the appropriate buffer, 2%PBS-FBS,
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through serial centrifugations for 10 minutes at 300xg as detailed in figure 10. Bottom
layer contains mainly erythrocytes that have aggregated, as shown in figure 10.

To proceed to count the mononuclear cells, a Neubauer haemocytometer was used
as previously explained and, 2x10¢ of PBMCs were used for each tested condition. Of note

ICC protocol of PBMCs, as non-adherent cells, was performed in Eppendorf tubes.

S

Whole Blood Sample Differential migration during
diluted in 2% FBS-PBS centrifugation results in the Blood plasma layer PBMCs layer Isolated
added to the Histopaque® formation of layers containing removing removing PBMCs
Solution the different blood components.

Figure 10 Schematic representation of the PBMCs isolation protocol.

To proceed with the ICC assay, both adherent cells and isolated PBMCs were fixed
with 4% PFA and incubated for 20 minutes. After a washing step with 500 pL PBS (0.01M,
pH 7.4), cell permeabilization was achieved by adding 0.25% Triton X-100 (Sigma
Aldrich) in (prepared in 0.01M PBS), incubated for 10 minutes, except when CD45 would
be added.

A new washing step with 500 puL PBS was performed and then, to prevent
unspecific bindings, blocking was performed in 500 pL of 2% BSA (prepared in 0.01M
PBS) and incubated for 30 minutes, followed by a last washing step with 500 uL PBS.

Finally, the cells were incubated with 120 uL of the antibodies, at the dilution to be
tested, at room temperature for one hour and fifteen minutes in dark. After antibody
incubation, two washing step were done, first with 0.5% BSA (prepared in 0.01M PBS)
and finally with PBS.

The ICC protocol was run in parallel for adherent cells in 24-well plates and for
PBMCs in eppendorf tubes.

Experimental design is schematized in figure 11.
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Figure 11 Experimental design of Inmunocytochemistry performed on well-plate
in CRC cell lines and isolated PBMCs.

Afterwards, in order to observe the cells under the fluorescence microscope, the
coverslips with the adherent cells and PBMCs were mounted with the cells facing towards
a microscope slide on a drop of Mounting Medium (Anti-Fade Fluorescence mounting
Medium- Aqueous, Fluoroshield, Abcam). Coverslips were immobilized on a glass slide.

In order to be able to stain cultured cells combined with PBMCs in a single
condition, adherent cells were brought into suspension and both cell types were mixed,
to carry out the protocol.

To accomplish this, the cells were distributed into a 48-well plate at the following
densities, 1x105 of HT-29 and SW480 cells, 5x104 of Caco-2 cells and 5.0x106 of PBMCs in
each condition, as schematized in figure 12.

Step-by-step immunofluorescence was carried out as described above, except in
this case high speed centrifugations were used, since cell mixtures were used in

suspension in well plate.
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Figure 12 Schematic representation of the ICC experiment performed in well
plate to test the antibody panel ( CK 1:500, VIM 1:50, CD45 1:100). Here the
PBMCs were mixed with the cells in all the tested conditions.

3.4.2. Immunocytochemistry studies performed in-device

Afterwards, in order to test the antibody panel on the RUBYchip™ and mimic the
processing conditions of cancer patient samples, several ICC experiments were
performed.

Same step-by-step ICC protocol was strictly performed as described previously,
however in order to fix, permeabilize, block, stain and wash cells trapped inside the
microfluidics device all reagent solutions were pumped into the device at predetermined
flow rate using a syringe pump.

To begin with, negative controls were performed using the selected antibody panel
to stain samples from healthy donors alone. Simultaneously, two different approaches to
the ICC protocol were tested to assess which methodology would be best to be use in
future experiments:(I) all antibodies in a single-step using a cocktail and about 1hour
incubation; and (II) a step-by-step protocol, in which each antibody was sequentially
incubated for about 1hour, at room temperature.

Negative controls (samples without cultured cells spiked), either healthy donor’s
whole blood samples or isolated fraction of PBMCs were further used to test either

complete cocktail, cocktail without CK antibody or CK antibody alone.
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Lastly, in order to closer mimic CTCs circulating in blood, cocktail solutions of
antibodies were tested into spiked samples, SW480 cultured cells were spiked either in
healthy donor whole blood samples or isolated PBMCs fraction also from healthy donors.

Experimental design is schematized in the figure below (figure 13).

______ :
O ' Blood Only Spiked Blood 5% P1
2 p2
PBMCs Only . Spiked PBMCs %% P3

Figure 13 Schematic representation of the ICC experimental design in all cell lines in plate and, in processed
samples in the device

Finally, all microfluidic devices were visualized in Nikon Ti-E microscope and later
analysed with NIS® software from Nikon. For cell analysis, isolation areas of the
microfluidic device are imaged and a total of 8 large scans are obtained per device. Each
image includes 22 fields of view, covering for an approximate device area of 1.8x0.07 cm.
Each image scan is obtained by simultaneously acquisition of 4 fluorescent channels (Blue,

Green, Orange and Red), plus Bright Field.

3.4.3. Immunocytochemistry studies in clinical samples

3.4.3.1. Patient sample collection

For a small proof-of-concept, 3 metastatic colorectal cancer patients diagnosed at
Instituto Portugués de Oncologia (IPO) in Porto were recruited according to the following
condition: patients must be recently diagnosed with colorectal cancer, already presenting
metastatic lesion at the moment of the diagnosis. Blood collection was performed before
any cancer treatment. After approval of the study by the ethics committee of the hospital,
all patients enrolled voluntarily and signed an informed consent to participate in the
present study.

A total of 7.5mL of peripheral blood was collected from each patient in an EDTA-
coated tube. Tubes were immediately shipped to INL in Braga to be processed within four

to six hours and analysed afterwards.
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3.4.3.2. Patient sample staining and analysis

To validate previous findings, CRC patient samples were stained for CTC analysis,
using antibody panel and conditions described previously. Patients whole blood samples
were processed at the optimal flow rate previously determined, stained with antibodies,
and imaged at the Nikon Ti-E microscope, according to the protocol described above. In
table 3 is summarized the operation program of size-based microfluidic device for the
processing, staining and analysis of the captured cells.

For further image analysis, a set of criteria according to standard CK and CD45
immunostaining and morphological features was established to classify trapped cells.

Briefly, CTCs were defined as nucleated, determined by DAPI staining, and
expressing either CK and/or VIM and lacking the marker of hematopoietic lineage CD45
(CK*/CD45- or VIM*/CD45%). In this study, epithelial and mesenchymal biomarkers
present green and orange fluorescence, respectively and CD45 present red fluorescence.

In addition, CTCs were also characterized morphologically by a large nucleus and
large NC ratio, defined in this study as the imaged area of the nucleus to the area of the

surrounding cytoplasm.

Table 3 Operation program of size-based microfluidic device for whole blood processing, staining and analysis of the
trapped cells.

Operation State Volume (pL) | Time (min)
1. Blood Processing Flow 7500 75
2. Washing Flow 3,5
3. Cell Fixation Incubation 20
4. Washing Flow 3,5
350
5. Permeabilization Incubation 10
6. Washing Flow 3,5
7. Blocking Incubation 30
8. Staining Incubation 250 75
9. Washing Flow 350 3,5
10. Image Acquisition Microscope 120
11. Image Analysis NIS Software 180
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Cells population were analysed and counted manually in a scanning area of 200pum
above and below post line, using NIS® software from Nikon according to the criteria

schematized in figure 14.

Classification DAPI CK ViMm CD45

Epithelial CTCs + + - =
EMT CTCs + + + -
Mesenchymal
+ = + =
CTCs
White Blood cells + - +/- +
Double Staining + + +/- +

Figure 14 Immunofluorescent staining characteristics for identifying CTCs

3.5. Statistical analysis

A non-parametric t-test was used to compare the different cell targets (50 vs 200; 50
vs 1000; 200 vs 1000) in each cell line.

Statistical analysis was conducted using GraphPad Prism Software (Graphpad
Software, version 8.0.1, San Diego, CA®). A p value lower than 0.05 was assumed to

denote a significant difference.
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4. Results and Discussion

4.1. RUBYchip™ performance assessment using
human CRC cell lines

The RUBYchip™ was designed to capture cancer cells through two main
characteristics, their size and cellular deformability. Indeed, the geometry of the
RUBYchip™, in addition to its surface treatment, creates a favourable environment for CTC
entrapment. The device dimensions are ideal to allow smaller or larger, but deformable
cells, like blood cells, to pass easily through the filter gaps. Simultaneously larger cells, but
less deformable due to the smaller nucleus-to-cytoplasm ratio, like cancer cells, will likely
be retained. Spiking experiments aim to mimic patient sample conditions, so as
mentioned, in these experiments cultured cancer cell lines are introduced into healthy

donor whole blood samples to evaluate RUBYchip™ capture efficiencies.

4.1.1. CRC cells dimension assessment

It was relevant to assess cell dimensions of the tested CRC cell lines inside the
device since they are in suspension and circularized instead of adherent, and since this
aspect will heavily influence their chance to be captured by our device.

In all cell lines, it was possible to observe size variation, which could be related to
the different cell stages of the cell cycle. For that reason, it was determined a size range
for each cell line as following Caco-2 (14.94-35.17 pm); SW480 (12.24-24.39 um), HT-29
(8.75-22.68 pm ) and finally, RKO ( 8.18-16.91 um), as illustrated in figure 15.

22,43 pm 17,98 pm 13,95 pm 13,15 pm
(14.94-35.17 pm) (12.24-24.39 pm) (8.75-22.69 (8.18-16.91 pm)

Figure 15 Schematic representation of the cell size on average, as well as the size range for each
cell line. Cell nucleus was stained with Hoechst.
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Indeed, the largest cells were Caco-2 with an average size of 22.43 um, followed by
SW480 with 17.98 um, lastly the smallest and very close in size are HT-29 with 13.95 um
and RKO cells with 13.15 pum, as represented in figure 16.

40—
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Caco-2 SW480 HT-29 RKO

Cell Lines

Figure 16 Graphic representation of the average cell size
and SD of each cell line (Caco-2, SW480, HT-29 and RKO),
being the Caco-2 the largest cells and the RKO the smallest
cells.

The nucleus-to-cytoplasm (N:C) ratio has proven to be a valuable morphologic
feature, in fact it was found that the cell deformability and nucleus size are correlated,
thus cells with a large and rigid nucleus are prone to be blocked by relatively narrow
gaps8889, For that reason, it was also relevant to perform the N:C ratio assessment, which
is represented in figure 17. Interestingly, cells of smaller size such as HT-29 and RKO,
presented higher N:C ratios, 0.76 and 0.83, respectively, whereas SW480 despite being
larger than latter ones, has similar N:C ratio, 0.79. Lastly, Caco-2 the cell line with the

smallest NC ratio, 0.67, is actually the largest in size, as summarized in table 4.

Table 4 A summary of each CRC cell lines measurements

Cell lines Caco-2 SW480 HT-29 RKO
(N=21) (N=47) (N=36) (N=33)
Cell diameter (pum) 22.43 17.98 13.95 13.15
Nucleus diameter (pum) 14.79 13.68 11.19 10.79
N:C ratio 0.67 0.79 0.76 0.83
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Figure 17 Graphic representation of the Nucleus-to-Cytoplasm
ratio on average and SD of each cell line (Caco-2, SW480, HT-29
and RKO).

Considering the obtained results, the adopted flow rate for subsequent

experiments and patient sample processing was 100 pL/min.

4.1.2. Optimal Capture Efficiency assessment

In order to assess the isolation efficiency of the RUBYchip™, spiking experiments
with four different cell lines were performed. In these experiments, a predetermined
number of 200 cultured cancer cells were spiked in a 7,5 ml whole blood sample from
healthy volunteers. Thus, five different flow rates were tested, namely 80, 100, 120, 160
and 200 uL/min in order to determine the optimal flow rate, and results are presented in
figure 18.

Overall, the highest capture efficiency observed was achieved at 100 pL/min
consistently in all cell lines. SW480 cells reached the highest capture efficiency observed
at 69.70%, followed by Caco-2 cells (60%), and finally HT-29 (10.30%). The lowest
isolation efficiency observed was at 200 pL/min with an average of 17.30%, 15.10% and
1.5% of spiked SW480, Caco-2 and HT-29, respectively. Hence, 100 pL/min was selected

as the optimal flow rate for subsequent sample processing.
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Figure 18 Graphical representation of the isolation efficiency of the RUBYchip™ at five different flow rates, with four
different cell lines, SW480, Caco-2, HT-29 and RKO. The highest results were achieved at 100 uL/min, for all the cell lines.
The highest capture efficiencies,69,70% and 60%, were obtained in the largest cells, SW480 and Caco-2, respectively. For
smaller cells, HT-29, the capture efficiency was lower, 10,30%.

In these experiments, we observed highest capture efficiencies (60-70%) in cells
with higher dimensions (Caco-2 and SW480), that considerably decreased in smaller cells
(HT-29 and RKO). These results were consistent for all the tested flow rates in the
different cell lines, which was anticipated since one of the RUBYchip™ features is size
based cell capture.

It is noteworthy, that the highest capture efficiency was observed in SW480 cells,
despite Caco-2 are the largest in size, which could be explained by the higher nucleus-to-
cytoplasm ratio. SW480 cells present in average higher N:C ratio than Caco-2 cells, which
means they are more rigid and potentially less deformable, thus more easily retained by

the device.

4.1.3. Cell target influence in the Capture Efficiency

To evaluate cell target influence in the capture efficiency of the device, different
cell targets (50, 200 and 1000 cells) were spiked into 7.5 mL of whole blood from healthy
donors. For this experiment SW480, Caco-2 and HT-29 were used, and blood was
processed at 100 pL/min, the optimal flow rate achieved in previous spiking experiments.

Obtained results are represented in figure 19.
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Figure 19 Graphical representation of the capture efficiency of the RUBYchip™ with three different cell lines, SW480, Caco-
2 and HT-29, varying the number of spiked cells at 100 uL/min. Capture efficiency remains high, 56%-70%, in bigger cells
and decrease, 6%-10% in smaller cells.

As it can be observed, there were not significative differences observed in the
capture efficiency when changing the spiked cell target at 100 uL/min, in any of the cell
lines. And it was possible to observe that the capture efficiency remains high (60-70%),
for cells with higher dimensions (SW480 and Caco-2) and low (6-10%) for smaller cells
(HT-29), hence suggesting that capture efficiency will be maintained equal in samples

with low or high CTC content.

4.2. Optimisation and validation of cell staining and
analysis

4.2.1. Immunocytochemistry optimisation in experimental
samples

In order to optimise the antibody panel, biological samples (whole blood samples
and isolated PBMCs) from healthy volunteers were spiked with CRC cells to mimic
circulating tumour cells in patients’ blood.

The antibody panel was firstly tested in adherent cells in a 24-well plate to evaluate
the antibody expression in previously mentioned cell lines (SW480, Caco-2 and HT-29).
In this experiments, RKO cell line was not used due to its extremely low capture

efficiencies.
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For the image acquisition and analysis, several parameters were firstly defined and
adopted for all the following experiments to guarantee a consistent evaluation. Exposure
times were established four each colour filter at 500 ms for blue, 800 ms for green, 900
ms for orange and 1s for red. Furthermore, to analyse the images and in order to obtain a
clear image with maximised signal and lack of background, the lookup table (LUTSs)
window was adjusted for green channel (102-350), orange channel (102-400) and red
channel (102-200). It is noteworthy that the following presented images of each
experiment are merely representative of several observed images during the image
analysis. Therefore, a much broad image repositorium exists and each image can be
observed and analysed in each fluorescent filter.

The first tested antibody dilutions are expressed in table 5 and the acquired images
of the first ICC experiment can be observed in figure 20. In this study, DAPI was always

used in a dilution of 1:10.

Table 5 First tested dilutions for the antibody panel and DAPI in all cultured cell lines (Caco-2, SW480 and HT-29)
adhered in a 24-well plate.

Antibody Panel

Cytokeratin Vimentin CD45
Dilution
1:200 1:50 1:100

After image analysis, it was possible to observe cytokeratin signal in all cell lines
(figure 204, E, I), which was anticipated since Cytokeratin is normally present in the
cytoskeleton of epithelial cells, thus frequently used as an epithelial biomarker?0.91,

Regarding the Vimentin expression, a positive signal was only observed in SW480
cells (figure 20F), which was also expected since several studies showed vimentin
expression in these cells, associated with more invasiveness and migratory properties.

In Caco-2 and HT-29 cells, the vimentin signal was absent, which was also in

concordance with the literature (figure 20B, J)929.

43



A total absence of CD45 signal was observed in all the tested cell lines. CD45 is a
protein present in the membrane of the leukocytes, thus its absence on the cell lines was

also expected.
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Figure 20 Immunocytochemistry performed in adherent HT-29, SW480 and Caco-2 cells. (A) CK expression (B) VIM
expression, (C) CD45 expression and (D) Biomarkers expression (incubated with antibody cocktail) in HT-29 cells;
(E) CK expression, (F) VIM expression, (G) CD45 expression and (H) Biomarkers expression (incubated with
antibody cocktail) in SW480 cells; (I) CK expression, (J) VIM expression, (K) CD45 expression and (L) Biomarkers
expression (incubated with antibody cocktail) in Caco-2 cells. DAPI is shown in all the images staining the nucleus.

Tumour heterogeneity is already very well described in the literature; hence CTCs
have an important role in reflecting tumour diversity, another condition was included in
this ICC, mixing all cell lines to evaluate if each cell line could be distinguished by its

specific antibody combination staining. Results are showed in figure 21.

Cocktail

Mix

Figure 21 Immunocytochemistry of the mixed cells namely SW480, Caco-2 and HT-29 cells (A) CK expression;
(B) VIM expression; (C) CD45 expression and (D) Biomarkers expression (incubated with antibody cocktail).
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Interestingly, it was possible through image analysis and observation to identify
each cell line based on its morphological characteristics and the specific expression of the
different antibodies. The CK antibody signal was evident and very bright in HT-29 and
was also observable in Caco-2 and SW480, all of them epithelial cell lines.

Furthermore, Vimentin expression, more related with a mesenchymal phenotype,
was present only in SW480, which was in concordance with the previous results.

Regarding isolated PBMCs, as white blood cells, the Cytokeratin signal was
expected to be absent, which was confirmed by the image analysis. The CD45 expression,
which was expected to have a very clear signal, was present but a weak signal was

observed, either when added alone or in cocktail, as showed in figure 22.

Cocktail

PBMCs

Figure 22 Immunocytochemistry of the isolated PBMCs. (A) CK expression; (B) VIM expression; (C) CD45 expression
and (D) Biomarkers expression (incubated with antibody cocktail) in PBMCs.

Once achieved the logical antibody panel optimization in the most standardized
way, the next natural step would be to proceed optimisation under the conditions that are
closer to the patient sample processing. Thus, it was relevant to test selected antibodies
conditions together with the cells of interest in the same device intended to be used for
the clinical samples. Understandably, this implies testing antibody panel in blood samples
alone and testing the antibody panel in spiked samples which are run in the RUBYchip™.

Additionally, inside this device all cell populations are in suspensions and unevenly
distributed along the microchannels, which poses different technical challenges from the
well-plate static conditions.

CD45 is an extracellular protein expressed in leucocytes membrane, hence cell
permeabilization prior to antibody addition is not necessary. However, since the device is
aimed for high throughput applications, a more suitable protocol must be adopted. For
that reason, two different negative control conditions were tested, namely i) a step-by-
step protocol in which CD45 was incubated first, then cell membrane permeabilization
was performed, followed by incubation with the other antibodies (CK and VIM); ii) a single
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step incubation protocol with a cocktail of antibodies, in which antibodies were added in
one solution with previous cell permeabilization and, subsequently incubated for one
hour and fifteen minutes.

Image analysis and acquisition was obtained in the same conditions of exposure
times, and LUTs window, as previously described and the acquired images are showed in

figure 23.

Figure 23 Immunocytochemistry assay to evaluate two different protocols in whole blood samples from healthy
donors (A) antibodies added in a single-step (cocktail) versus (B) antibodies added step-by-step.

When comparing both protocols, there was no significative differences observed
between both protocols regarding antibody expression, therefore the cocktail of
antibodies procedure was adopted for the following experiments since it allows a quicker
protocol.

Furthermore, in this experiment it was possible to observe Cytokeratin expression
in white blood cells, which was not supposed to be occurring, such lack of specificity may
be indicative that the antibody dilution tested is not ideal. For that reason, first a whole
blood sample from healthy volunteers spiked with SW480 cells was processed and
stained in the device with the same dilutions tested in previous experiments with
adherent cells (table 5). Acquired images are presented in figure 24.

As expected, it was possible to observe a bright Cytokeratin signal in SW480 cells,
however a weaker unspecific signal was also observed in the white blood cells. Regarding
Vimentin expression, a very weak signal was observed when compared to previous
observations in adherent cells. CD45 signal was positive only in white blood cells, as

anticipated.
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Figure 24 Immunocytochemistry assay for antibodies optimisation in whole blood sample from healthy
volunteers spiked with SW480 cells and stained with the cocktail of antibodies and DAPI.

To better explore the lack of specificity, the anti-CK antibody was used in the same
antibody cocktail but further diluted compared to the previous experiment, as presented
in table 6. However, in this assay, the PBMCs were added along with the cells in each tested
condition to better mimic what happens inside the device where the cancer cells are in

direct contact with the blood cells.

Table 6 Second tested dilutions for the antibody panel and DAPI in all cultured cell lines (Caco-2, SW480 and HT-29)
adhered in a 48-well plate. CK antibody was diluted to 1:500.

Antibody Panel

Cytokeratin Vimentin CD45
Dilution
1:500 1:50 1:100

As expected, all cell lines showed CK signal (figure 25A, D, G), which is absent in
the surrounded PBMCs. Similarly to what was observed in previous experiments, SW480
cells presented vimentin signal, however it seemed to be also present in the PBMCs (figure
25B, E, H). Indeed, several studies have been demonstrated the presence of the
intermediate filament protein vimentin on the surface of activated platelets, lymphocytes
and neutrophils?4-96,

However, it was also possible to observe a CD45 antibody signal in larger cells,
morphologically consistent with cultured CRC cells, which was not expected. Since

cultured cells do not express CD45, this is indicative of unspecific binding of the CD45

47



antibody, thus this results should be further repeated. Regarding the PBMCs, the CD45

signal was very weak, contrary to what was expected.

HT-29

SW480

Caco-2

Figure 25 Immunocytochemistry in 48-well plate of HT-29, SW480 and Caco-2 cells along with PBMCs (A) CK
expression (B) VIM expression, (C) CD45 expression of HT-29; (D)CK expression (E) VIM expression and (F)
CD45 expression of SW480 cells; (G) CK expression (H) VIM expression and (1) CD45 expression of Caco-2 cells.

As in the previous assay, a mix containing all the cultured cell and the PBMCs was
performed, as illustrated in figure 26. The results showed the expectable regarding the
Cytokeratin and Vimentin expression. Cytokeratin was observed in all cultured CRC cells

(figure 26A) and Vimentin was only expressed by SW480 cells (figure 26B).
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Mix

Figure 26 Immunocytochemistry in mixed cell lines and PBMCs. (A) CK expression; (B) VIM expression;
(C) CD45 expression.

However, unexpected results were observed regarding CD45 expression, since
CD45 signal was not only faint in the PBMCs but was also present in cultured cells (figure
26C). This led us to hypothesize that this finding was associated with technical issues,
since cultured cells do not express CD45 biomarker, as previously discussed.

Even though some findings were not as anticipated, ICC experiments proceeded in
the device, using the same antibodies and the same antibodies dilutions, in order to seek
a clear answer. In the experiments performed in device, two different conditions were

tested, as detailed in table 7.

Table 7 Tested dilutions of the antibody panel and DAPI applied in two different experimental sets.

Cocktail of antibodies Isolated PBMCs

Spiked SW480 cells
(CK 1:500, VIM 1:50, CD45 1:100) Whole Blood sample

On one hand, a whole blood sample from a healthy donor was spiked with SW480
cells and then passed through the device. On the other hand, PBMCs were isolated from a
whole blood sample and next spiked with SW480 cells and subsequently processed in the
device. Both to be further stained with the cocktail of antibodies. Obtained images are
presented in figure 27.

Comparing both ICCs, it was observed that in the whole blood sample, the CK signal
had higher intensity. Vimentin expression was also observed in SW480 cells in both ICCs,
which was expected. With respect to CD45, in both settings, signal is present not only in
the blood cells, as predicted, but also in the SW480 cells, which could be related to non-

specific binding of the antibody.
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Whole Blood Sample

Isolated PBMCs

Figure 27 Immunocytochemistry performed in a whole blood sample spiked with SW480 cells (top) and in PBMCs
isolated from blood samples from healthy volunteers spiked with SW480 cells (bottom) and then stained with the
cocktail of antibodies.

To better understand the lack of CD45 and CK specificity, additional experiments
without spiked cells were performed as negative controls. Whole blood samples from
healthy volunteers and, at the same time, PBMCs isolated from whole blood samples of
healthy donors were processed in the device, stained, and analysed in the same conditions

as the previous experiments and are exposed in table 8.

Table 8 Different experimental conditions for the antibody panel testing. Each treated with different antibodies
conjugations in either whole blood samples or isolated PBMCs.

Cocktail of antibodies Whole Blood Sample Only

(CK 1:500, VIM 1:50, CD45 1:100) Isolated PBMCs Only

CK alone Whole Blood Samples Only

(CK 1:500) Isolated PBMCs Only

Without CK
(VIM 1:50, CD45 1:100)

Whole Blood Sample Only
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Regarding CD45 antibody signal, it was present in white blood cells in both ICCs,
however the signal intensity was variable and, brighter in the whole blood sample (figure
28A, (). Consistently with previous observations, Cytokeratin signal was found in white
blood cells in both samples, either whole blood and isolated PBMCs (figure 28B, E),
although signal is very weak and much contrasting with clear signal previously found in
biological positive events, like spiked SW480 cells, so easily distinguished from unspecific

binding to WBCs.

Figure 28 Images obtained from the immunocytochemistry assays using whole blood samples (top) or isolated
PBMCs (bottom). (A) Whole blood sample stained with the cocktail of antibodies; (B) Whole blood sample stained
with Cytokeratin alone and (C) Whole blood sample stained without Cytokeratin (Vimentin and CD45 antibodies);
(D) Isolated PBMCs stained with the cocktail of antibodies and (E) Isolated PBMCs stained with Cytokeratin alone

This results leads us to believe that this weaker signal could be related to non-
specific binding or a possible sub-population of cells that express some of the Cytokeratins
recognised by the pan-Cytokeratin antibody used, which needs further in depth studies.
However, since the identification of CTCs in the device relies on the biomarkers
expression, and in order to eliminate any doubts regarding the antibody’s specificity, a
different Cytokeratin and CD45 antibodies were tested, these new antibodies were
purchased from a different companies than previous ones (see table 2 in section 3.4 of the
Materials and Methods).

Firstly, and similarly to the previous ones, they were tested in the same adherent

cells on a 24-well plate in the dilutions expressed in table 9.
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Table 9 First tested dilutions for the antibody panel, with newly acquired CK and CD45 antibodies in all cultured cell lines
(Caco-2, SW480 and HT-29) adhered in a 24-well plate.

Antibody Panel
Cytokeratin CD45

Dilution

1:75 1:50 1:100

Once again, the image acquisition and analysis followed the same conditions as the

ones previously mentioned and they are illustrated in figure 29.
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Figure 29 Immunocytochemistry of adherent HT-29, SW480 and Caco-2 cells. (A) CK expression (B) VIM expression,
(C) CD45 expression and (D) Biomarkers expression (incubated in cocktail) in HT-29 cells; (E) CK expression, (F)
VIM expression, (G) CD45 expression and (H) Biomarkers expression (incubated in cocktail) in SW480 cells; (1) CK
expression, (J) VIM expression, (K) CD45 expression and (L) Biomarkers expression (incubated in cocktail) in Caco-
2 cells. DAPI is shown in all the images staining the nucleus.

As expected, Cytokeratin expression was observed in all cell lines very brightly.
Regarding the Vimentin expression, and similarly to what was already demonstrated, only
SW480 cells presented positive signal for the same reasons already pointed out. Finally,
CD45 signal was absent in all cell lines as expected since they are specific to white blood

cells.
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Considering these positive results, this antibody panel was further tested in the
RUBYchip™ at different dilutions since signal expression could be slightly distinct. Thus,

the tested dilutions are presented in table 10.

Table 10 Tested dilutions for the newly acquired antibodies, in whole blood samples from healthy volunteers spiked with
SW480 cells and processed in the RUBYchip™.

Antibody Panel

Cytokeratin Vimentin CD45
Dilutions
1:75 1:100 1:50 1:50 | 1:100

Firstly, the newly acquired CD45 (SC, 1:100) was tested in a cocktail together with
the previous cytokeratin (Sigma, 1:500) in i) a whole blood spiked with SW480 cells, ii) in
a whole blood sample alone and iii) in isolated PBMCs from healthy volunteers. The

obtained images are illustrated in figure 30.

25 ym

25 pm

Figure 30 Immunocytochemistry images obtained from a (A) whole blood sample spiked with SW480 cells, (B) a whole
blood sample alone and (C) in isolated PBMCs only. All of them stained with the cocktail of antibodies composed by the old
cytokeratin, the vimentin and the new CD45.

By image analysis, it was possible to observe a positive CD45 signal restricted to the
white blood cells (figure 30A, B) and PBMCs (figure 30C) and a total absence in the cell lines,
which lead us to assume that this antibody appeared to be more specific than the one
previously tested. Nevertheless, in some cases CD45 signal was weak, so in the following

experiments a dilution of 1:50 was tested, to evaluate if a brighter signal was obtained.
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Regarding the Cytokeratin signal, it was very bright in SW480 cells (figure 30A),
however it was still possible to observe a weak signal in the white blood cells (figure 30B) and
a bright signal in the PBMCs (figure 30C).

For that reason, a newly acquired Cytokeratin antibody was tested in a cocktail of
antibodies composed by the new CD45 and the Vimentin in a whole blood sample, from
healthy volunteers, spiked with SW480 cells in a dilution of 1:100 of Cytokeratin and 1:50 of
CDA45. The obtained images are presented in figure 31.

Regarding Cytokeratin signal, it was possible to observe a very specific signal restricted
to the spiked SW480 cells, however the intensity signal was weak, so we decided to increase
the concentration in the following experiments. CD45 signal was very bright and also very

specific to the white blood cells.

Merge CK
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Figure 31 Immunocytochemistry images obtained from a whole blood sample
spiked with SW480 cells stained with the cocktail of antibodies composed by the
newly acquired Cytokeratin (Exbio, 1:100), the Vimentin and the newly acquired
CD45 (SC, 1:50).

A last ICC experiment was pertormed in a whole blood sample trom a healthy volunteer
spiked with SW480 cells to evaluate a different Cytokeratin dilution (1:75), and obtained
images are presented in figure 32. Finally, in these dilution Cytokeratin signal was brighter
than in previous experiments. Although in this experiment Cytokeratin expression was specific

to the SW480 cells, as we expected it would be, the intensity signal is not ideal yet.
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Figure 32 Immunocytochemistry images obtained from a whole blood sample
spiked with SW480 cells stained with the cocktail of antibodies composed by
the new Cytokeratin (1:75), the Vimentin and the new CD45 (1:50).

representation of ICC experimental design.

In the following scheme (figure 33), it is possible to observe a summarized

o5 e ©
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Cocktail of antibodies Cocktail of antibodie:
Blood
Cocktail of antibodie
Blood PBMCs
of antibo

PBMCs

Figure 33 Schematic representation of ICC experimental design
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All ICC experiments are summarized in the following table (table 11).

Table 11 Summarize table of all ICC experiments

Platform Sample Antibody dilutions

1 i CK expression in cultured cell lines . q

Evaluate antibody panel Cells and G VIM expression in SW480 cells == the. Eaibodvieaneli
- X Plate VIM 1:50 . . the device at the same
expression in cell lines PBMCs CD45 signal absence in cultured cell o
CD45 1:100 . dilutions
and PBMCs lines
Weak CD45 signal in PBMCs

2 CK 1:200 . .

. - . Test antibody cocktail in
Negative Control Pt Gl ] VIM 1:50 No significant differences were found spiked sampltes same Ab
To compare two Y CD45 1:100 between protocols A ‘

. dilutions
different protocols
3 CK 1:200 .
Evaluate antibodies . . VIM 1:50 Bright CK signal in SW480 cells et d|_|uted s ap an_l:l
IR . Device Spiked blood L check its expression in cell
dilution in spiked CD45 1:100 However, CK expression in WBCs . .
lines with PBMCs
samples
Clear CK signal in cultured cell lines
4 Cells mixed CK 1:500 CK expression absent in WBCs Test different conditions in
Evaluate CK expression Plate with PBMCs VIM 1:50 CDA45 signal observed in cultured cell device using the same
in 1:500 dilution CD45 1:100 lines and quite weak in PBMCs antibody dilutions
5 CK only . )
Negative Control 1:500 FID45 signal was observed in the o
. isolated PBMCs Test the same conditions in
To evaluate CK and Device Only PBMCs . . .
R CK 1:500 CK signal was also observed in the blood samples only
CD45 expression in VIM 1:50 PBMCs
isolated PBMCs CD45 1:100
. Although in a faint signal, CK signal was
KoV 00 observed in WBC
[
Negative Control I
. i Test the same Ab dilutions
To evaluate CK and Device Blood only Without CK Antibodies signal L
) . ignal as expected
CDA45 expression in VIM 1:50 CD45 1:100 (el eslemnles
blood samples CK 1:500
VIM 1.50 CK signal was also observed in WBC
CDA45 1:100
v Test a new CD45 antibody
Spiked Blood
CDT;;evaluate. a3 :.an(tih CK 1:500 CK expression in SW480 cells (5C) and a new Cytokeratin
san?ZpJﬁZi;Z:s(;riln < Device VIM 1:50 CD45 signal was generally faint and antibody (Exbio) both in
CD45 1:100 was observed in SW480 cells cells lines and in isolated

spiked samples

8
Evaluate Ab panel in
cell lines and PBMCs

9
Negative Control
To evaluate the new
CDA45 (SC) antibody

10
Evaluate Ab panel,
combining the old
Cytokeratin (CK) with
the new CD45 (SC)

11
Evaluate the new Ab
panel

11
Evaluate a different
dilution for CK (Exbio)

Plate

Device

Device

Device

Device

Spiked PBMCs

Cell lines and
PBMCs

Blood only

PBMCs only

Spiked Blood

Spiked Blood

Spiked Blood

CK (Exbio) 1:75
VIM 1:50
CD45 (ST) 1:100

CK 1:500
VIM 1:50
CDA45 (ST) 1:100

CK 1:500
VIM 1:50
CDA45 (ST) 1:100

CK (Exbio) 1:100
VIM 1:50
CD45 (SC) 1:50

CK (Exbio) 1:75
VIM 1:50
CD45 (SC) 1:50
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CK expression in all cell lines

VIM expression only in SW480 cells
CD45 signal absent in all cell lines
CD45 signal in PBMCs

CD45 expression was very specific in
both samples, however a weak signal
was observed

CD45 expression only in WBC
CK expression observed in SWA480 cells
and in some punctual cases of WBC

CD45 signal was observed very brightly
in WBC

CK expression was weak in cell lines
CK and CD45 co-expression

Cytokeratin signal was better, but still
weak compared to the first Cytokeratin
antibody used

PBMCs

Test the new Ab in the
device

Test the same Ab dilutions
in spiked samples

Test all the new Ab (CK
Exbio and CD45 SC), in
cocktail, in spiked samples
Decrease CD45 (SC) dilution

Increase CK (Exbio) dilution

Proceed to patient samples



4.2.2. Immunocytochemistry Validation in Clinical Samples

After testing the antibody panel on the RUBYchip™ in mimetic conditions using
CRC cell lines, a last optimization experiment was performed in whole blood samples from
metastatic colorectal cancer patients. Three different mCRC samples (P1, P2, P3) were
used for further validation of previous findings.

Patient information are detailed in table 12.

Table 12 Colorectal Cancer patients’ information and tested antibody panel.

Patient Cancer Type Stage Metastasis location

P1 T3N+MO

Lymph nodes spread

e Metachronous liver

P2 T4aN2MO .
Colorectal Cancer metastasis
e Liver metastasis
P3 TxNxM1 e Suspicion of pulmonary

metastasis

In order to evaluate antibodies specificity in patient samples, different antibodies
combinations were used to stain the patient samples and further proceed with analysis
and CTC enumeration. Patient 1 whole blood sample was stained with Cytokeratin (Sigma,
1:200), Vimentin (1:50) and CD45 (Immunostep, 1:100), the first tested antibodies and
respective dilutions tested in previous ICC assays. Regarding CD45 expression, it was
possible to observe a very bright signal in white blood cells, as expected. Vimentin
expression was also observed in a considerable number of events, some of them co-
localized with Cytokeratin. It was also possible to observe Cytokeratin signal in white
blood cells, which may be indicative that there was an unnecessary high concentration of
the antibody tested, hence increasing the dilution could be a logical next step in further
optimizing. Proceeding with CTC enumeration, it was possible to find a total of 35 CTCs,
from which 30 were of mesenchymal phenotype (VIM*, CD45-) and 5 of EMT phenotype
(CK*, VIM*, CD45), as shown in figure 34. No CTC with epithelial phenotype was found in
this patient sample, all observed Cytokeratin positive cells (CK*/VIM-and/or CK*/VIM*)

were also positive for CD45, hence excluded as CTC.
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Figure 34 Images obtained in the inmunocytochemistry assay performed in the blood sample from P2. On top a CTC
event with a mesenchymal phenotype characterized by an expression of Vimentin and absence of Cytokeratin and CD45
; On the bottom, CTC event with an epithelial-mesenchymal phenotype characterized by a simultaneously expression of
Cytokeratin and Vimentin and total absence of CD45 signal.

Considering Patient 2 whole blood sample, the staining was performed with newly
acquired antibodies, namely Cytokeratin (Exbio, 1:75) and CD45 (Santa Cruz, 1:50), and
Vimentin (1:50). Consistent to previous ICC experiments, the newly acquired CD45 signal
was very bright and specific to the white blood cells, therefore this antibody was adopted
for the following assays. Considering Vimentin expression, in this sample, very few events
were observed. By image analysis, it was possible to observe a weak Cytokeratin signal
co-expressed with a bright CD45 signal (CK*, CD45+*), thus these very few events were
excluded as CTCs. All observed Cytokeratin and/or Vimentin positive cells (CK*/VIM:, CK,
VIM* and/or CK*/VIM*) were also positive for CD45, hence excluded as CTC, which means
no CTC was found in this patient sample.

Finally, concerning Patient 3, duplicate samples (S1 and S2) were obtained, since
two tubes were collected in the same blood draw. Thus, whole blood samples were
processed at the same time in two separate devices to be stained with different
Cytokeratin antibodies. Sample 1 was stained with the newly acquired CK (Exbio, 1:75)
and Sample 2 was stained with CK (Sigma, 1:500). They were both stained with the newly
acquired CD45 (Santa Cruz, 1:50), which proved to be more specific in the assays

previously performed, and Vimentin (1:50), incubated as usual in a single step, in cocktail.
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In subsequent image analysis, similar to previous findings, CD45 signal was very
bright and highly specific to white blood cells in both samples. Regarding Vimentin
expression, all positive events found, in both samples, were excluded as CTCs since they
also were CD45 positive. It was also possible to observe a brighter Cytokeratin signal in
S2, where using CK antibody (Sigma, 1:500) than in S1, with CK antibody (Exbio, 1:75).
Additionally, it was also possible to observe Cytokeratin and CD45 co-expression in cell-
like events, in both samples (S1 and S2), which could represent white blood cells staining
non-specifically with CK and/or CTC staining non-specifically with CD45. Either way and
regardless of CD45 signal intensity, these events (CK*, CD45*) were always excluded as
CTCs. These CK*/CD45* events have been reported in other technologies described in the
literature®?.98, In Sample 1 no CTC was found, whereas two epithelial CTCs were found in

Sample 2, as exhibited in figure 35.

DAPI* CK"VIM* CD45

Merge DAPI
10 pm 10 pm 10 pm __1opm

Merge DAPI CK
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Figure 35 Images obtained in the immunocytochemistry assay performed in Sample 2 from Patient 3. Two different
CTC events with an epithelial phenotype (CK*, VIM-, CD45"), characterized by Cytokeratin expression and total
absence of Vimentin and CD45 expression.

As mentioned, Sample 1 and Sample 2 were stained with two distinct Cytokeratin
antibodies, and different dilutions as well, hence not immediately comparable in regard
to CTC enumeration. Additionally, it would be understandable to find discrepancies
within reason in CTC enumeration in separate 7.5 mL whole blood samples. This
highlights the relevance in conducting extensive optimization studies regarding this

methodology for the isolation and identification of CTCs.
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The use of antibodies to identify antigens in cells and tissues has long been one of
the most powerful and popular tools in cell biology. Particularly in CTC isolation
technologies, the use of biomarkers for the identification and enumeration of candidate
CTCs has been uniformly used. Indeed, the theory is very clear the antibody is supposed
to bind to its specific antigen, like a key fits a lock. Therefore, it should be technically
straightforward to add the antibody to a particular section of cells and identify
unequivocally where the antibody binds, which means where its specific antigen is
localized?®°190, Yet, this complex biological binding could lead in some cases to lack of
specificity and sensitivity.

There is a clear benefit of CTCs immunological staining, however it is also
important to have in consideration the bioimaging equipment for CTC analysis. In this
study, the microscope used to carry out image acquisition and analysis is a broad
application tool, which has limitations concerning focal plane, filter set, large scan
imaging, among others, which impacts image quality and resolution. Overall, it would be
ideal for this purpose to use an equipment specifically developed for CTC imaging and
analysis, with such an equipment, imaging CTC candidate would be done in a more

accurate, feasible and fast manner.
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5. Conclusion and Future Perspectives

Circulating tumour cells have gained much attention in the field of cancer research.
Indeed, these cells can serve as a functional biomarker and as a potential tool in the study
of metastasis. Hence, the purpose of this work was to optimise and validate a microfluidic
device, the RUBYchip™, for the isolation and characterization of circulating tumour cells
from whole blood samples in metastatic colorectal cancer.

The principle behind this microfluidic device is that most cancer cells are larger and
less deformable than blood cells, making them less likely to transverse through the
microfluidic channels, hence being retained in the device filtering areas; while most blood
cells pass through. In this preliminary study, it was evident the correlation between cell
size and deformability and the capture efficiency, since largest and less deformable cells,
like SW480 cells, were captured with high sensitivity (approximately 70 % sensitivity) by
the microfluidic device. In addition, the optimal flow rate was also determined in this
study, 100 pL/min, to be applied in metastatic colorectal cancer patients in future clinical
studies.

Moreover, a consistent cell capture ability of the device was demonstrated since
changing the spiked cell target, showed no relevant influence of the capture efficiency,
which suggest that capture efficiency will be maintained equal in samples with low or high
CTC content.

In addition to allowing a fast, sensitive and highly efficient CTC capture, the
RUBYchip™ also enables the identification of tumour cells, which are mainly based on
biological properties using antibodies against tumour-associated antigen (positive
marker) and the common leucocytes antigen (negative marker). In this study, Cytokeratin
and Vimentin were used to identify CTCs in metastatic CRC setting, since several reports
have already demonstrated that the presence of Vimentin is strongly associated with
worse prognosis compared to those with the expression of CK alonel01.102, Using three-
color immune-fluorescent staining, relatively high definition images of immune-stained
colorectal cancer cell lines were obtained. All CRC cell lines were positive for Cytokeratin,
but only SW480 cells were Vimentin-positive. Using this latter cells, different biological
samples from healthy volunteers were spiked and processed in the device and
subsequently stained with the testing antibodies. In this study, we were able to find a very
specific CD45 (Santa Cruz) antibody to be further applied in future clinical studies.

Regarding Cytokeratin, both antibodies used against this biomarker had a good
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performance, however still present associated limitations that were not immediately
overcome, but subsequent optimization works and dedicated specific bioimaging and
analysis equipment would be able to solve. For that reason, to progress into future clinical
studies an equipment specifically developed for bioimaging of CTCs and with a high
throughput automatized software for CTC analysis is ideal.

In this study, different CTC cell populations were also detected in metastatic colorectal
cancer patients, namely CK*/Vimentin*/CD45-, CK-/Vimentin*/CD45-, in addition to
CK*/Vimentin-/CD45-, using the RUBYchip™. Those cells co-expressing CK and Vimentin
may be CTCs undergoing EMT, hence future studies using clinical samples should be
conducted to determine whether CTCs with mesenchymal phenotype (Vimentin-positive
tumour cells) could be correlated to clinical pathophysiological features and outcomes.

The characterization of CTCs at the molecular level will facilitate personalised
medicine since it will allow the analysis of pharmacodynamic and predictive biomarkers,
as well as the analysis of drug sensitivity biomarkers and inherited or acquired drug
therapy resistancel03. Therefore, as future perspectives, we aim to further validate the
optimal parameters found in this study, in larger longitudinal clinical studies with a very
well-defined cohort of metastatic colorectal cancer patients to evaluate the prognostic
value and disease monitoring potential of the RUBYchip™.

Additionally, comparative studies, regarding the CTCs capture and enumeration, with
the standard technologies could bring valuable information in terms of sensitivity and
specificity of the microfluidic device. This study also gives the opportunity for future CTC
expansion studies with the recovery of this events from cancer patients’ blood and,
subsequent cell culturing in order to proceed with drug test screening, or even the
supervision of a tumour’s drug susceptibility dynamic patterns.

Notwithstanding the limitations currently being addressed, CTCs appear as one of the
most promising and versatile biomarkers in translational oncology, having the potential

to become, in the near future, an important landmark of precision medicine.
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