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Backgroum

Cancer

Definition

According toWorld Health Organizatio(MWHO referencgand Us National Cancer
Institute(NCI referencg two of themost important authorities medicine and oncology,
respectivelycancer is a generic term for a large group of diseases that can affect any part
of the body Othersynonyms arenalignantumorsand neoplasmd:he wordtumor

derives fromthé. a t i n turmee,rtobswelfl, because a swollemasss usually the

common sign of the presence of cancer in the body (except for some blood career).
tumoral masss formed byabnormal cells that grotveyond their usual boundaries.
Normally, in the healthy condin, human cells grow angroliferateto form new cells as
neededthey are shaped to specific functiandifferentiated’ usefulto the repective
organ,and when thegrow old or become damagedtey die and are replaced by new
cells. This ordered pross is a consequence of cells acceptantieeobrganisnsignals of
proliferation, differentiation and suppressidime disruption of this orderlgrocess give

rise to cancer, which can thusdmen as a neabservance ofignals and instructions

given by he organism to individual cells

As a consequence, in canceitls proliferatealsowhen they are not needadddamaging
other cellsthenprogressively acquire a phenotype more and more different from their
original nature and refuse to die at the prapement.in this way many canceferm

solid tumors, which are masses of tissue. Cancers of the blood, such as leukemias,
gererally do not form solid tumors, but proliferating neoplastic cells spread into the bone
marrow and blood strearin both cases ceer cellscaneventuallyinvadenearbyparts of

the body and spread to other orgagenerating what are called metastéasighich arein

the endhe major cause of death from cancer.

Tumors are defined as malignant when they show the ainemioned chacteristics of
invasion of nearby tissues; if this features is absent, tumors are called benign. The only
problem with benign tumors is that they may compress sensible organs, such as brain,
otherwise they would be innocuous. When they are removed, theg sl y donét

while cancer often does.
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Key facts and cost of cancer care
World Health OrganizatiotWHO referencialso provides kefacts about cancer, giving
an overall idea about the burden of the disease, main tydeoeelation with known

causes.
Cancer is a leading cause of death and its treexiiscted to increase

A fCancerss aleading causes of morbtgliand mortality worldwide, with
approximately 14 million new cases and 8.2 millzancer related deaths in
2 0 1(3téwart and Wild 2014)

A fiThe number of new cases is expected to rise by about 70% over the next 2
decades

A filtis expected that annual cancer cases will rise from 14 million in 2012 to 22
within the next 2 decade$Stewart and Wild 2014)

Cancer most common sites are wagfined. Among all, lung cancer is the big kille
and its mortality at fyears is over 90YCancer research UKIn women, breast cance
is the leading cause of death, with currently a good surfovaarly detected cancer
(Cancer ReseardbK):
A HAmong men, the 5 most common sites of cancer diagnosed in 2012 were lung,
prostate, colorectum, stomach, and liver cancer.
A fAmong women the 5 most common sites diagnosed were breast, colorectum,

lung, cervix, and stomach cancer.

Currently, scietific community thinks that some cansare due to knowbehavigal
and dietary risks:
A HAround one third of cancer deathe aue to the 5 leading beharaband
dietary risks: high body mass index, low fruit and vegetable intake, lack of
physical activiy, tobacco use, alcohol uée.
A fiTobacco use is the most important risk factor for cancer causing around 20%
of global cancer deaths and around 70% of global lung cancer deaths.



Other cancer are caused by known infections:
A fCancer causing viral infectisrsuch as HBV/HCV and HPV are responsible
for up to 20% of cancer deaths in loand middleincome countried(De
Martel et al. 2012)

Cancer geographic distribution highlight how the majority of cancer and eselatyd
death is in developing countries, thodicating that cancer is more of a global plague
rather than diseasef the wealthy, developed world.
A iMor e than 60% of worl dos total new annual
Central and South America. These regions
cancer deatligStewart and Wild 2014)

Cancer is heavily impacting national healthcare system balance, and whole sdbiety bo

from a social and economperspective. According tBernandez(LuengeFernandez

etal.2013) cancer cost t he dulingbealtbddretostl | i on i n 20
productivity losses and informal caweith hedthcae accounting for 051 bi

Please note thatontrary to what often expectetitect costs are a minor part of the

whole.Usually, poductivity lossesand informal carare underestimated due to their

hidden nature, but their weight is comparabléirect costsAcross the EU, the

healtt ar e costs of ¢ anc ewihavegh ariatioff & 2 nmp dirl 6¢c ipteirz e |
person in Bulgaria t o ,8hbwingytheimpactpfdiffeeetn i n L ux
healthcare models. Productivity chstcause foeaty deathis U 4 &billion and lost

wor kingd3dbaysion. | nf R2bilml care cost 023.

The cost per type of cancer mirrors cancer epidemiology, wittp tancehavingthe

hi ghest e c o mboilion d5%coboverall ¢aricdr 8osté)/lowed by breast

cance® bHublbbion, 12%) 3.1bdlion 10%)ecaodpeostatecancec er (U1

( u48 billion, 7%).

In a USreview, total osts of cancer cateavebeen estimated in $157 billion dollars in

2010.Forecasts contained in the saraeiew predicted thatosts of carevill increase

annually by 2% in the initial and last year of cavéh atotal cost in 2020 projected to

be $174 billion(Mariotto et al. 2011)



The Hallmarks of cancer

In year 2000Hanahan & Weinbergublished a revieyHanahan and Weinberg 2000)
listing six distinctive biological capabilities acquired during the multisteyelopment of
human tumors, and shared by most, if not all, types of céRigrre1). These features
were named fAhal | arade&sbedbélonc ancer 6, and

Sustaining proliferative signaling

Normal cellscannot proliferate without a growth signah. this aspect, the cell can be
viewed as passive, fAbiological substanceo,
mitogenic growth signals (G&nd are required to shift cells from a quiescent state into a

proliferative condition.

Tumor cellsindependentlygenerate their own growth signals, thereby reducing their

dependence on stimulation frahe organism.
Evading growth suppressors

Normal cells must be functional to the organism needs, and old or udnesidemust
accept death at the advantage of organ architecture. For this redBonawiormal tissue,
multiple antiproliferative signals operate to maintain cellular quiescence and tissue

homeostasisThese suppressive signal can arrest prolifandty two distinct mechanisms:

- Cellsarereversiblymoved out of their proliferative G1/S/G2/M cell cyateo the
quiescent (@ state from which they maye-enter active cell cycle if needed and

if appropriate extracellular signal are secreted

- Cells arepermanentlyfforced out of theiproliferative potential into postmitotic
states, usually associated with acquisition of specific differentiaisociated

traits.

Cancercells evade these antiproliferative signaisabling them to maintain proliferation

and to enlarge tumoral mass.



Resisting cell death

Similarly to what said above, apoptosia latent program of programmed cell deiath
triggered and activated when cells are not needed by the body.

Acquired resistance toward apoptosis is a haknsfimost and perhaps all types of

cancer.
Enabling replicative immortality

There is an intrinsic mechanism inside mammalian cells limiting the number of
replications they can endurBhis program appears be independent of theell-to-cell

signaling patways described above.

Whenmost types otancer cells arexplanted from the body and cultured in vitro, they
dondédt show this replication | imit. This

during in vivo cancer progression
Inducing angiagenesis

All cells are strictly dependend by blood irroration, allowing them to capture oxygen and
all necessary nutrients needed for their activity. For this reason almost all cells in a tissue
reside within 10@m of a capillary blood vesselhe growth of new blood vessélshe

process of angiogenegiss transitory and carefully regulated.

Cancer cells rapid growth requires a strengportof nutrients For this reason, every
tumoral mass must be sustaingdabdense growth of new blood vessels if it wants to
survive Cancer cells progressively acquire the skills of inducing and maintaining

angiogenesis.
Activating invasion and metastasis

During the course of cancer progression, there comes a time in edmcér cells acquire

the ability of invading nearby tissues, and even travel to distant sites to colonize and form
new masses. Tumoral masses formed in a site different from the primary tumor are called
metastasisf r om t he Gr eek 0 dasisdreahe ultimate caasé of deatlo .

of most cancers.
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The process of invasion and metastasis is a complex process, and its genetic and

biochemical features are incompletely understood.

The present work is strongly related to this hallmark, which wedegtribe with more

details than the others in the following chapter.

Sustaining proliferative
signaling

Resisting Evading growth
cell death SUPPressors

inducing
angiogenesis

Enabling replicative
immortality

Figure 1 (Hanahan and Weinberg 20005ummarizing schematics of Hallmarks

of cancer described in the text above.

Invasion andVietastasis

Metastasisas cited above, is the ultibeacause of death of most cancers patjsmetsit
remains thene of themost poorly understocstep incancer progressiomuring
metastatic dissemination, a cancer cell from a primary tumor executes the following

sequence afteps:

- It locally invades the surrounding tissbeeaking the basal membrane if of
epithelial origin, and often acquiring a medaymmal phenotype with an epithelial

to mesenchymal transition (EMT)

- Secretesnatrix metalloproteinasesmnd similar enzymes to break the extracellular

matrix andtravel through it

- Enters the microvasculature of the lymplddniood systems (intravasation)



- Survives andravel throughthe bloodstream to icrovessels of distant tissues

- Exits from the blodstream (extravasation), survivimgthe micr@nvironment of

distant tissues

- Finally adapts to the distant environment of colonized tissues in order to @@ifer

and forma macroscopic secondary tumor (colonization)

Particularly,spread to the anatomically distant sites seems to occur almost entirely through
the blood via the process of hematogenous disseminé@ibaffer and Weinberg 2011)
(Figure2)

Physical translocation Colonization
from primary tumor to distant organ
@ Survival at
@ Acquisition secondary site
of invasive @
. phenotype @ <@

CTCs transit to D )

( '
(
- Localinvasion CTCs extravasate
cells invade into surrounding and invade into the
stroma, then intravasate to enter parenchyma of Adaptation and
hematogenous circulation foreign tissue proliferation to
form metastases
/ Differentiated Transitioning Cancer I
" cancer cell . cancer cell - stem cell Stromal cell P Inflammatory cell

Figure 2 (Chaffer and Weinberg 2011} The metastatic cascadeAt the bottom, the legend

for different cell types. Blue quadrant shows event in proximity of primary mass, while green
guadrant shows events far from primary mass. In section A, cancer cells with acquile
invasive phenotype invade nearby tissue and move through extracellular matrix aiming for a
blood vessel. In section B, intravasation occuiisplease note that between section B and D
the cell is considered a circulating tumor cells, strictly connected i this thesis, and later
described. In section C the cell travel together with the blood torrent to a distant site and
extravasate D, invadingdistant stroma. Please note that it is far from trivial that a cell from
e.g.: breast tissue can survive a e.dung environment, having to evade innate immunity and
surviving as single cells. In the last stage F, a new tumoral mass is formed and the process

might start again.
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The duration oftiis metastatic cascadenges fronweelsto years sometimes metastati

tumas become apparedecadestfter apatient is considered cured.

Needless to be said,better understanding of metastasechanisms and triggensould
help to prevent most of cancer deatbgen if with this knowledge might not fulfill
tumoral maseradication, at least its spread throughout the body coliddaly limited

and other combined approached can be used at the same time.

The first useful piece of knowledge to understand metastasis would be the identification,
between the heterogenousxrof cells in the primary tumour, of the cells responsible of
invasion, and their characterization with respect to cells unable to carry on the whole

process.

Our knowledge on this topic is still incomplete becatsee arecurrently some barriers

to thestudy of metastasis:

1. Secondary tumourarge enough to be detectagk oftemot biopsiedbecause
patients are in fragile healtand being biopsy an invasive, painful and risky
procedure, especially in specific organs (e.g.: lung, brain, common sites of
metastasis)

2. The initial growth and progression of metastasis would be an extremely interesting
topic to study, but single cells and even initial clusters@emallto show up in
imaging scans, which have a resolution power of 0.5 mm at their best.

3. Theattempts to stop metastatic spread in its initial phase is often not studied,

b e ¢c a u s eclinical giasyar@ aot designed for this purpose Although

potential compounds to stop or slow down metastatic spread are already available,
trials tend tcenrol patients with advanced disease asthblished metastatic

tumours. Cancer progression in this groups is far from its early stage and these

compounds cannot show their efficacy.

In the last years,maalternativeapproacho access metastatic cells andgface above
mentioned problems 1 andf2emergingThis approactconsists in isolating cancer cells
present ipatients' bloodbetween the intravasation and extravasation step of the
metastatic cascad€heseso-calledcirculating tumao cells(CTCs)de factoconstitute a

Al i quid biopsyo, minimal l y maguneaissomee and
11
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mechanisms of metastasis, simreong them there should be some aeltgponsible of
eventualkolonization.Once isolatedgenetic, molecular and functiorehalysis can be
performed, and their characterization compared to thiegbrimary tumds, highlighting

key factors of invasive phenotyg@&ourzac 2014)

The aim of this work has been the implementation of a new method to detect and isolate
CTCs, overcoming current limitations. For this @asn the next chapter we wilbcus
on CTCs definition and potential value in the clinic, describe current state of the art and its

limitations.

Circulating Tumor Cells (CTCs)

Definition

CTCs are defined ageoplastic cells found in blopdupposely comingfrom primary
tumorsand with at least a subgroup forming #esdof future metastasis, as Zhang et al.
proved(Zhang et al. 2013)CTCs are considered rare cells in the blood of caretéznts:
theycan befoundin cancer patierit easer but not only in advanced metastatic cancer

patientsi with a frequency of L0 CTCs per mL of bloo@Miller, Doyle, and Terstappen
2010)

Traditionally, CTCs were defined as cells with an intactleus, presence of cytokeratins
indicating their epithelial origin and absence of CD45 membrane expression, excluding
their hematopoietic origi(Racila et al. 1998)CTCs can be also found in clustéfgeto

2014) More recently, the emergence of multiple other methods of detection enlarged the
definition including CK negative cells, cells undemgiEpithelial to Mesenchymal

transition (EMT), apoptotic CTCs and small cells morphologically similar to white blood
cells.(Marrinucci et al. 2012; Yu et al. 2013jnportantly, cells undergoing EMT or with

a mesenchymal phenotype setente more correlated with progression of dise@ée et

al. 2013)

12



Value

Personalized/Precision medicine

Evidencebased occidental medicine usually provides treatment to patients based on the
diagnosed pathology, regaedk of individual differences (except for dose adjustment in
the children and elders or in patient with organ failure e.g: kidney or liver failure).
Although the observation thdifferent patients can react differently to the same thesapy
not n eateasyitotpedict which therapy will fit a certain patient in the best way.
The advent of loncost genomic brought also the idea that indications for tailored,
personalized treatments could be obtained by analyzing genomic dataset.

This consolidating &nd in medicine is called personalized, or precision medithiee (

terms are used interchangealslgmetimes wittslight differences). The supporters of
precision medicine proposkee customization diealthcarewith medical decisions,
practicesandproducts being tailored to the individuphtients Such customization is

based on diagnostic testing, thatisthe anatydis a pati enta@ethegeneti c
molecular or celluladata(Lu et al. 2014)

This model does not necessarily mean the creation of individiaed medical devices

or drugs, but rather the possibility of classifying individuals into subgroup that share
common features, like scesptibility to a certain disease, natural history of that disease and

response to treatment.

As a consequencelinicians might concentraggositive effect®f therapiesn those
responsive patientsparing sidesffects tononrespondersThere would balso an
advantage in the economical perspective, in this era efasieting cost of targeted
drugs,avoiding to waste such advanced treatments orregponsive patient$hus
precision medicine could improvee overall clinical and economic efficienof

treatments.

A

In order to understand bettitis concept | 6 | | magmib ensblematic case, which

describes the context in which suconcept of medicine arouse:

filn 1996, early clinical trials were designed for one of the first drugs aimed atexspacific genetic

mutation (Imatinib, a monoclonal antibody targeting BEBL mutated tyrosin kinase in chronic myeloid
leukaemia, suppressing its activity and consequently cancer cells growth). Patients who had been debilitated
by the disease rapidlynprove when given the medicin®ourzac 204) This success comes at a price: in

2012, a year's worth of the therapy cos$RE000(Gravitz 2014) Unfortunately, many of those cancers
13



relapsed as they became resistant to the drug. In this scenario, it emerged tiedieelhchallengeof

figuring out what mutation caused the disease and designing a drug to target it, but also the malignant
potential of cancers rapidly developing drug resistances. Imatinib was then followed by two further drugs to
combat the emergingug resistance, but treating cancer by chasing mutation after mutation with drug after
expensive drug is not a sustainable mpdedt not considering the fact that most of tumours show a plethora
of mutations rather than a single dB®urzac 2014)

Vulnerabilities such as the one thahatinib caitalizes on are known as driver oncogenes, genetic changes
that generate the proteins driving a cancer's growth. Understanding how to disable the common driver
oncogenes should therefore enable the treatment of a large number of areéts 2014)

Such an approach means that oncologigseno longer limited to treating cancer on the basis of the organ
in which it first appeared, but theyereinstead starting to classityimorsby their mutations andxpression

profleas opposed to their histology. o

Exploiting this kind of storieBaselga and his colleaguae designinglinical trials that
group patients by genotype rather than by a cancer's organ of(btygiman et al. 2015)

In this scenario, pharmaceutical companies, which are obviously sensitive to trends in
drug treatments, perceived the efficiency of this strategy of studying genomic
characteristics to guide treatments. For this regstermaceuticatkompaniedas

partnered with diagnostic companies to develop and produce a whole new category of
diagnostics, calledompanion diagnostiés andensuring in this way diagnostic

foundations for futuréargeted and effective treatments.

There are also other more subtle parametey®bd matching tumouwr patientto drug,

which new insights into patients characterization might generate. As an example,
providingdrugs at the right timer at the right dose might be a key factor for the success
of a treatmentConsidering targeted treatments, in order to monitor a tumour state and its
vulnerabilities, repeated biopsies would be necessaryhéytwvould be difficultjnvasive

and often impossible (in small or ha@reach lesions), and can benfounded by intra
tumor heterogeneitfMurtaza et al. 2013)

Researchers have therefore been working oAmasive ways to monitor mutations.

In this contextt he emer gent ¢ o n dasa@rinang Wwhich domsigtsiin d bi op sy
obtainingtumoral samples from venous blood, mainly of two kir@€@ECsand circulating
DNA (Gravitz 2014) At the beginning there was uncertainty on whethmh samples

would have been relevant, but their clinical meaning has been widely as§&ssed.

1 A companion diagnostiis a medical device, often an in vitro device, which provides information that is
essential for the safe and effective use of a corresponding drug or biological ktehltt n.d.)
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example, Dawson and colleagues have found that changes-freediimour DNA are
detectable, on average, five months before any changjes tiiseasare sen in

computed tomography (CT) or other sc@dawson et al. 2013and Cristofanilli and
colleagues, confirmed by many others, have found that CTCs frequency irablboele

to four weeks is correlated with prognostic behavior, usually monitored by imaigi-)
weeks(de Bono et al. 2008; Cohen et al. 2008; Cristofanilli et al. 2004; Hou et al. 2012;
Riethdorf et al. 207).

CTCs role in precision medicine

Because dissemination mostly occurs through the blood, and CTCs have been proven to be
competent for metastasis generafighang et al. 2013}t follows that the potential

clinical value of CTCs is clear:

fiEarly detection and treatment of metastatic spread are key for disease outcome, and
CTCs offer the ability to target metastasis in real tnéicki Plaks, Charlotte D.
Koopman et al. 2013)

The presence of CTCs correlates with increased metastatic burden, aggressive disease, and
a decreased time to relag&shaffer and Weinberg 20115urthermorethese CTCs offer
the prospect of understanding how cells are able to survihe icirfculation and generate

metastasis.

For these reasons and for the minimal invasiveness of the assay, CTCs might be monitored
longitudinally in time and a clinician might be guided by their number and nature in the
evaluation of the ongoing treatmeffiacy and in his clinical decisions.

CTCs nature and biology though is not completely clear, and a deeper understanding of

their behavior might helf identify subpopulation of CTCwith real competence to form
metastasis, and thus refine the clinicedaning of the assalyor this reason researchers

are currently trying to provide robust CTC isolation and shagke | | Aomi cso tech
comprising genomic, transcriptomic and proteo(wicki Plaks, Charlotte D. Koopman et

al. 2013)
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State of the art

State of the art in CTCs detection is summarizdeignire3. We could divide the whole
scenaridn two categoriesmethods trying to exploit CTCs protein phenotypemed
biological propertie$ or otherss named physical properties. At present, the only FDA
approved CTCs deteoh devicel Veridex CellSearc® i provides enumeration of CTCs
with postive selection methods. Specifically, CTCs are first enriched via magnetic

EpCAM labeling and then identified by eyerification of a trained operator as DAPI

positive, EpCAMpositive, CK(8, 18, 19positive and CD4smegative.

a Positive selection

Anti-M marker Exviv

b Negative selection

k] _ » CellSearch” system ,

£ | Anti-E marker antibody |« MagSweeper™ Antibody A

2 | antibody o (e.g. N-cadherin) | § EPHESIA CTC-chip | against A /'

o | (e.g. EPCAM) /**‘\ Q—_,;__ = CTC-chip Ch4s @ /¥W/
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Figure 31 State of the art of CTCs technologie§Alix -Panabiéres and Pantel 2014)

CellSearc® hasreceived FDA approval for its use in breast, colorectal and prostate
cancer(Cellsearct® specificationy Other methods are using other combinations of
antibody cocktails or improved methods of mixing and staining, based on the same
concept. Alternative approaches depletes &pdstive cells, enriching CTCs for further

immunostaining procedures. The main drawbacks of these methods are:

- Cancer protein expression must be kn@anpriori, and being cancer both a
heterogenous and rapidly transformating disease this is a difasultE.g.: Cells
undergoing EMT, shown to be highly significant for cancer progression, are

missed by EpCANMbased strategies.
16



- Intracellular protein labeling often require fixation and permeabilization of cells,
compromising cell viability and thus possilthodifying their original condition

- Good quality monoclonal antibodies production is expensive compared to other

approaches not based on antibodies.

Physical approaches are trying to identify CTCs by some of their parameters as size (c, g),
deformability(d), density (e), charges distribution (f). Generally, these approaches have a
lower-cost and a higher throughput than antibbdged approach, leaving the cells alive

and intact. None of these methods, though, has reached clinical significance, petting th

a step below abovmentioned antibodyased approaches.

Limitations

A key limitation in the capture and analysis of CTCs is their extreme veithyrespect to

the 5 x 18erythrocytes and-10 x 1¢ leucocytes per mL of blood. Although red blood

cdls can be easily removed by osmotic cell lysis, leucocytes (white blood cells) share

many of the physicathemical and biological properties of CTCs, leading to high

contamination levels in many CTC detection meth@dix -Panabiéres and Pantel 2014)

This intrinsic rarity makes extenshelpe st udy
to solve open questions on CTCs biology and the role they play in metastatic

disseminations, summarizedFigure 4.

Circulatingc ar ci noma cel |l s have di amet dhatsaret ypi c al
far too large to allow them to pass through capillariess(+& di amet er ), such
present inlie capillary beds of the lungShed CTC should thus be trapped in capillary

beds just after be released from the primary tumor. The persistence of some CT{os type

far longer periods of timenth haltlives of 1 to 2.4 hoursyuggests the possibility that

only exceptionally small or physically plastic CTCganpass througlpulmonay

microvasculature antthus circulate freely in the blood.

For the same reason, CTC clusters should pass even more hardly small vessels and thus

should be underrepresented hbyi@od sample obtained by venous access.
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Recent resultsn CTC concentratiomiblood from arterial access apparently confirm this
view (Terai et al. 2015)
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Filtration \ Seeding potential
—
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Clustering 1 (Partial) EMT
—
0l o—I—
Cloaking Stemness

© )

Benign circulating Heterogeneity

epithelial cells

A A
//, \ \ /./\;\ / \

J)

Nz Single-cell “omics”

Figure 4 (Vicki Plaks, Charlotte D. Koopman 2013) The picture summarizes open

guestions in CTCs detection. There are biophysical factors that may decrease CTC detection

sensitivity, including trapping of A single CTCs and B clusters of CTCs in capillary bed;
covering of CTCs by platéetsorc oagul at i on f akitmg&. nBimeldo diicd ala f a
impairing precise CTC quantification are D the presence of benign epithelial cell sharing

protein expression with CTCs, E cellular heterogeneity making it difficult to select a single

labeling factor to detect them all and F the possible stemness and loss of differentiation

phenotype of some CTCs or G EMT cells undergoing EMT transition and loss of epithelial
phenotype.Moreover, real metastatic seeding potential of detected CTCs is still urear H.

Current research lines are trying to improve detection and isolation of CTCs | and working
towards a robust singlec e | | 6omicsdé6 platform for sequencing i

transcriptome, as well as proteomics J.
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Platelet adhesion to CTC membeas documente(Palumbo et al. 2008nd could
impair detectionn two different directions. It could both induce stickiness of CTCs to
small vessel walls and hide cslirface marker antigens preventing antibody based

detection

CTCs detection by antibodieshares also other complicatiogs/en the rapidly
transforméng nature of cancer and its high level of heterogeneity between single cells,
the subpopulation targeted by selected antibodies could be unclear actidingeng,
leading to confused diagnostics.

For example, we know that many cancer cells undergo Eefieving a phenotype for
many aspects useful for disseminatiosecretion ofmetalloproteinasef®r matrix
destruction, higher mobility, elongated shape for intra and extravasation, basal membrane
independent survivaRecent studies have demonstréteat the EMT can induce nen
Cancer Stem Cells (CS®) enter into a CS@ke state and that drugesistant cell
subpopulationsften exhibit a more mesenchymal phenoty@daffer and Weinberg

2011) Needless to be said, the main target of a therapy should be the CSC cell

subpopulation, whicif left untouched, will regrow the tumor over and over again.

Not all CTCs may be clinically relevant.Some events tagged as CTC by current
technologies can be detected in patients with benign conditions, such as inflammatory
colon disease, while healthgpteents not showing evidences of CTC prese@ceiously,

in a mouse model of pancreatic cancer, CTCs were found in the blood before the
appearance of a primary tumdihus, current CTC assays are limited in distinguishing
between cancer cells, noncancertwmor components, and benign c@gki Plaks,
Charlotte D. Koopman et al. 2013)

CTCs may be shed from different location®f tumors, which are heterogeneou

nature, and even from metastag@squently there is a discrepancy in gene expression
between primary tumors and CTCs, as well as heterogeneity within the CTC mopldati
has been shown, though, that CTCs represent the nuesteaipdata available for gene
expression. In theory, it should pessiblein futureto identify the tissue of origin of

CTCs bydetectingorganspecific signatures. This would help to localize small metastatic
lesions and to guide further diagnostic amerapeutic strategi@gicki Plaks, Charlotte D.
Koopman 2013)
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Our metabolisrrbased pproach

Giventhe state of the art when the project started in 20d8research groyperceived
theneed of a method overcomisgidCTCs detectiotimitations.We can now say that,
despite many advances in the fields and the emergence of many CT@udetectpanies
providing new technologiethe same need is still not fulfilledallowing our researcko be
fortunately still actual.

Back at the beginning of this projenft convinced by antibody labeling limitations and
by weakly described physicalgperties of CTCs, wenvisioned an unexplored
transversal approachased on the abrmoal metabolism of cancer cells. To better
understand our approach, we will briefly describe established knowledge on cancer

peculiar metabolism.

Reprogramming of energyetabolism an emerging Hallmark of cancer
Following the cited 2000 reviewp 2011 Hanahan antfeinberg published an updated
editionof thefirst paper(Hanahan and Weinberg 201$howing how onceptual progress

occurred in the time gap between the two revieasadded two emerging hallmarks of

Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics destruction

Genome instability Ny Tumor-promoting
and mutation Inflammation

Enabling Characteristics

Figure 5 - (Hanahan & Weinberg, 2011)Emerging Hallmarks and Enabling Characteristics
Two emerging hallmarks was added to the seven original ones. The alteration of cellula
metabolism (top-left) and the adaptation to elude immune system (tepght). Two features
named enabling characteristics are also identified: genomic instability that speed up
mutation and thus acquisition of hallmarks, and chronic inflammation easing tmor
Zzprogression. In this work we will focus only on the deregulation of cellular energetics and it

consequences.



theoriginal listi one of which igeprogramming of energy metabolism Figure5.
Theuncontrolledcell proliferation thatonstitutes one of the foundationsngfoplastic
diseaseequirescorresponding adjustments of energy rhet&sm in order taneet

demanding hyperproliferation and abnormall growth.

Among all known deregulations,eselected two of them, trying to identify measurable
alterationsdboth widespread and specific to cancer cells, with the aim of founding the most
general yet specific marker of neoplastic natur@rderto generate a highly sensitive and
specific assayThe twoselected featuran this work are primarily, the acidification of

the extracellular mediupand in minor part,exobic glycolysis, oWarburg effect (the

increased rate of glycolysis withctate production even in the presence of oxygen

The acidification of the extracellular medium

The most widespread metabolic feature of cancer cells is their ability to acidify the
extracellular mdium, by secreting protor{#l*) and acid§Cardone, Casavola, and

Reshkin 2005; Montcourrier et al. 1997; Parkins et al. 1997; Webb et al. 2@ifia)y,

this phenomenon was considered as a consequence of Warburg effect, but it proved to be
even more widespread betweerfetiént cancer cell types and more precocious in tumor
natural historyThis reversed pH gradient is already apparent during the earliest step of
neoplastic progression, and, notably, this ability increases with tumour aggressiveness.
(Cardone et al. 2005)

More preciselytumar cells havean imbalance between extracellupHe)and
intracellular pH(pHi), with analkalinepHi values (7.1R7.65 compared with 6.99.20 in
normd tissues) and acidigHevalues (6.26.9 compared with 7i3.4).

The development andaintenance of this gradient was commonly considered based
primarily on glycolytic lactate production and release. However, this hypothesis has been
di sr upt egsbyiheobgerration th& Qlycolyslsficient tumorcellsand cells

lacking lactate dehydrogenasere still fully able to acidify their micr@&nvironment

(Newell et al. 1993; Yamagata et al. 1998)is indicates that there are other mechanisms
that maintain pH dysregulatioRrotein responsible of proton setton have been

identified inNa'/H* exchangeNHEL1, the Nd-independent and Nalependent HC&'CI
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exchangers and the'fhactate cotransporter (known as thenooarboxylate transporter,
MCT) (Cardone et al. 2005)

Aerobic glycolysis, or Warburg effect

In the presence of oxygen, under aerobic conditions, normal cells process {stose
pyruvate via glycolysis in the cytosol atitento carbon dioxide in the mitochondria
under anaerobic oalitions, glycolysis is favored, with relatively little amount of pyruvate
produced, in favor of larger amounts of lactgdeanahan and Weinberg 2011)

Otto Warburgn the 1920slocumente@n anomalous characteristic of cancer eséirgy
metabolism(Warburg 1925)even in the presence of oxygen, cancer cisiglayed a high

rate of glycolysisleading to massive secretion of lactate and acidification of the tumor

environment, a phenomenon that has leemedt he fA War bufi @erdbhiect 0 or
glycol ysi so.
Even though itdéds not quite clear why cancer

glycolysis, given the low efficiency of this pathway compared to normal mitochondrial
one(18-fold lower efficiency), dered energy metabolism proved to be as widespread in

cancer cells asthertraits accepted as hallmarks of can¢¢snahan and Weinberg 2011)

The upregulation of glucose transporter GLUT1, and the consequent avidity of cancer
cells for glucose is a phenomenon associated with aerobic glycolysis and already exploited
in the clinical settingst®F-fluorodeoxyglucose PositreBmission Tomography (FDG
PET)measures glucose uptake and is currently the gold standard for metastasis detection
in virtually all solid tumors, proving that metabolism is a robust and trans\earsalfor

cancer diagnostidguweid and Cheson 2006)

Extracellular pH measurementompartmentalization
The method described inisithesis aims at detectil@ Cs basé on theirdescribed

aberrant metabolisnacidification of the extracellular medium akdarburg effechave
been known for over 50 years, hioey havenever been used to detect CTCs, as such cells

are so rare that thedo not noticeably alter the pH or lactate levels in a sample of blood.

By enclosing each cell in a volume so little that is altered by the low amount of protons

secreted by the single cell though, this in principle would be possible.
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To achieve this, weplit the macrosgpic bloodsample intgicoliter aqueous droplets
order to measure pH robustly, monodisperse wateil emulsions was produced with
microfluidicswith established techniquéShokkalingam et al. 2013; Mazutis et al.
2013a) In this way, we could measure tegtracellularacidification (or latate
concentrationdf individual cells trying to identify CTCs with these parameter

The explained concept is illustrated in Figure 6.

,o+* Glucose

o cTc <lac
."’:: Lac- Lac H+
-'a.n--....... H* _H+

é pH(CTC) < pH(WBC, empty)

WBC

Yas

Figure 67 the concept of compartmentalizatiori a cell suspension is divided in multiple um
sized picolite droplets. Thanks to the small volume, concentrations of secreted molecule
rapidly increase up to measurable level. Lactate and protons are symbolically shown

secreted only by the cancer cells, which can thus be detected by the assay.
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Materials and rathods

Microfluidic circuit fabrication

25 um thick layer of SU&025 was spun on silicon wafer, baked, exposed through
transparency mask, baked again and developed according to manufacturer instructions
(MicroChem corp.). Sylgard 184 (PDMS) prepolymer arabslinking agent (Dow

Corning) were mixed at a mass ratio of 10:1 (w/w); a mixture was poured onto a master,
degassed and cured at 65°C for at least 2h. The replica was detached from master and
reservoirs were bored using a blunt hypodermic needleDM3replica was washed in
soapy water and ethanol, and blow dried with nitrogen. A clean glass slide and a clean
PDMS replica were treated with oxygen plasma and bonded. The device was silanized
with 1% (Tridecafluorel,1,2,2Tetrahydrooctyb1-Trichloroslane (SigmaAldrich) in

FC-40 (3M), fluorinated oil, which was introduced into microfluidic channels (enough to
completely wet whole microfluidic network) and then the device was kept at 95°C for at
least 30 min. To fabricate a reservoir for an emulsg@ahple a brass cone (10 mm in dia.

and 5 mm tall; ~130 pL volume) was placed directly on silicon wafer and replicated

together with photolithographically defined features.

ol

Figure 7A Picture of PDMS fabricated circuit. Sample is coming from A, oil is

coming from the B. Droplets are formed at the Fjunction C, and naturally go to
the lower resistance arm D. When electrodes E are activated, droplets are deviat

into F arm.
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Figure 7B Schematics of microfluidics ChipShop droplet generator circuitind connector.

Quotes are expressed in mm.

Since late 2015, microfluidics circuits and connectwase beempurchased at
microfluidics ChipShop, with significant advantage on experimental quality. A sample

circuit architecture is shown Figure 7B.

Cells
A549 cells (human lung carcinoma, Hubrecht lab), MMB 231, MDA-MB 453, MDA-

MB 468 (breast cancer cell lines, Colombatti lab) TOV21G (Ovarian cancer cell lines,
Colombatti lab), HT29 (Colorectal cancer cell line, Colombatti lab) were cultured in

DMEM (Dul beccods Modi fied Eagle Medium, a cul
Serum + 1% Penicill#Streptomycin, detached using 0.25% TrypSIDTA and re

suspended in the incubation buffer.

White blood cells are obtained by lysing blood viicktorDickinson orMiltenyi lysis
solution, according to manufacturerds protoc

min, and resygended in the incubation medium.

Droplet production

Monodisperse droplets are generated in chips with 20 um wjdaction.Continuous

pha®: 2% (w/w) surfactanirytoxi Jeffaminé& Krytox Ai Bi A triblock copolyme)
(Chokkalingam et al. 2013) HFE-7500 (3M) Dispersed phase: cell suspension in HBSS
or Jokl i kos (withaliCk'iaeddMd EtMavdid cell adhesionDptiprep

15%, pHsensitive dye (BuM). Flowrates are set such as continuous phase flow is at least
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2 times higher than a flowrate of a dispersed phase; a typical flowrate for disperse phase
was 300 uL/h and 600 uL/h for continuous phase.

Lactate enzymaticssay

A threechannel architecture microfluidic circuit was used: one channel bringing the cell
suspension (dispersed phase), one bringing the reagents of lactate assay (Cell Technology,
Inc.) and one bringing continuous phase. Emulsification step wasmpedat 4°C to

slow down cell metabolism to avoid lactate contamination of the whole solution by cancer
cells. With this microfluidic device we could expose cells to the enzymes of the lactate
assay only after encapsulation in the midroplets, to avoidinspecific activation prior

the encapsulation. Images were taken after 15 min incubation at room temperature after

emulsification.

Widefield fluorescence imaging

Lactateassay, pHRodo green experimem$a inverted epifluorescence microscope
(Olympus 1X8) was equipped with xCite 120Q lamp (Lumen Dynamics Group Inc.),
resorufin and FITC filter sets (Semrock) and iXon 897 camera (Andor). An aliquot of
processed sample was pipetted on a microscope glass slide and covered with a cover slip

to prevent evaporiain.

High throughput detection with SNARF.

An inverted microscope (Olympus 1X70) was used to analyze flowing droplets one by
one. A laser (488 Argeion Cyonics) beam was expanded (2x) and focused down with a
cylindrical lens crossing orthogonally thecrofluidic channel. The fluorescence signal of
excitedSNARF5F dye (Life Technologies) idroplets was collected with a 40x objective
(Olympus LUCPlanFLN, 40x/0.60), split with dichroic filtdDl(P555, Semrock) and
detected through bandpass filteé539/34 630/38)y Photo Multiplier Tubes (PMTSs)
(H957-15, Hamamatsu). Signal went through a transimpedance amplifier with 1V/uA gain
and was detected by the acquisition system (National Instruments3RH) analog

input module N19223) with a 1€sec scan rate. The acquisition system was driven by
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Figure 8 droplet crossing the excitation laser slit in the microfluidic circuit.

LABView customsoftware. The software detects all dptants of a droplet over a set
threshold and computes iratdime averaged values; it also provides trigger pulse for
image capture on a camera. Liquids were pumped using neMESYS (datepiessure

syringe pumps.

A549 quantitation

Cultured cells were washed with PBS, trypsinized and transferred into medpical(ty

concentration 500,000 to 1000,000 cell/mL). Cells were spun down and resuspended in
Jokli kéds modified EMEM (pH 7.4). 1 f |l ower
suspension was diluted to ~ 1000 <celel/ mL ir
solution was obtained by mixing cell pension, SNARKBF stock (2nM) and i n Jokl
modified EMEM. Fraction of obtained solution was used to verify A549 concentration in
counting chamber. 1 to 2M cell/ ml sBsspensic
used to prepare samples of A549 with WBCs. Samples were emulsified at flowrate of 300

pL/h (600 pL/h for oil), collected in cone reservoir and incubated for 20 minutes. Droplets

were reinjected from cone device directly into a readout device (50 tolL106qu

droplets; 300 to 500 uL/h for spacer oil). Deteched dropletsvere verifiedto be cancer

cellswith images acquired for droplets with reduced pH.

CD45 immunemagnetic depletioand/or staining

We foll owed mani f act ur #onusiag Mltenyi hwnanodD45f or  C D 4
Mi crobeads, Midi MACSE Separator, Multi Stanc

CD45 staining protocol: AMCD45 antibody (Alexa 488 conjugated) (Life
Technologies) was added 5uL/100uL of sample, incubated 20 min at 4°C and washed

(sample cemifuged 300g x 5 min and resuspended in incubation buffer)
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Patient protocol

2 mL of whole blood from metastatic cancer patients, taken with a venous puncture and
collected in EDTA tubes was lysed with BD lysis RBC lysis solution, depleted of CD45+
fractionwith CD45 magnetic beads and LD columns (Miltenyi), Ci&xa488 stained

(BD1 4 C incubation for 20 minutes) and resuspended in incubation medium and 15%
Optiprep for a final volume of 500uL. Washing steps are performed with centrifugations

at 300g x 5 minutes at room temperature

Spike protocol

A549 cells were spiked intodmLo whol e bl ood from healthy do
protocol 0 waome dxmetinemtsyels were qstained with Clzein Violet

AM (Ther moFi scher) according to manifacturer

Labview software

Custom LabVIEW software has been implemented oRIO 9024 modulasystem.
Analog input module NI19223. Digital /O modudi9401.Each voltage channel is
acquired simultaneously using N19223 Analog input module. Scan rate is adjustable,
starting from one acquisition every 5 us&dhreshold value iset so that all fluorescence
below threshold value is ignored. For each droplet, allplaitats are averaged and
number of data points, average value and peak value of channel is computedinmereal

Triggering conditions as set by the user activate cared electrodsfor cell isolation.
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Results

Cell occupancy in droplets

By generating water in oil emulsion dro@é&tom a cell suspension, the number of cells in
each droplet depends on cell concentration and dropleffsiloaving a Poisson

distribution. For a droplet of appraxately40 um diametey most droplets contain a single
cell, as shown irFigure 9 A row of newgenerated drops, most of which empty and with
one drop showing single cell encapsulation is showsigare 10.

100 4 96.561

A 100 [ 83.946 B
¥ 80 ® 80
~ -~
g 60 g 60
§ 40 E 40
3 2 14.690
o 20 3.3800.059 0.001 0.000 o 20 ° 1.285 0.075 0.003
0 ® ® ® ® 0 . Py ®
0 1 2 3 4 0 1 2 3 4
# of cells in a droplet

# of cells in a droplet

Figure 9 Distribution of cell occupancy in droplets. Distributions shown for emulsification of
1 000 000 cell/mL (A) and 5 000 000 cell/mL (B 35pL drops. By far the majority of

droplets are empty,and more than 90% of droplets containing cells have only 1 cellgo
droplet.

Figure 10 A single MDA-MB 231 encapsulated in a 50um diametedroplet.
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Detection of lactate secretion via lactate enzymatic assay

The concept of CTC detection ipresented ifrigure 11 showing how
compartnentalizationin droplets from a usual undivided samptebles cell secretion
measurements for each individual c#tlanks to a rapid increase in concentration due to
small droplet volumeThe drawingshows lactate and proton symbolically secreted only

by the cancer cellTheresultsshownconstitute thg@roof of concept that cancer cells can
bediscriminatedby their abnormal lactate secretidmthis particular case, cancer cells

are bigger because they come from adizg cancer cell line, and thuasdy identified

with respect to smaller white blood cells. Only cancer cells display increase in
fluorescence, quantified in the dot plot. Averages from different droplets populations are

averaged irFigure 2.
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Figure 11 (A) CTC detection based on Warburg effect using compartmenthzation in
microdroplets. (B) Production of lactate by A549 cell in droplets. Only A549 containing
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droplets (large cells) show increase in fluorescendelease note that even clusters of white
blood cells do not reah the level of lactate generated by A549, suggesting high specificity of
the method. The picture has been brightness/contrast enhanced for clarity. (C) Dot plot is
instead measuring raw picture average intensity per droplet, clearly showing two distinct
populations: the red one formed by the cancer cells above a baseline formed by empty

droplets and white blood cells containing droplets, showing the same values than empty ones.

Average lactate fluorescence
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}—E > Figure 12 Averaged values of Figure

S ) 11C. A549 average is significantly
Empty drops WBCs A549 higher than other populations.

Detection ofmediumacidification via pHRodo Green

In order todetectmeasure pHwe usegpHRodo Green, whicls a pHsensitive dye that
increaseds fluorescence while pH valukecreasse

A sample of A549sgndWBCsin a separate experimgmtasr e sus pend i n
modified EMEM; pHRodo Green was added to yield 5 pMfficoncentration and
obtained mixturevas emulsified and incubated3at C for 30 min. Comparison of empty
dropletsand droplets containing tumor WBCs is shown in Figure 1Besults were
consistent with the experiment with lactate secretiancer ce showed a significantly
higher average acidity compared to both empty droplets and white blogdwtedhi in
turn show values comparable to empty droplets
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Figure 13 Detection of pH. pHrodo Green dye was used to indicate pH changes. Results are

comparable to lactate assay and confirm the difference between cancer cells and white blood

cells.Both averages and scatter plot are reported. The difference between A549 and empty

drop is statistically significant with P < 0.01.

SNARF5F calibration

pHRodo geen dye was not suitable for highecision measurement of pH, its detection

being sensitive to dye concentration and possible differences in detection pathway or

excitation conditionsin order to detect pH changes with higher accuracyhveaged it

with SNARF5F, a fluorescent pksensitive ratiometric dye with two emission peaks, at

580nm and 630nm. With lowering of the pH, the ratio between 580nm38mir6

emission peaks increases., as shown in Figure 14.

SNARF-5F ratiometic measuremeris indepemlentfrom dye concentratioight source

variation and electrical noisbecause it always has the internal reference of.itelf

monitored SNARF5F in the prototype system described in materials and methods, being

comparable to a customized cytofluorimeatewhich droplets, instead of cells, are

flowing and detectedl 0 ¢ a |

modified EMEM titrated to various pHs between 7.4 and 5. These solutions were

brate

t he

system,

we

prepare

emulsified angH values (emission rati@f obtained droplets detected similarly to A549
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Voltage
(V)

samples. Raw track examples can be found in Figuresh#®ving how the gap between
red and blue track increases with pH decrease. Raw data appehtel and curve
fitting in Figure 14CWe obtained a coefficient efariation(Standard deviation/average)
close to 1% for 300.000 measurementmfirming the precision of the combination of

this ratiometric dye with our system.

Figure 14 Fluorescence emission spectra of
SNARF-4F 5-(and 6-)carboxylic acid showing the
pH-dependent spectral shift that is characteristic
of this and other SNARF pH indicators.(Anon
n.d.)

Fluorescence emission
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Figure 14B Red and blue tracks are respectively 580nm and 630nm fluorescence channels.

With lowering of the pH, 580/630nm ratio increases.
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Figure 14C Calibration of SNARF-5F response. Ratio between fluorescence intensity at 580
nm and intensity at 630nm. Standard deviation is smaller than dot shown and was not

clearly visible.

pH Ratio SD Range N CV (%)
average
7.4 1.07 0.015 0.13 46000 1.40
7.05 1.47 0.0187 0.156 111000 1.27
6.7 2.02 0.026 0.219 119000 1.29
6.2 2.79 0.03 0.223 70000 1.08
5.7 3.68 0.0378 0.316 315000 1.03
5.1 4.15 0.0424 0.344 316000 1.02

Table 17 Raw parameters of calibration. Please note relatively low Coefficient of

Variation (Standard deviation/averagé.
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Extracellular acidification, evaluation of wvaus cell lines

After calibration, we tested our system with cancer cell lines, in the same method
described above for pHRodo Green. The results were consistent, and with much higher
throughput and number of droplet evaluated in short time (1000 dropsdedVe tested
several cell lines, obtaining comparable results: all cell lines showed an acid population
raising above empty droplet baseline (horizontal distribution at the bottom). We tested cell
lines from breast cancer (MDKB-231, MDA-MB-453, MCF7), colorectal cancer (HT

29, TN420), ovarian cancer (TOV21G), lung cancer (A549), and glioblastobrain

cancer (U231).

MDA-MB-231 MDA-MB-453 MCF-7

Triple negative breast Breast cancer Breast cancer
Ratio 580/630 cancer

HT-29 TOV21G White blood cells
_ Colorectal adenocarcinoma Ovarian
Ratio 580/630 adenocarcinoma/clear cell

Droplet number Droplet number Droplet number
Figure 15 Dot plots obtained analyzing several cancer cell lines with the prototype and

SNARF-5F. Y-axis Ratio (Acidity), X-axis (droplet width i to obtain a twoi dimensional
distribution). WBC dot plot is given for comparisonin bottom right corner. Please note the
ubiquitous presence in cancer cell lines of an acid population raising above empty droplet
baseline (horizontal distribution at the bottom). White blood cells do not show this

population.
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White blood cells dot plot is shown in the bottom right corner as negative
control, lacking acid population. The cell lines tested were notableEm@AM(+) and
(-), with several degree of epithelial and mesenchymal phenotymgemonstrating the

transversal validity of the methpBigure 15

Evaluation ofproton secretion dynamics

We evaluatedhow the above shown acid population was affected by incubation&ime.
samples were process similarly to protocol described aboydter droplet generation,

the same sample was measured at different incubation time, ranging from less than 2
minutes to 90 minuteg he cancer population showed higher values of average acidity
with higher incubabn times, reaching a plateau phase after 10 minutes, as shown in
Figure 16A.

<2 min 5 min 10 min 25 min 90 min

Ratio ,
580/630

Droplet numberA

Drops over the Kinetics of pH change
threshold(%6) .

4 E —— 15

3

2

1

7T
0 10 20 30 40 50 60 70 80 90 100

Time of incubation

Figure 16A (Top panels) Dot plots showing a population of droplets becoming increasingly
acid over time. (Bottom panel)The fraction of droplets reachinga threshold value(>17

greentrace; >1.51 red trace) increases with time, reaching a plateau phase after 10 min.
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