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Chapter 1

Cell dynamics, state of the art

1. Abstract

A wide range of physiological and pathological ms®es, such as inflammation, tissue
regeneration, angiogenesis, tumour growth and iomasare strongly linked to cell
proliferation and migration mechanisms that goweedynamic evolution of both individual
cells and cell aggregates. The complex mechaniswerging cell dynamic behavior have yet
to be completely clarified. A detailed analysisloése processes requires a rigorous approach
to quantitatively analyze cell dynamics and measetemovement and proliferation indices.
This work is addressed to investigate the dynamatution of cells, from single to collective
cell dynamic behavior, in a quantitative way. Ougthodological approach is based on live
cell imagingin vitro, coupled to several cell migration assays, andyevanalysis techniques.
Live cell imaging based om vitro time-lapse microscopy is a powerful analytical ttwt
allows direct visualization of biological systemsridg their dynamic evolution. In order to
maintain cell viability, the sample is kept in antwlled air, constant temperature
environment. The experimental data are used to Mmodk dynamic evolution using

mathematical equations based on the transport premoapproach.

2. Motivation

A wide range of biological processes are strongbpehdent on cell proliferation and
migration mechanisms [1] that govern the dynamiclian of individual cells and cell
aggregates [2-4]. Cell proliferation and migratjplay a key role in both physiological and
pathological processes, including embryogenesssué repair, immune responses, and
tumour growth and invasion. For example, during smbenesis large groups of cells
migrate collectively as sheets to form the thrgeia of the resulting embryo and then grow
and differentiate to form various tissues and osgfsj. Subsequently, cells migrate from
various epithelial layers to target locations tlgioout the developing embryo where they
differentiate and form various tissues and orgamalogous migration mechanisms occur in
the adult where, skin and intestine are renewatimoously from precursors that migrate up

from the basal layer and the crypts, respectively.



Migration and proliferation also play a pivotal &ain physiological as well as pathological
processes occurring in the adult organism. In tifearnmatory response (Figure 1.1.A)
leukocytes migrate out of the blood vessels ineotissues, reaching the area of insult, where
they mediate phagocytic and immune functions [63ll @rowth and migration are also
relevant in tissue repair (Figure 1.1.B), where tet sheets dynamically evolve to close the
wound space [7]. Tumour development is accompahiedthe formation of blood vessels
(angiogenesis) (Figure 1.1.C) which arise fromifgmtion and migration of their endothelial
cells [8, 9]. In metastatic cancer (Figure 1.1.B)me tumour cells showing a malignant
phenotype escape from the primary tumour and ineaigkcent tissuewhere they proliferate
forming secondary tumours [10]. Finally, the dynansivolution of cells is essential in

technological applications such as tissue enging¢fil].

Figure 1.1: (A) Inflammation; (B) tissue repair; Y@ngiogenesis; (D) tumour progression.

Most of these biological phenomena are governechieynotaxis mechanism [12, 13], i.e., the
directional movement of cells along a chemical emtiation gradient [14, 15].

The complex mechanisms governing cell dynamic behaare still far from full
comprehension [16, 17]. A detailed analysis of ¢h@®cesses requires a rigorous approach to
guantitatively measure cell movement and proliferatindices. For this reason, the
development of such analyses is nowadays withirctine business of Chemical Engineering
[18], which can contribute to the building of matettical models, based on the transport
phenomena approach, useful to describe and pré@icinechanisms driving cell dynamics
[19].



3. Background

3.1. Single cell migration

Single cell migration has been studied extensivelgr many decades, leading to a well-
established model of cell motility at the individigall level.

Many types of cells, including amoebae, leucocyggthelial cells and neurite growth cells,
migrate by crawling across a solid substrates [B@&ll migration occurs following the so
called cell motility cycle, which is characterizég a well-known sequence of steps [21],
based on polarized intracellular signaling whicadke to protrusion of the plasma membrane
at the leading edge of the cell, integrin-mediaddtiesion to the substrate of cell migration,
actomyosin contraction of the cell body and detammnof the trailing edge, which moves the
cell forward [16, 22] (Figure 1.2). This procesguiges a complex signaling pathways and
regulatory network [23]. In fact, cell movement aitwves the spatio-temporal control and
integration of a number of processes, includingtthasduction of chemical (growth factors
and other chemotactic cues) and mechanical signais the environment, intracellular
biochemical responses, and translation of the-iatnd extracellular signals into a mechanical
response [24, 25]. Individual cells detect extratat chemical and mechanical signals via
membrane receptors, and this initiates signal thactson cascades that produce intracellular
signals. These signals control the motile machiraryhe cell and thereby determine the
spatial localization of contact sites with the dtdite and the sites of force generation needed
to produce directed motion.

Extension of the leading edgeThis process is regulated by the actin and micrdeubu
cytoskeleton and by the formation of cell protrasian the direction of migration. As a
consequence, the cell acquires a front and a lkBrotrusive structures at the leading edge
of motile cells are highly dynamic and contain deagays of actin flaments [26]. Protrusive
structures are lamellipodia and filopodia, both aomhg filamentous actin, as well as
structural and signalling proteins (Rho family offBases, ERK/MAP kinases and other
regulatory molecules); they lead to dynamic inteoas with the extracellular matrix [23, 27-
29]. However, they have strikingly different desgof the actin polymerization machinery
and are regulated by different signaling pathwa38].[ Lamellipodia are thin sheets of
cytoplasm containing networks of actin filamentsniong a branched network. They are
composed of diagonal networks of actin filaments][&nd withdrawal terminates with the

formation of actin bundles parallel to the cell edge
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Figure 1.2: Steps of cell migration [21].

The current model for lamellipodial dynamics [32pgests that treadmilling of the branched
actin filament array consists of repeated cycleslerfdritic nucleation, elongation, capping,
and depolymerization of filaments. Dendritic nutiea is mediated by the Arp2/3 complex,
which is activated by members of WASP family [3B].filopodia, which are thin cellular

processes, actin filaments are long, parallel, @mg@dnized into tight bundles [33, 34]. The
actin filaments are held together in the bundletmss-linking proteins such as fimbrin [24].
Analysis of cellular localization of known actinosss-linking proteins in mouse melanoma
B16F1 cells showed that fascin was specificallyalaed along the entire length of all

filopodia, whereas other actin cross-linkers were[B6]. Moreover, a kinetic and structural



investigation of filopodial initiation in the saneells revealed that filopodial bundles doesn’t
arise by a specific nucleation event, but are falnty gradual reorganization of the
lamellipodial dendritic network in a process thaivalves elongation of a subset of
lamellipodial filaments, self-segregation of thédaments into filopodial precursors, and
initiation of bundling at the tips of the precurs$86].

Adhesion to the matrix Within newly formed protrusions, novel cell adioes have to be
established to attach the cell to the underlyingVEQ' hese adhesions are transient and
depending on the cell type, substratum and migratrofile; their turnover can be very high.
Adhesions initiate as small so-called focal come&xvhich are mainly localized at the cell
leading edge. These newly formed adhesions stabthe lamellipodium and attach the
protrusion to the ECM. In tightly adhering and nonotile or slowly migrating cells these
focal complexes mature into focal adhesions. Deippgndrom the cell type and ECM
substrate, focal contact assembly and migratiorbearegulated by different integrins. These
are a family of heterodimeric transmembrane adhesoeptors that support adhesion to the
ECM (or other cells) by linking matrix componentstside the cell to actin filaments inside
the cell. Next to this adhering function, integrem® known for their ‘inside-out signalling’
via activation by cytoplasmic signals [1, 23].

Focalized proteolysis:The engagement of integrins and other adhesiopt@seleads to the
recruitment of surface proteolytic enzymes, thatobnee concentrated near substrate binding
sites. Matrix metalloproteinases (MMPs) anchoreglasma membrane, called membrane-
type MMPs (MT-MMPs), play pivotal roles for ECM reakeling [37]. In close proximity to
the cell surface proteases degrade ECM structuoips, such as collagen, fibronectin and
laminins, mediating the chemical and physical modifon of the extracellular
microenvironment to provide the space required dell expansion and migration [38].
Pericellular proteolysis is spatio-temporally regatl through enzyme processing, enzyme
internalization and the inactivation of the catalysite by protease-specific inhibitors,
including the tissue inhibitor of metalloproteinagdIMPs) [39]. In close proximity to the
cell surface proteases degrade ECM components laasiec pre-matrix metalloproteinases
(MMPs) to create active soluble MMPs, known forithgrotein cleavage activities. Soluble
proteases can directly bind to integrins and smyila membrane-type matrix
metalloproteinase-1 (MT1-MMP) and MMP2 adhere tdlagen fibres. MMP1 and other
collagenases cleave native collagens, along witleroECM macromolecules, into smaller
fragments, which, in turn, are accessible to subsgqegradation by gelatinases (MMP2 and

MMP9) or serine proteases. ECM degradation occurewthe advancing cell body gains



volume towards the ECM scaffold and is likely tooyide the space required for cell
expansion and migration, leaving behind tube-likatrir defects along the migration track
[38]. This step is dependent on the cell type dred durrounding environment. Proteolytic
strategies are indispensable for cells that camrastsmigrate narrow ECM gaps just by
changing cell morphology and squeezing of theileiydO0].

Actomyosin contraction: The contractile force, needed to move the cellybfmaward, is
generated by the interactions of actin filamentghwMyosin Il, which controls the
organization of actin filaments into stress fibged]. Powered by ATP hydrolysis, the
actomyosin crossbridges inside these structuresrgentension that contracts the cell body
[41]. The tension generated by actomyosin conteatiachinery is then transmitted to the
ECM through focal adhesions (FAs) (Figure 1.3),chihare located at both ends of the stress
fiber and on the substrate or the ECM and hencsigdl{y connect the actin cytoskeleton to
the ECM [42, 43]. The traction force at FA is irettange of tens of nano-Newtons [44]. FA
is an assembly of ECM proteins, transmembrane recepand cytoplasmic structural and
signaling proteins, includingv 3 and 5 1 integrins, vinculin, paxillin, talin, zyxin, teims
protein tyrosine kinases, and phosphatases [45]omgnthese FA proteins, integrins are
primary mediators that provide a physical linkageMeen the actin cytoskeleton and ECM
and thus play a key role in cellular mechanotraogdn [46, 47].

Nucleus
' Actomyosin
FAK _SuiEio v ' FAK «iEi
Llhn- ol =g FAK Sre TAR SNy
L Pu‘n‘—i P_a xq “_sE_'j Pa IL/
@ip i @8 Integrin

1 ECM substrate <f—

Cell traction forces

Figure 1.3: Force transmission witham adherent cell [42].



Detachment of the trailing edge:At the cell rear, adhesions need to be releasedreal at
the front the formation of adhesion has to be @iletl. Phosphatases play important roles in
rear release, by limiting the assembly of cytodidl@roteins. Focal contacts are further
weakened through the proteolytic cleavage of adhestceptors and the accumulation of
collagen fragments that are generated while thiengeVes forward. Moreover, in order to
maintain a continuous retrograde flow of integrarsthe cell surface, migrating cells must
reload receptor at the leading edge. The recycdlihghese proteins takes place through
endocytic vesicles [1].

Although fundamental cell migration mechanisms shared between different migrating
cells, the cell type and its environment are ciuciathe migration response. Some cells, like
fibroblasts, are known as slow-moving, while otkell types, like T-cells, are fast-moving
[48]. In addition, different tumour cells can diffestrongly in their intrinsic migratory
capacity. Next to cell type, the nature of the sunding matrix determines to great extent the
migration response of cells. The composition of B@&M, availability of growth factors and
cytokines, physiological circumstances like pH ap@®, and, of course, intracellular
constituents, all together regulate cell polaritg anigration.

Besides this well-established mode of single cédiration, detailed knowledge obtained over
the past 30 years suggests that at least one aditmechanism is involved in cell
translocation within tissues. In fact, some cefidy are able, under physiological conditions,
to move in a collective mode in tightly or looselysociated groups, such as clusters, sheets or

strands [49]. Cell movement in groups can be reteto as collective cell migration [2].

3.2. Cell proliferation

The cell cycle is the complex sequence of eventsvbigh the cells grow and divide. The
time it takes for a cell to complete one cell cyedgies depending on the type of cell. Some
cells, such as blood cells in bone marrow, skitsceand cells lining the stomach and
intestines, divide rapidly and constantly. Othdtscdivide when needed, to replace damaged
or dead cells. These cell types include cells ofkidaeys, liver and lungs. Still other cell
types, including nerve cells, stop dividing onceuma In eukaryotic cells, this process occurs
through a series of four distinct stages (Figu®):1mitosis phase (M), Gap 1 phase (G1),
Synthesis phase (S), and Gap 2 phase (G2) [50]GTheS, and G 2 phases of the cell cycle
are collectively referred to as interphase.
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Figure 1.4: Cell cycle

Interphase: The dividing cell spends most of its time in npiease, as it grows in preparation
for cell division. In fact, during this stage thellaoubles its cytoplasm and synthesizes DNA.
It is estimated that a dividing cell spends abdd#99 % of its time in this phase. The G1
phase is the period prior to the synthesis of DM#his phase, the cell increases in mass and
organelle number in preparation for cell divisidihe S phase is the period during which
DNA is synthesized. In most cells, there is a narmandow of time during which DNA is
synthesized. The chromosome content is doubledhim phase. During the G2 phase,
occurring after DNA synthesis but prior to the staf mitosis, the cell synthesizes
additional proteins and continues to increaseza.si

Mitosis: The mitosis phase of the cell division processoiwes the separation of
nuclear chromosomes, followed by cytokinesis (divis of the cytoplasm forming two
distinct cells). At the end of the mitotic cell ¢égctwo distinct daughter cells are produced.
Each cell contains identical genetic material. Thigosis includes four phases: prophase,
metaphase, anaphase and telophase. During the pegptiee chromatin condenses into
discrete chromosomes which migrate toward the aatiter. The nuclear envelope breaks
down and spindle fibers form at opposite polesa tell. In the metaphase the nuclear
membrane disappears completely, the spindle fudyetbps and the chromosomes align at
the metaphase plate (a plane that is equally digtam the two poles). During the anaphase
paired chromosomes separate and begin moving tosdppends of the cell. Spindle fibers
not connected to chromatids lengthen and elongatedll. In the telophase the chromosomes

are cordoned off into distinct new nuclei and tleaefic content of the cell is divided equally



into two parts. Cytokinesis begins prior to the eridmitosis and completes shortly after
telophase.

Once a cell has completed the cell cycle, it gaeklnto the G 1 phase and repeats the cycle
again. Cells in the body can also be placed inradiaiding state called the Gap 0 phase (G
0) at any point in their life. Cells may remaintims stage for very long periods of time until
they are signaled to progress through the cellecyd initiated by the presence of certain
growth factors or other signals. In fact, normainzal cells have alternative modes of
existence: either proliferative or quiescent. Thayrvive well in either state. Several
suboptimal nutritional conditions can bring abouieguence, including high cell density,
nutrient or serum insufficiency, or high cAMP [51].

Progression through the eukaryotic cell cycle isvkmdo be both regulated and accompanied
by periodic fluctuation in the expression levelsnoinerous genes [52]. In particular, cyclin-
dependent kinases (CDKSs) play a crucial role incihretrol of the cell cycle and proliferation.
Various CDKs activate the different stages of tle#l cycle from G1 to mitosis. Each
CDKl/cyclin complex is responsible for transition mmogression of a given phase within the
cell cycle [53].Loss of appropriate cell cycle regulation leadgéaomic instability [54] and

is believed to play a role in the etiology of bdireditary and spontaneous cancers [55]. In
fact, uncontrolled proliferation is the hallmarkadncer and other proliferative disorders and

abnormal cell cycle regulation is, therefore, comrotihese diseases.

3.3. Collective cell dynamics

Collective cell migration can be described as ‘mdilbns of cells moving together and
affecting one another while doing so” [56]. In faotllective cell movement occurs when two
or more cells retain their cell-cell junctions, cdimate their actin dynamics and intracellular
signaling and thereby form a structural and fum@lounit that move across a two-
dimensional layer of extracellular matrix (ECM)tbrough a three-dimensional scaffold [57,
58].

Like individual cell migration, the collective movent of cells plays a key role in several
biological processes, including embryonic developimgnmune response, angiogenesis and
tissue repair [59-61]. In addition, collective cgyinamics contribute to pathological situations
such as metastasis formation, allowing malignantowr cells to invade surrounding tissues
[2, 3]. Specifically, invading cell groups may ranfyom strands of only one or two cells in

diameter, to broad masses that can include celiglthaot contact the ECM [3].



However, despite the importance of collective oafjration, far less is known about exactly
how cells migrate in a collective and coordinateyVjé2]. A better understanding of the
underlying behaviors during collective cell movemenmtll provide insight into
morphogenesis and tissue reorganization duringnexgdon and disease. Furthermore, the
ability to control collective migration will provideovel tools for tissue engineering [63].

The main question is why cells move collectivelytliey can move as individual units.
Collective migration can actually keep a tissuestiucture intact and continuous while
remodeling it, allow mobile cells to carry immobdell types along, allow migrating cells to
influence each other, thereby ensuring appropiatedistribution and shaping of a tissue,
allow collective decisions that may be more roldasthe system. In this scenario, collective
migration can be considered the best example wf alticellular organisms are not just a
collection of independent cells but interdependaetis that act together to make a whole [2].
Several examples of collective behavior involvettegdial tissues. Although epithelia are
generally considered as a constrained environméetravcells are fixed in position, it has
been appreciated that morphogenesis in early embifposexample, can involve cell
movements within a tissue sheet [64]. Dramatic tisstue morphogenesis can occur when
many cells in a tissue rearrange in a highly coatdid way, thus highlighting the ability of
cells within an epithelium to move relative to arther while retaining tissue integrity [2].
Collective migration retains the principles of dmgell migration. In fact, similarly to single-
cell migration, collective cell movement resultsorfr actomyosin polymerization and
contractility coupled to cell polarity [57]. On tapf this, further additional constraints are
relevant in collective movements, including direxll-cell chemical signaling, physical
interactions leading to mechanical integrity of sters, the organization of follower cells
guided by leader cells located on cluster edgesctordinated polarization of leader cells,
the coherent and cohesive movement, the secondargdeling of the extracellular matrix
along the migration track [2, 57]. The main feasud collective cell migration will be
described in more detail below.

Cell-cell coupling: In collective cell migration, the cells within tlggoups are held together
by cell-cell junctions at the leading edge as wvasllin lateral regions and inside the moving
cell group [49, 57, 65, 66], while migration of iadlual cells is often associated with the loss
of cell-cell adhesion [67]Cell-cell coupling is mediated by adherens-junctigoteins,
including cadherins and transmembrane proteins haf immunoglobulin superfamily,
desmosomal proteins, integrins, tight junctions aap junctions [68]. These cell-cell

junctions determine chemical (signaling) as welphgsical (mechanics) interactions, as they



mediate direct cell-cell signaling, cell-cell coltes mechanical integrity, and cell polarity
[57].

The mechanical and chemical interactions are assdot cell movement but may also
restrict and guide movement. When migration isqgrened by a group of cells that also affect
one another mechanically and via signaling, newstramts and regulatory opportunities
emerge. Thus, for collective migration the relevaatl biology is that of independently
migrating cells plus the features added by the canity effects [57].

Direct cell-cell signaling One of the key aspects of collective migrationthe direct
chemical crosstalk among the cells; physical celll-contacts enable specific and efficient
signaling interactions, as the cells in a group mamicate with one another directly and
compare signaling levels in a direct way [56].

Simultaneous coordinated polarization: The mechanisms that govern cell polarization and
actin polymerization and lead to protrusion of #emive leading edge (i.e. a defined tip of
cells that guides migrating cell groups and gemsréarce) are most probably homologous to
the polarity mechanisms of single cells. Severathmaisms polarize the cell cohort into
“leader” or “pioneer” cells that guide “followersdt their rear. The polarized topology of a
cohort is important for effective movement [56] aad feature of all migrating groups [57].
The differences between leaders and followers asecated with clear differences in cell
morphology and gene expression. Whereas celledé#uing edge are often less ordered and
mesenchyme-like, cells at the rear tend to formentghtly packaged assemblies, such as
rosettes or tubular networks [61]. Moreover, thespnce of tight contacts in the aggregates
mediates the simultaneous coordinated polarizatibreells at the leading edge of the
collective structure. In fact, front cells displaypolarized morphology with their protrusions
preferentially oriented outwards, into the free cgpaadditionally, they detect extracellular
guidance cues and generate greater cytoskeletamigmahan follower cells in the cohort
[61]. It is not completely clear how front cellsdeene internally polarized; interaction with
the substrate at the free edge might direct fraft molarization, as ECM anisotropy can
produce intracellular polarization [69]. Howevegatler and follower cells should be
considered as different cell states and not difflereell types. In fact, live imaging of
collective cell migration shows that leader anddfekr cells can interconvert and change
roles [56].

Mechanical integrity and coordinated movement:Cell-cell coupling determines cell-cell
cohesion, mediating the mechanical integrity of ¢bl aggregate during its movement [70].

Consequently, cells at different locations retaigirt position within the group; the movement



of the group, hence, occurs without disturbingimser architecture [49]. The cells of the
clusters are able to move in a collective and Figldlordinate way via chemical signals and
strong cadherin contacts [71]. If two cells adhgrengly to one another, the expectation is
that they will be mechanically coupled and thatirthehavior will be highly coordinated.
Thus, if both cells are motile, they should tendrove in the same direction with the same
speed and so on. Conversely, adhesion to cells @f@timmotile can be a mechanical
impediment to migration. The strength of a cell@dhesion bond depends on both the
adhesion molecules themselves and on the associgtezkeleton. It appears that most or all
cells of the collective contribute directly to oa#rmovement, as each cell gives an individual
migratory contribution [2].

Secondary remodeling of 3D substratesAs single cell migration, collective cell migration
through three-dimensional substrates depends wglbmatrix interactions, but collective cell
movement is characterized by the secondary remogdeif the extracellular matrix along the
migration track. Thus, collective cell migration 3D tissues is more space-consuming than
single-cell migration [72]. To generate sufficiepiace to accommodate the volume of several
cell diameters, collective cell migration through 3 matrix involves local matrix
degradation as well as the generation of patheadtlmechanical resistance. Specifically,
whereas single cancer cells generate small micisraollective structures form macrotracks
of varying width (up to several hundreds of microeng, or more) [39]. In migrating cell
groups several proteases are preferentially lasdlia the leading edge of the cluster [57].
Cross-talk among cell groups:For the initiation or maintenance of collectivegnaition, the
migrating cell groups chemically interact with theighboring ones through the release of
soluble factors [57, 59]. These external guidaneesacontrol group locomotion through the
chemotaxis process, that is the directional movenoénndividual cells or cell aggregate
according to chemicals in their environment. Eaglh aggregate releases chemical molecules
and, at the same time, senses the amount of cheawants released by the adjacent cell
groups [2, 13]. As a consequence, there is an sx#ncommunication among cell
aggregates.

Long-range force transmission:Cell traction force is essential for cell migratjacell shape
maintenance, mechanical signal generation and otkéular functions. In single cell
migration, large traction forces are localized la teading edge and at the trailing edge,
acting in opposite directions [73]. When thinkingpat cells moving as a cohesive tissue, an
important issue is the extent to which mechanid¢edss propagates within multicellular

cohorts to control migration. It remains an operegjion whether the global motion is



coordinated by leader cells pulling on cells behandby internal pressure due to cell division
and proliferation that would expand cell sheetswamtls. In fact different mechanical
processes can promote the growth of cell sheetzardticular, proliferation of cells inside the
sheet far from the leading edge can induce thedtupl of an internal pressure that pushes
neighboring cells outwards. In contrast, periphdeslder cells can generate mechanical
tension in such a way as to drive the movementaskipe followers [74]. Traction force
microscopy was used to investigate how physicald®regulate the motion of epithelial cell
sheets. By culturing epithelial cells on flexiblelg the traction forces exerted at the cell-
substratum interface was analyzed by looking at deéormation pattern of embedded

particles that act as markers (Figure 1.5) [75].
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Figure 1.5: Experiment to measure traction forcasl collective cell migration [75].

To determine the transmission of forces within daaacing cell sheet, the radial expansion
of cell colonies was investigated as a functiortimie [75]. Traction force mapping shows
long-range force transmission within sheets ortehgsin a cooperative way; in fact, large
traction forces are observed many cell rows bethiedeading edge, suggesting a mechanical
cooperation from cell to cell over large distaneathin the cell sheet. In summary, the
collective motion in an advancing epithelial celest results neither from leader cells
dragging those behind, nor from cells that areviildially self-propelled. These mechanisms
are not sufficient to explain this complex mechahigrocess. Instead, each individual cell,
both at the leading edge and inside the sheets adae in a global “tug-of-war” that maintains
the collective into a global state of tensile strp&3-75]. Physical signals from the substrates
tend to induce a migration of cells away from eattter, whereas a stronger mechanical input
from cell-cell interactions would drive them towsréach other (Figure 1.6). Thus the
importance of cell—cell junctions in the force tramssion requires a cell sheet to transmit

physical forces in a cooperative way [21, 73].
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Figure 1.6: Force distributions during cell migrati. (A) Schematic representation of the traction
forces exerted by a single cell on the substraBy; Qifferent mechanical processes promoting the
growth of cell sheets; (C) Cell sheet are undertmaedcal tensile stress [73].

Depending on the context, collective movement caouody two-dimensional sheet
migration across a tissue surface or by multicatlidtrands or groups moving on a two-

dimensional substrate or through a three-dimenkimsae scaffold [61].

3.4. Collective dynamics in cell sheets

Cell sheet migration is a form of collective celhlbgior, especially characteristic of epithelial
cells bothin vivo andin vitro. In cell sheet migration, the cells maintain clasmtact and
continuity while the sheet moves forward [2]. Cgfleet movement is characterized by the
distinction between leader cells, which are locadédhe wound edge, and follower cells,
located in the cell layer [61]. There is a cleantrof the moving structure and a seemingly
simple directionality of movement provided by whé¢he free space is. Cell proliferation is
involved in the dynamic evolution of a cell shegtell.

One of the main features of epithelial monolaysrthe contact inhibition of cell movement,
that is a dramatic decrease of cell motility anogh with increasing cell density; this lead to
the establishment of a stationary post-confluestiesivhich is insensitive to nutrient renewal.
It is widely believed that cell-cell contacts repeat a necessary but not sufficient condition
for growth inhibition. It has been suggested thachanical compression may provide an
inhibitory signal for mitosis. However, the natuoé the signaling pathway leading to
suppression of mitosis and the inhibition of celvement remains still unclear [76].



Several analogies between confluent cell layer onoéind classical glass-forming particulate
systems were found. During collective migrationhivitconfluent cell layers, cell sheets flow
like a fluid yet remain fixed and solid-like at shtime scales, with the motion of each cell
constrained by the crowding due to its neighbord.[This solid-like character over short
times and collective flow over longer times is rammcent of many crowded particulate
systems, which undergo a transition from a supeecbtilid-like state to a glass-like state.
By analogy, the collective motion of cells might described by a similar transition: as cell
density rises, neighboring cells restrict the motaineach cell, forcing cells to move in
groups [78].

Experiments performed on Madin—Darby canine kid(MdPCK) cells, which are a model
system to study collective cell dynamics, revedleat there are flows of cells within the
epithelium. Specifically, complex displacement dlthat exhibited remarkable long-range
correlations can be found. Moreover, the veloagydks within the monolayer involve many
cells in a coordinated way [79]. These flows aré mecessarily directed toward the free
surface; in fact, vortices of cells can be observ&] 80]. Geometrical confinement of cells
into well-defined circles also induces a coordidatgynchronized and persistent rotation of
cells, which depends on cell density. In fact,speed of such rotating large-scale movements
slows down as the density increases. The rotatilg move as a solid body, with a uniform
angular velocity. Interestingly, this upper limgalds to length scales that are similar to the

natural correlation length observed for unconfiepdhelial cell sheets [81].

3.5. Dynamic evolution of cell clusters

Free aggregates are characterized by tightly caedecells that migrate as cohesive
structures. The dynamic evolution of cell clusterspace and time is mainly linked to three
mechanisms: collective locomotion, cell prolifecatiwithin the clusters and aggregation of
adjacent clusters.

As might be expected for such a free group, dioeeti migration is controlled by localized

external guidance cues. Recent results indicatawmadifferent modes of guidance signaling
operate in border cells. One mode is dependentooalized signaling within each cell,

comparable to the situation in single cell chemistaXhe other mode is described as
collective guidance. Collective guidance reliestloa fact that the moving cells are a group:
each cell senses the amount of chemoattractantthencell with the highest level of signal

migrates most effectively at each point in timell€at the edge of a group have a discreet



outer surface and internal contact surfaces; thosiges an intrinsic cell polarity and thus
potentially a vector along which each cell willeattpt to pull the cluster. Whether such a
collective guidance mechanism is sufficient to guadmigrating group has yet to be clarified
[2].

One of the main feature of cell groups evolutiothis expansion of the clusters driven by cell
proliferation mechanism within the collective stwes [82]. Daughter cells seem to occupy,
on average, twice the area of their mother cell tuedrate of colony growth should match
exactly the rate of cell mitosis. Some articlespsrp that cell colonies grow following a
simple exponential law (Figure 1.7) [76, 83], as tells within the collective structures grow

exponentially through the following law:
(1.1)

where t is a certain time interval, n(t) the numbgcells at time t, g the number of cells at

time 0 and ¢ the duplication time of the cells [84].

Figure 1.7: Schematic representation of epithetialony growth, with superimposed snapshots of a
single colony at different times, coded by diffesdrades of gray [76].

Moreover, cell aggregation events may occur ineabve behavior, as cell clusters can
diffuse and spread until they meet to form new dargggregates. Cell aggregation is the
result of the attractive interaction between indiaal cells [85, 86] as well as cell groups that
migrate in response to signals released and ddtdmtethemselves, through chemotactic
mechanisms. Consequently, chemotaxis plays a Keyinmdhe aggregation process: the cells
within a cluster secrete soluble chemokines that detected by the cells of neighboring

which carry specific receptors for these chemokirgsll aggregates are able to sense the



clusters in their neighborhood and to communidateugh chemokines release and detection.
Following chemotactic signals, multicellular aggregs encounter and attach to each other.
The cross-talk among cell aggregates plays an éslseole, e.g. in tissue formation and
function [87]. M. Eyiyurekli et al. have considertgthat chemoattractants are secreted from the
cell's surface symmetrically and dise within a xed radius of in uence. They have aswed
that once the chemoattractant concentration fallowbea certain value, cells in the
environment can no longer detect its gradient. Bssumption creates a circular eld around
each cell with a radius R corresponding to about two cell diameters. Anl w&hin a
distance of Raxto another cell is in uenced by the other celllemoattractants. A cell that is
further away than R.x from an emitting does not detect its chemoattracad the detecting
cell’'s motion is not aected by the emitting cell. In summary, a cell ssnthe chemicals
emitted from other cells when it enters their innee elds. The extent of the eld is de ned
by a chemical concentration threshold. For exantple,three cells on the left in Figure 1.8
are a ected by each other's chemoattractant, becauseateewithin each other’'s eld of

in uence; therefore they move toward each other. Theth cell is outside their in uence

elds, and therefore is unacted by the other three and moves randomly [88].

Figure 1.8: Four cells and their elds of in uence.

Several papers support the idea that cell clugieaimd cluster aggregation can be seen as the
coalescence of coagulating objects [89, 90]. Int, félce fusion of two contiguous cell
aggregates may be described in terms of an eftestterfacial tension [90] that promotes the
formations of clusters with minimum external sudgafor a given number of cells;
analogously cluster coalescence can be inhibitecamyeffective viscous friction of the

surrounding matrix. Kosztin et al. observed thatirdythe fusion of identical spherical soft



tissue aggregates the shape of the system isfthab @ontiguous spherical caps (Figure 1.9).
This observation suggests that soft tissues belizeecomplex viscous liquids whose
description requires an a priori unknown hydrodyitagonstitutive model. However, the
simplicity of the geometry allows to describe atiablly the dynamics of the considered
fusion process by employing conservation of masisem@rgy as proposed for the coalescence
of highly viscous molten drops (Kosztin et al., 21

Figure 1.9: Fusion of two cell aggregates [89].

After aggregation, the fusing clusters are obsetgdzecome spherical, because they compact
due to interfacial tension. In fact, the fusion tefo contiguous cell aggregates may be
described in terms of an effective interfacial tenghat promotes the formation of clusters
with minimum external surface, in analogy with th@alescence of droplets (Figure 1.10).
The characteristic time for cluster retractionan be seen as the equivalent of the emulsion
time for the case of a retracting droplet [89, 9@, the time for an irregular liquid drop to
take a spherical shape. Thus, it can be written

— (1.2)

where @hq IS the diameter of the final clusterjs the interfacial tension andis the material
viscosity. Despite several theories and mathemnlaticadels have been proposed, the
mechanisms of cellular aggregation have yet todéfied.
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Figure 1.10: Sequence of images showing a collisfagirops with coalescence [91].

3.6. Live cell imaging

Cell dynamics, led by proliferation and migratiorechanisms [1], are crucial for many key
biological processes, including morphogenesisuéisepair, immune responses and cancer
cell invasion [92]. Thus, a full comprehension bkse mechanisms could lead to novel
therapeutic approaches.

Cell motility as well as cell proliferation are tpeoduct of several complex, integrated, finely
regulated and highly coordinated processes [16, Dt to the tricky nature of these
fashinating processes, reaching a better undersimdicell dynamic behavior represents a
formidable intellectual challenge, which requirenaltidisciplinary approach (Horwitz and
Webb, 2003).

Live cell imaging is becoming an increasingly p@putool for elucidation of biological
mechanisms and is instrumental in unravelling tieadhics and functions of many cellular
processes. The imaging of live cells poses manilertges, such as cell viability, complex
microscope settings and the use of appropriatedho@nt components that vary in nature.
The successful imaging of biological events ing@llargely dependent on the environmental
conditions provided. Ideally, the conditions sholdd as close to physiological cellular
environment as possible, in order to avoid the atida of cellular stress responses and
artefactual cell behavior. Hence, the medium, pH &miperature must be maintained at a
physiological level that does not alter biologipabcesses of interest. The medium of choice
is usually limited by the cell type of interest. general, the medium should meet all the

nutritional requirements for cell growth and thisiaky involves the addition of serum.



Live cell imaging can be efficiently performed byingstime-lapse microscopy (TLM), which
allows a powerful analytical tool that allows diretsualization of biological systens vitro
during their dynamic evolution [93]. TLM involvegpeated capture of images in specific
positions, i.e. of the same objects (e.g., cellmmovement), at regular time intervals, within
periods of time ranging from few minutes to sevetalys. The duration of the intervals
determines the temporal resolution, and the reguitideo sequence shows cells or organisms
in action, revealing the dynamic nature of cellldahavior and giving scientists a first look at
some important biological processes. Briefly, tineetlapse station consists of a microscope
equipped with motorized stage and focus for autethaample positioning, with the entire
system sitting on a vibration-free table. The ins|ages captured by a video camera. All the
equipment are driven by a software that iterativatyuires images of selected regions at
regular time intervals over several hours.order to create the proper environmental
conditions around the biological sample, video wscope are equipped with a cell incubator
providing the appropriate temperature (around 37469 the atmosphere (5% g@nd
humidity) necessary to keep cells alive and heatlihgughout a TLM experiment [94].

TLM is coupled to a wide variety af vitro assays to allow the quantitative characterization
of the dynamical aspects of biological systems,[86th as random migration assays, wound
healing assays and chemotaxis assagsh method has its own advantages, limitationd, an
drawbacks [95, 96].

3.7. Random migration assays

Cell random motility assay is a well-establishedhod to characterize cell migration [93]. It
is based on the observation of individual cell motin isotropic condition and provides
intrinsic parameters of cell motility. In this agsthe cells are plated out at a low density on
the surface of a culture dish, and cell positiotyscally tracked as a function of time. Cell
trajectories are then reconstructed either manuatlyautomatically by a cell matching
algorithm [97] which allows a quantitative deteration of cell motion parameters, including
cell total travel length, net displacement and e&yo[59]. Cell random motility can be also
described by a persistent random walk model [98;10fhich is associated with the
persistence time between significant directionalngles and the cell motility coefficient
analogous to molecular diffusivity [101].

Cell random motility assays are probably the mostegpread and have contributed to the
fundamental understanding of cell migration proessat the molecular level [102]. The

major advantage of the single cell migration agsdiat it provides valuable insights into the



dynamical behavior of individual cells. The asstspallows the tracking of cell motions in
two- or three-dimensional substrata, in which tekscare embedded within a matrix typically
made of type | collagen.

The quantitative analysis of single cell migratidrowever, requires the tracking of large
number of cells for long periods of time to obtamatistically robust results [96]. From this
perspective, the single cell motility assay is septated and the quantitative analysis is very
time-consuming. The large amount of data acquirethfthis detailed analysis need to be
further processed to extract simple parametersdiatbe considered representative for the

entire population.

3.8. Chemotaxis assays

The ability of cells to migrate, adhere, and chasigepe, which is central for all eukaryotes,
is primarily regulated by external signals, althoulyére are instances when cells respond to
internal cues as well. One of the most interesing relevant cases of cell migration in
response to external stimuli is chemotaxis, ilee, directional movement of cells along a
towards a concentration gradient of a soluble madéec

This mechanism is implicated in a range of phygmally relevant processes, such as
inflammatory response [103], homeostatic circulati@md development [104]. It also
concerns a number of disorders and pathologicalgsses including infectious and allergic
diseases, wound healing [105], angiogenesis, ablerosis, and tumour dynamics [13, 106,
107]. In the latter case, it is well known that cancells can migrate both individually and in
a collective manner [108]. Moreover, it has bearengly shown that a diffusional instability
mechanism [8] can induce the separation of singlelwstered cells from the main tumour
body, which can then migrate toward the source wfients, e.g. a blood vessel, thus
invading wider areas and tissues.

A still open issue is how soluble gradients mightdontinuously maintaingd vivo, where it

iIs known that several physical events such as nhsceontraction, convection of
extravascular fluid, and lymphatic flow might peluthe graded diffusion of soluble
substances.

Despite its ubiquity and importance, chemotaxisaies a difficult process to investigate in a
guantitative way, partly because it occurs in carpl3D environments not easily
reproduciblein vitro and not readily compatible with live cell imaginhe development of

physiologically relevanin vitro assays to study chemotaxis in a quantitative waytopic of



growing interest. Early efforts to generate spbtiihear and temporally stable chemical
gradients led to the development of diffusion-bageambers.

Several experimental approaches have been propos#te literature to investigate cell
chemotaxis both qualitatively and quantitatively.these assays, a gradient is established by
diffusion inside a porous medium or through a sngap between two large reservoirs
containing chemoattractant solutions of differendn@entrations. The most popular
chemotaxis assay is based on the Boyden chamb@}. [1@onsists of two compartments,
placed one into the other, which are separated pgraus membrane through which cells
migrate. The pore size has to be chosen small éniouglation to the size of the investigated
cells so that the cells actively migrate through po¥es and cannot passively pass the
membrane by just dropping through them. The ce#issaeded on a porous membrane in the
upper well, which is placed in a well containingheemoattractant solution. It diffuses into the
upper one creating a concentration gradient actbes membrane. This stimulates the
movement of the cells from the upper side to thitooo side of the membrane (Figure 1.11).

The cells on the bottom side are then fixed, sthinad counted.

Figure 1.11: Boyden chamber.

This assay is widely used because it's unexpareaikeeasy to set up. In addition, the filter
inserts with different pore sizes are commercialigilable and that the assay can be used to
quickly screen chemotactic effect of many compourtttsvever, the Boyden assay shows
many limitations due to the fact that it does natvide well defined concentration gradients.
In fact, the chemokine becomes homogeneously @dfus the upper chamber and the cells
will no longer migrate through the pores. Moreovers an end-point assays and cannot be
used for live cell imaging. Consequently, the Boy@dssay does not allow cell migration to
be monitored as a function of time; therefore dyiecgparameters of cell migration cannot be
evaluated. Furthermore, chemotaxis and chemokin@esidirected increase of cell speed)



cannot be discriminated in this assay because afbegun of the chemotactic factor to be
investigated is quickly reached [110].

The under agarose assay [111] is also widely useadvestigate cell chemotaxis, but as the
Boyden assay, it suffers from several drawbackduding that the cells are incubated in
static conditions and dynamic parameter of cellratign cannot be evaluated. However, the
in vivo environment is far more complex in comparisondaventional cell assay chambers.
Microfluidic devices, usually fabricated in PDMS ofiDiMethylSiloxane) by soft
lithography [112-115], have also been recently pssgl as a tool to observe cell behaviour
and migration under chemotaxis or interstitial flomnditions [116]. Convective and diffusive
transport can be decoupled by using microfluidiarage membranes; the effect of shear
stress can be also investigated by exposing the wwektatic or pulsating flows [117, 118].
Bridge chambers provide a visualization platformdbserving the behavior of cells between
the two wells. The cells are plated onto cover shpisich are then inverted leaving a small
gap between the bridge and the cover slip, tooldoralluid flow to occur, but large enough
to allow diffusion of the chemoattractant. Cells ¢hen be observed using an inverted time-
lapse microscope, which allows to capture the dyadmhavior of the cells. Commercially
available chemotaxis bridge assays include the @mgirand Dunn chambers (Figure 1.12).
The Zigmond chamber [110] was designed for studypogymorphonuclear leukocytes
capable of rapidly migrating at speeds of up to 3¥min [119]. In this chamber, two
compartments containing the chemoattractant anadhs, respectively, are connected side
by side horizontally. This chamber allows the gatien of shallow gradients and represent a
great improvement on under agarose assays, dug itoproved optical properties and near
steady state linear gradient stable for 30-90 reswuThe Dunn chamber [120, 121] was
introduced in 1991 for the investigation of chematan fibroblasts, which migrate much
more slowly at 0.42-1.25 pm/min. Gradient charaz#tion experiments for this chamber
highlighted that it was able to generate a lineadgnt within 1 h of setting up the chamber,
with a gradient half-life of 10 to 30 h, due to @table gap between the cover slip and bridge.
A recent modification of this technique is the llhshamber, shown in Figure 1.12 [122],
whose advantages include easy handling, gradieititsdefined directions and two different
gradient steepnesses in the same assay, compatiath thin cover slips for optimal optical
properties. As with the Dunn chamber, gradientsvaa@tained for at least 24 hours, allowing
slowly-moving cancer cells to be tracked. Thesaayssare typically used to evaluate cell
migration on 2D substrata. Direct observation chersilvhere the chemoattractant solution is

in contact with a 3D gel containing cells have dlsen reported [123, 124], but quantitative



control of the concentration gradient was diffictdtachieve. 2D assays are easy to handle
and provide important tools for understanding thgratory activity in response to natural or
pharmacological modulators, but there could beediffit mechanisms in 2D vs 3D cell
migration [125-127], the latter being in principteore adequate to mimic th@ vivo

environment.

Figure 1.12: (A) Schematic representation of thgallh Dunn and Zigmond chambers [122].

An idealin vitro chemotaxis assay should be carried out in a tiskeieollagen or fibrin gel,
allowing direct cell tracking [128] and imaging dhe concentration gradient of the
chemotactic factor (CF) within the (optically trgasent) gel, and be relatively easy to set up
with significant reproducibility [129]. Since cellare able to sense a spatial increase in
chemokine concentration to direct their motion,ub&axis studies require a way to deliver
chemicals to cells in a controlled way. These dateave been fulfilled in thim vitro assay

of leukocyte chemotaxis reported by Moghe et aBOJ1l in which the cells are initially
dispersed throughout the gel rather than conceatran the filter surface as in the Boyden
chamber, thus minimizing cell-cell interactions acell alteration of the CF gradient. A
simple modification of this leukocyte chemotaxisasreported by Knapp et al. [131] allows
a gradient of similar steepness to be realizedsificiently long periods to investigate the
chemotaxis of slow moving cells, such as fibroldadt involves the placement of a barrier
between the two halves of a chamber (one-half aliyti containing CF at uniform
concentration, the other initially containing ngniaving a small gap at one end of the
barrier that serves to geometrically (or dimendgiigh&onstrain the free diffusion; this small
gap hinders the passage of the diffusing moleculeseby slowing the decay rate of the

spatial gradient, which emanates radially outward.



Recently, a novel chemotaxis assay in 3D collages gased on a direct-viewing chamber
has been developed to overcome some of the limisiwf the existing assays. The chamber,
shown in Figure 1.13, consists in two steel blaglked on top of a microscope slide by using
a silicone adhesive. The blocks, separated by augomembrane (0.22m pore size), are

assembled together by two mounting screws. Part Eigure 1.13 has two independent
compartments; the first one (A) is used as contvell while the second one (B) is the

reservoir of the chemoattractant solution. In Ratttere is only one compartment (C) which is
used for the cell seeded collagen gel. Once asseinlthe membrane separating the
chemoattractant (B) and the collagen gel (C) companmt is sandwiched between the two
rectangular open frames in part 1 and 2, and thenchtractant can diffuse through the

membrane first and then into the cell-seeded celiage! [132].

Figure 1.13: 3D rendering of a recently developbédmotaxis chamber [132].

This methodology provides an integration of feasukehich are not found altogether in other
assays from the literature: an autoclavable charsibgple to operate and including a control
well, live cell imaging with both low and high-resitibn optics, a 3-D extracellular matrix, a

well characterized concentration gradient lastimgextended time periods, quantitative data

analysis based on cell tracking.



3.9. Wound healing assays

The wound healing (WH) assay is considered ondn@fnhost popular methods to evaluate
cell dynamic behaviom vitro [96, 133], because of its low coast and simpli¢cdyset up
[134].

In the classical WH assay, also known as scratslayaghe cells are grown on a two-
dimensional surface until they cover the entireilabbée surface (100% confluence). An
artificial scratch is than created on the conflueglit monolayer by mechanically removing
the cells from a defined area with a pipette &ifglade, a needle or similar [135]. Than the
cells are washed with a desired medium to removattached damaged cells and cell debris.
In response to the stimulus arising from the cozmatif the empty space in a previously intact
tissue, the cells on the wound margins, which aréonger contact-inhibited, proliferate and
move toward the center of the denuded region taHé wound [136] until new cell—cell
contacts are established again. It is not quitarckehat triggers the wound closure process.
The scratch process destroys the removed cellghwiiease their intracellular content into
the medium; this process is also quite traumaticttier cells on the newly formed edges.
Indeed these border cells may become partially pabie as a result of the brutal tearing off
of the adhesive junctions they maintain with the&ighbors. A sudden influx of the
extracellular medium in these cells may potentitdigger their migration. It is also possible
that a free edge is sufficient by itself to indwedl motility and proliferation to redensify the
monolayer [79].

The process of wound healing is regulated by nuosegrowth factors, such as epidermal
growth factor (EGF), transforming growth factor®TJF), vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF), araio fibroblast growth factor (bFGF). In
particular, bFGF is a member of a large FGF faroflgtructurally related proteins that bind
heparin or heparan sulfate, known to promote bathferation and motility of a wide variety
of cell types [137]. FGF binds to the different mwohs encoded by the four receptor tyrosine
kinases designated FGFR1-4, and also binds to ineparheparan sulfate proteoglycans.
FGF-stimulation leads to the activation of the RESPK signaling pathway [138], which
plays an important role in bFGF-induced cell peaigtion [139].

Epithelial and fibroblast-like cell behavior in the WH assay
Two main mechanisms of wound healing, have beentifcedl [2, 135, 140], depending on

the type of cells involved. The first one is typicd fibroblast-like cells, which cover the



wound space as individual cells; the second meshais a typical feature of epithelial or
endothelial cells, which close the wound in a atiiee mode [140].

Concerning the first wound healing mechanismsofilasts migrate toward the wound area
primarily as individual cells [140]. The availalyliof free space after the scratch is the
initiating event for the induction of cell movemeiFGF seems to promote fibroblast
migration through the PI3-kinase-Rac1-JNK pathwalgich is a novel pathway of bFGF-
induced cell migration Overall, the cells can mewth the same probability in any direction,
due to the lack of cell-cell interactions. In adufit cell proliferation may also contribute to
the wound closure [139], as it increases in respdaosthe “sensation of free space” after
wounding [134].

Concerning the second wound healing mechanismhadil-like cells maintain close
contacts and continuity with each other while eslobet of cells moves forward as a coherent
cluster, whose mechanical integrity is led by pbaiscell-cell interactions [79, 141]. The loss
of spatial constraints in the epithelial layer stlates cell migration [79, 142] and
proliferation [143] within the cohort, thus enalgithe wound closure through the spreading
of one sheet of cells towards the other in a colteand coordinate manner [144, 145].

WH experiments performed on epithelial monolayefs Madin-Darby canine kidney
(MDCK) cells showed that wounding in this modeltsys is accompanied by two traveling
waves of MAPK activation that propagate from theumwd edge into the bulk of the
monolayer. These dynamic signaling patterns wemeddo be essential for coordinated cell
migration during the wound healing process, whiololves the spreading of the monolayer,
with essentially no cell proliferation. Furthermprg has been proposed that MAPK
participates in a positive feedback loop which leracterized by cell spreading, MAPK
activation and cell motion, which drives the spiegdof a wounded MDCK monolayer
[146].

There is still some controversy regarding the &igng event for the induction of epithelial
cell sheet movement. Cell damage was suggested dagpberequisite for the initiation of cell
movement [147]. To test whether cellular injuryrégjuired to trigger the healing response,
Block et al. used agarose strips to create gapsalibit corneal epithelial monolayers
minimizing the perturbation of the cells. Followisgip removal, cellular sheets migrated at
the same rates as sheets created in scraped mersolaiie findings support the idea that the
triggering event for the induction of cell sheetvement seems to be the availability of empty
space [148].



The injury seems to be not strictly necessary;aict,finjury-free WH assays performed on
MDCK epithelial cells showed that the free surfasesufficient to induce cell migration.
Complex and coordinated long-range motions withive tepithelium were observed,
supporting the hypothesis of a mechanical commtioitédetween the cells in response to the
creation of free space [79]. However, Nikolic &t showed that the injury is essential for
coordinated behavior of MDCK cells in the epithelsheet. MDCK sheet migration was
investigated under three different conditions: dl@ssic scratch assay; empty space induction,
where a confluent monolayer is grown adjacent ta#d of polydimethylsiloxane and the
monolayer allowed to spread upon removal of thé,shithout damage; injury via
polydimethylsiloxane membrane peel-off, where agurad monolayer migrates onto plain
tissue culture surface. It was observed that th@age in the confluent cell monolayer
induces a the first wave of MAPK activation andttbaconstraining of the sheet without
injury induces only a second, slower wave of MARK\ation. It was also shown that the
injury induces the generation of reactive oxygeacgs (ROS) at the wound interface, and
that ROS are essential for the activation of thet fivave of MAPK signaling pathway.
Furthermore, in the absence of an external damagemotility within the sheet appears
greatly attenuated in terms of speed, travelletadee and cell path persistency compared
with the classical wound healing [149].

Mathematical modelling of the wound closure process

The wound closure dynamic process can be matheatigtidescribed using the Fisher-

Kolmorgoroff equation [150], which describes ce#indity evolution in space and time in

terms of cell motility and proliferation [151]. Botthese mechanisms are involved in the
spatial spreading of the cells invading the wourghastrongly affecting the evolution of cell

density [152]. According to the Fisher-Kolmorgor@tuation, cell motility is modeled by

Fickian diffusion, while cell proliferation is dediged by a logistic growth [153]:

_ g (1.3)

#

where is cell density at time t at a given distanceodarfrthe wound edgd) is the constant
diffusivity (random motility coefficient), analogsuo the diffusion term in Fick's law,is the
proliferation rate an&b is the carrying capacity of the surface, corresioom to the cell
density at confluence, in which the cells cover Wimle available surface. Consequently,

according to the Fisher-Kolmorgoroff equation thgerof change of cell density at position x



at timet depends on both the change in cell density duth@éomigration process and the
change in cell density due to cell proliferatiorb4]. The diffusion term of the Fisher-

Kolmorgoroff equation is linear, with the diffusiyiassumed to be constant. The logistic
growth model is related to the cell doubling ti&e %$and includes crowding

effects by reducing the growth rate as the denajyroaches the confluence density, or
threshold valuet [155]. The Fisher-Kolmorgoroff equation exhibitsnstant shape travelling
wave solutions; in fact, the model predicts thaeraf short transient the movement of the

invading cell front can be observed in terms ofraveling wave, which propagates with

constant speedl , -% in the direction perpendicular to the wound [1B&2, 154-156].

If the cells do not move, which means tlat0, cell proliferation is the only mechanism
driving cell density evolution. Under these corahs, the Fisher’s equation can be simplified
to the logistic equation (Eq. (1.4)):

— " =% (1.4)
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In particular when u<%, cell proliferation follows an exponential growtiodel.

When cell proliferation is suppressed, meaning k8t it can be written:
- — (1.5)

In this case (EQ. (1.5)), cell density evolutioroidy related to cell diffusion and the Fisher-
Kolmorgoroff equation is similar to the Fick’'s laeveral drugs working as cell division
inhibitors, such as mitomycin-c, can be used tabitithe proliferation process [139, 157].
Maini et al. experimentally measured the positibrihe invading cell front as a function of
time and found that it moved at approximately a tamsspeed. They also determined the
wave speed for wounds generated in cell monolayensn on different substrates. Analytical
results from the Fisher-Kolmorgoroff equation th@ovided a relationship between the rate
of cell proliferation and the diffusion coefficientlowever, the details of the cell density
behind the wound edge were not investigated [154].

Other approaches to identify parameters are basdtieomeasurements of the cell density
profile. For example, Sengers et al. fitted theusoh of a reaction—diffusion equation to
density profiles obtained from experiments, in ortte match the experimental data [158,
159]. Similarly, Sherratt and Murray studied a Wsbkay and chose the parameters in two



different reaction—diffusion equations so that bwtbdels predicted the observed closure rates
[160]. Takamizawa et al. calculated numerical sohg of the Fisher-Kolmorgoroff equation
using different values of the diffusivity and pfeliation rate parameters and compared the
numerical results with the experimental data of dehsity within the wound. A trial and
error method was used to estimate the two paramdteat gave the best fit to the
experimental data [161]. Savla et al. proposed aifimation in the Fisher-Kolmorgoroff
equation to include a term that describes cellagprgy and account for a time delay into the
mitotic term. The contributions of spreading, migra, and mitosis were investigated both
numerically and experimentally. The best fit partanevalues between the numerical
solutions and experimental data were obtained avitlonlinear least-squares algorithm [162].
Dale et al. used a cell diffusivity that was a fumc of an external chemical factor; they
determined an analytic approximation for the sp&fedaveling wave solutions in terms of the
parameters and verify the results numerically aonthmared the predicted speed with
experimentally measured closure rates in cornaghadal wound healing [163]. Simpson et
al. used a combination of experimental and modgltechniques to isolate the role of cell
motility and proliferation in a two-dimensional cidar barrier assay. They obtained
independent estimates &f and k and make independent modelling predictions abbet t
position and shape of the leading edge as welhasvolution of the cell density profiles.
Their results highlighted that continuum modelssdzhon the Fisher—Kolmogorov equation,
are a reliable platform upon which they can intetpand predict their experimental
observations [164].

However, the previous models do not include theat$f of contact inhibition of migration in
the wound closure process. This effect is signifiand should be included when modeling
wound closure dynamics. As cell motility has bebsearved to decrease with increasing local
density [155], an extension of the Fisher's equatiaoorporating non-linear diffusion, is
available:

— - 1 (1.6)

Here, the constant paramek®yis the diffusivity coefficient for isolated cellsyhile is a
dimensionless diffusivity and is function gfvvith the propertie®(0)=1 and @/du<0 [136],

meaning that the diffusivity is a decreasing fumatof cell density. A function that ts these

requirements is



1
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where A is a critical value of cell density and represeatsneasure of contact inhibition
phenomenon. It depends on the cell line; for examsi0.02 cells/urhfor neurons migrating
from a dense cluster [165]. Eqg. (1.7) capturesctir@act inhibition effect of cell movement,
whereby cells slow down, stop or change directidrenvthey encounter another cell in their
path [136], therefore hindering and inhibiting a@lbvement. It is natural to consider the cell
diffusivity decreasing with density, since the @nese of other cells leads to more collisions
[155].

Wound closure investigation

Two methodological approaches are typically usedagature the output of the WH assay, in
order to gain quantitative information about ceiteading within the wound region. The most
popular approach is related to the manual acqomsivf images within the sample along the
wound at the beginning and at fixed time inter(fds example every 6 h) until the wound is
closed [139]. In this approach cell movement isdglly quantified counting the number of
cells which repopulate the wound region for eachetistep, or measuring the distance
between the two wound edges or the wound area jhG@Her to determine the percentage of
wound closure at fixed time points [167]. Howevtris classical approach results to be
approximate, as it doesn’'t allow to highlight thgndmic aspects of cell behavior. For
example, Andujar et al. quantify the wound closprecess by counting the migrated cells
after 24 h from the beginning of the assay, in otdanvestigate the role of shikonin in the
migration of intestinal epithelial cells [168]. Tsa al. also determined the number of CCD-
966SK cells migrating in the denuded zone aftead@ 36 h [169]. Zhang t al. measured the
distance between the two edges of the scrapedaatka beginning and after 24 h, in order to
estimate the migratory distance of the cells withemwound region [170]. Yue at al. quantify
cell migration toward the denuded area at 16 andh Zhd determined the percentage of
wound closure [171]. In order to assess the rblBrotein kinase C on the spreading and
migration of intestinal epithelial cell during WHssays, Sumagin et al. also determined the
rate of cell migration into scratch wounds by me@guthe surface area devoid of epithelial
cells immediately after wounding (t =0) and at ®dagent time points (12, 24 ad 48 h) [172].
An alternative, more reliable approach to quant#&l dynamics in a WH assay is based on
live cell imaging performed by using time-lapse rogrzopy (TLM) which allows to

iteratively acquire sample images with a definedetifrequency [93], while controlling the



environmental parameters to ensure cell viabilyptghout the experiment, which can last
up to a few weeks [94, 173]. This methodologicalprapch allows to obtain the
abovementioned measurements, i.e., the number Ik e the wound region or the
percentage of wound closure, in a more accurate ayeover, the possibility to regularly
observe over time exactly the same wound regidghgrahan roughly comparing randomly
taken images, enables to estimate precise quargitparameters, such as wound closure
velocity, measuring the reduction of wound arearauae, or the cell front propagation
speed, quantifying the position of the wound frowner time.

Overall, the wound healing process is typicallyastgated on the scale of the entire cell
population, neglecting individual cell behavior. Moprecise information can be obtained
coupling TLM approach with cell tracking, in ordir quantify intrinsic cell motility from
individual cell trajectories (Rosello et al., 200 fact, the possibility to regularly image
over time exactly the same wound region allowsragk the path of individual cells on the
wound edges, in order to investigate the dynamiagomund healing also on the scale of the
single cells. This approach enables to reconstreltttrajectories and quantify cell motility
parameters, such as the total length travelledhiey cells, the net displacement and cell
velocity [174, 175].

Advantages and disadvantages of the wound helingsas/

One of the major advantages of the wound healirsgyashat it mimics to some extent
migration of cellsin vivo. In comparison with other populam vitro methods, such as the
Boyden assay, the wound healing assay is partlgidaitable to study the regulation of cell
migration by cell interaction with extracellular ma (ECM) and cell—cell interactions. In
other popular methods such as Boyden chamber agsagsaration of cells in suspension
before the assays disrupts cell-cell and cell-E@teractions [135]. Moreover, the WH assay
is also compatible with advanced microscopy tealesgncluding live cell imaging, allowing
analysis of intracellular signaling events (e.g.,Misualization of green fluorescent protein
(GFP)-tagged proteins for subcellular localizatiwriluorescent resonance energy transfer for
protein—protein interactions) during cell migratidie wound healing assay is also probably
the simplest method to study cell migratiam vitro and only uses the common and
inexpensive supplies found in most laboratoriesabbgpof cell culturing [140].

Although very powerful to investigate cell dynamitise wound healing assay suffers from
several disadvantages and limitations. For exanitpleannot be used to investigate the

chemotactic behavior of the cells, and consequgenttipes not replace other well-established



methods for chemotaxis such as the Boyden chamdsayaas no chemical gradient is
established. In addition, it takes a relativelygentime to perform than some other methods,
considering that a couple of days are needed fifdimation of the cell monolayer before
making the scratch and starting the experimentatRely large amount of cells and
chemicals are required for the assay as it is lsymrformed in a tissue culture dish.
Therefore, it is not the best method to choosdeéf availability of cells (e.g., specialized
primary cells that are hard to get in sufficientcamt) or chemicals (e.g., expensive reagents)
is limited [140].

Furthermore, the outcomes of the WH assay are sbateeonfounded by several factors,
which may represent a limit in accomplishing repble and reliable quantitative results.
First, the wound width can vary along its lengtld among different experiments [176]; it
depends on the dimension of the tool used in matkiagvound as well as the scraping force
and velocity [177]. The geometry of the initial walis particularly relevant, since the
complex force field that develops at the free edfythe monolayer depends on the size and
shape of the cell-free region [178]. Second, theatshing process involves mechanical
injures to the cells located on the wound edges][14Bich may potentially lose their
original morphology and function; this may resultthe transient contraction of the cell wave
front [179]. Some damaged cells and cell debrisatao keep attached to the wound margin,
perturbing the motility of other cells moving arauthe obstacle to access the cell-free area
[180], or they often reattach to the plate and miove the wounded area [133] or can cause
leaking of the intracellular contents towards theund region, leading to adulterated results.
Additionally, the migrating surface, often coatedthwextracellular proteins prior to cell
growth, can be damaged by the sharp objects typiasded in the scraping process;
alterations in surface topography may lead to peefial paths in cell movements (contact
guidance) [181]. It is well established in the rhtieire that substrate microtopography can
influence cell adhesive and migratory propertiesces substrate topography can alter the
establishment and organization of cell membraneddscal adhesion complexes and can
thereby invoke specific signaling pathways whichynragulate cellular phenotype and
function [182]. Furthermore, the relative cell doehce in the region where the scratch is
made, is challenging to control and reproduce witthie same culture dish and among
different cell samples [183]. This makes it diffitidb compare between experiments. The
difficulty to obtain the same cell density in thergles primarily arises from anisotropies in
the spatial spreading of the cells, mainly due neuven cell attachment in the culture dish

after plating. Moreover, it is arduous for the aer to plate exactly the same number of cells



in different culture dishes. Above all, several tedatments, such as gene silencing, involve
the use of invasive techniques, which may resulunmwanted cell detachment from the
bottom of the plates or cell death.

Overall, these factors might potentially influenitee outcome of the WH assay, strongly
limiting the reproducibility of the experimentsn brder to implement the WH assay in a

more controllable way, novel approaches have beegaldped.

Alternative approaches to the classical WH assay

Recent advancements in micromachining, optics, ddtgm and electronics in the past
decades, have led to the development of novel igeba which can be used to overcome the
limits of the classical wound healing assay. Speadif/, wounding techniques based on non-
mechanical methods such as chemical, electricdl,otical approaches have been recently

developed (Figure 1.14).

Figure 1.14: WH assays based on (A) scratching,s(Binping, (C) solid barrier, (D) liquid barrier,
(E) droplet chemical assay, (F) microfluidic cheatiassay, (G) electrical assay, and (H) laser
ablation [177].

The most common method for investigating cell dyrtanby wound healing experiments is
the mechanical approach because of its simpliaiy eost-effectiveness. In a mechanical
wounding assay, cells are disrupted physically. hedcal wounding assays can be
categorized into mechanical scratching and stampssgys. In a typical scratch assay, the
cells are allowed to grow until they reach 100%fk@nce, and a mechanical wound is then
created by physical scraping (Figure 1.14.A) witpigette tip, needle, bladder, razor, rubber
policeman, cotton bud, or Teflon spatula [184, 185l scratch assay can be achieved by

using a robotic system, in order standardize tloeg®s and increase the throughput [186]. To



improve the reproducibility and minimize the sudadamage, a drill press assay has also
been developed [187]. In this method, a stabilizethting, silicone-tipped drill press is used
to create uniform circular lesions in an intact cebnolayer. Another reproducible scratching
method is the hydrophilic polydimethylsiloxane (PBMslab assay [149, 188] in which a
short hydrophilic PDMS slab is embedded onto tHessate pre-coated with the material of
interest, allowing the cells to grow on top of thebstrate as well as the PDMS. After a
confluent cell monolayer is formed, the PDMS is osed, wounding reproducibly the cells
near the boundary. This method allows to minimiek @ebris and surface damage in the free
region of the substrate. Mechanical wounding can bBe performed using the stamping assay
(Figure 1.14.B). In this method, a confluent cetimalayer is punched by a stamp, such as a
PDMS mold, to create a reproducible and uniformepat Advantages of stamping assays
include creation of wounds with arbitrary shaped study of cell migration in the presence
of cell debris. For example, a stamping assay has beported to study phagocytosis of cell
debris in the wound site during wound healing [189jother stamping assay for studying
cell regeneration is the stamp-sliding assay [1@0lvhich the cell monolayer is stamped by a
Neoprene pattern under pressure control, followetbtary or lateral movement of the stamp
to create desired uniform cell patterns, such rées and islands.

The cell monolayer can also be wounded using palsiethods, in which a physical barrier
is applied prior to cell seeding to block cell attment; the removal of the physical barrier
triggers the wound closure process. The repeatatdhd standardization of the physical
barrier assay are more achievable compared witkdtagch assay and ensure a good survival
rate. The use of a physical barrier also minimizgls damage and keeps the cell-free region
intact for ECM deposition. The physical barrierassan include the use of solid barriers,
typically composed of biocompatible materials, (Fegyl1.14.C) and liquid barriers. One of the
early solid barriers for cell migration studieghge Teflon fence [191] in which a Teflon fence
Is placed in a culture dish, where the cells aa¢epl at high density. After forming a confluent
cell monolayer, the wound closure dynamics is swidifter the release of the Teflon fence.
Other solid stoppers are made of silicone or PDMB desired shapes. These materials can
adhere to smooth surfaces without glue and are tabtgeate multiple wounding sites. In
addition, they are biocompatible, ease of use, smav high adhesiveness. The barrier can
have a closed or open shape [192]. The open-shapers, such as circular rings, consist of
inner and outer compartments in which cells carsé&ted either inside or outside of the
barrier [193, 194]. Another physical barrier as&aycollective cell migration studies is called

“detachable substrate” [195]. This method con$tsvo complementary parts composed of



PDMS and polystyrene and fabricated by replica imgldAfter seeding cells and forming a
cell monolayer on one substrate, the intact comeigary substrate is attached and allows
cells to migrate onto the untouched surface fol mefiration studies. Liquid stoppers are
another barrier assay enrolling liquid or gel l&asiin outward cell dynamics studies in which
less substrate and cellular damages are requigedimeboundary (Figure 1.14.D). One of the
most popular liquid stoppers is the agarose géeb][1i& which the cells are embedded into a
droplet of agarose gel. Another method to study skeet migration is the oil droplet
migration assay, in which an aqueous drop of medagth suspension is pipetted into a light
mineral oil, and the drop falls on the matrix sudadue to the density difference. After a
confluent monolayer is formed, cells are releasethfthe liquid stopper by aspirating the oil
out of the dish. To study cell migration on theivas surface coatings without cellular
damage, a multichannel migration device, which sak@vantage of surface tension, can also
serve as a liquid stopper in microchannels [183].

Alternatively, wounding can be achieved by usingrafcal method (Figure 1.14.E), in which
a droplet of sodium hydroxide is pipetted onto ¢b# monolayer to selectively remove cells
in contact with the droplet [197]. The size of teund is controlled by the volume of the
chemical applied. The chemical wounding method @dso be implemented using
microfluidics in order to selectively remove celftsa microchannel in an enzymatical way
[144, 198]. The flow in a microchannel is generddlsninar due to the low Reynolds number
of fluid flows in the microscale (Figure 1.14.FPH].

Wound healing assays can also be accomplishedrieddist Electrical wounding methods
(Figure 1.14.G) are based on the electrical celissate impedance sensing (ECSI) technique
[199], which allows to create wounds with differgy@ometries. The electrical wound healing
device is typically composed of a small gold filleatrodes on which the cells are grown and
a much larger counter electrode [200]. By applyangelatively large voltage between the
electrodes, the cells of the monolayer are eleetrapabilized permanently with subsequent
death of the cells in a defined area. This enableenerate a wound in the cell monolayer on
the surface of the electrode. The movement of éfls which repopulate the empty space can
be characterized by measuring the electric vanatibimpedance of the cell monolayer on

the cell-adhesion electrode [201].

Wounding of cell monolayers can also be perform&dgioptical methods [202]. A laser can

mediate photothermal, photochemical, and photomrechikeffects on the cells determining



the removal of the cells from a defined area ofdbefluent cell monolayer (Figure 1.14.H)

[203]. This method allows to create repeatable wiswr wounds with arbitrary shapes.

4. Aim of the work
Although the framework of cell dynamics has gaimegbetus in recent years, the current
understanding of many mechanisms is still limitedl aell dynamic behavior remains a
challenging process to study under physiopathoddigicelevant conditiong vitro.
This work is addressed to:
investigatein vitro the dynamic evolution of cells, from single to lective cell
dynamic behavior, by using an experimental apprdzeted on direct visualization
(time-lapse microscopy) of cell samples and imagalyesis techniques, in order to
reach a better understanding of many physiologiodl pathological processes;
compare several methodologies widely used in theralure to investigate cell
dynamicsn vitro;
model the mechanisms governing single and colleaate dynamic evolution, i.e.,
migration and proliferation, by using mathematieguations based on the transport
phenomena approach.
The main goal of this project is to improve thereat understanding of the mechanisms
governing cell dynamics by using an interdiscipljnaapproach, based on chemical
engineering core disciplines combined with biolagjicbiotechnological and biomedical
sciences. A rigorous investigation, based on thdicgtipn of transport phenomena concepts,
is essential to measure cell movement and proliterandices that describe cell dynamics in
precise guantitative way. For this reason, the ldgveent of such analyses is nowadays
within the core business of Chemical Engineerirj,[Which can contribute to the building
of mathematical models, based on the transportgghena approach, useful to describe and

predict the mechanisms driving cell dynamics [19].



Chapter 2

Investigation of Cell Dynamics in vitro by Time Lapse

Microscopy and Image Analysis

Abstract

Pharmacological research is continuously workingtlma development of new drugs. This
research typically starts from the formulation ofvneolecules that are first investigated at
the cell scale, finally is completed with clinidailals. Investigation on the cell scale requires
simple, reproducible and reliable assays, ablénalate physiological conditions in the lab.

A wide range of biological processes, such as @egiesis, inflammation, tissue regeneration,
tumour growth and invasion, are strongly linked dell proliferation and migration
mechanisms that govern the dynamic evolution af hadividual cells and cell aggregates.

In this work we present an experimental methodologyhe quantitative investigation of cell
dynamicsin vitro by live imaging of biological soft matter. Cell nidy is observed by
means of a Time Lapse Microscopy workstation, csiimg of a motorized video-microscope
equipped with an incubating system, and quanti gdrbage analysis techniques. We report
some preliminary experimental results relativehte migration of a tumour cell line both in
random condition and in presence of an externalutis, such as a chemical concentration
gradient. The ultimate goal of this research isdbeelopment of a standard assay to be used

as a test for drug efficiency, suitable for routapplication in the pharmaceutical research.

1. Introduction

The pharmacological industry is strongly addresgedliscovering and testing of novel
therapeutic drugs for the treatment of a wide ramjediseases, including cancer,
inflammations and cardio-vascular dysfunctions.phburticular, the identification of novel

chemotherapeutic molecules is a topic of growirtgrest, because of the limitations of the
therapy approaches to the treatment of cancer, tdusimour invasion and metastasis
formation.

The research process of novel drugs is complexg-tiomsuming, and expensive. A wide

variety ofin vitro assays are used to identify novel therapeutic cotds and assesses their



efficiency on the industrial scale. Among theses Boyden chamber assay [204] is widely
used to investigate cell motility and invasion aapa due to its simplicity. However, it
presents a number of limitations; it does not alt®l dynamics to be monitored as a function
of time and does not provide well defined concditna gradients of the drug under
evaluation.

The detection of novel drugs and the evaluatiotheir activity require the development of a
standard assay aimed at the investigation of siogjle and cell tissue dynamics in response
to drug treatment, while mimicking physiological diion on the lab scale. An ideal assay
should be economic, relatively simple to set ughwignificant reproducibility and reliability,
and useful for high-throughput screening.

A large number of physiological and pathologicalogasses, including embryonic
development, immune response, inflammation and tummatiastasis, are intimately related to
the dynamic evolution of individual cells and cellisters [61]. Cell migration, proliferation
and aggregation mechanisms, driven by mechanicatl@chotactic cues [13], play also key
roles in the growth of healthy as well as pathatabtissues.

The above mentioned mechanisms of cell dynamicutieol can be described by using
mathematical models based on transport phenomenraeisn205]. It is possible to describe
cell motility in terms of a motility coefficient,relogue of the Fickian diffusion coefficient,
while cell proliferation can be described by modefdogistic growth [136]. The fusion of
two contiguous cell aggregates may be describeédrins of an effective interfacial tension
that promotes the formation of clusters with minim@xternal surface. An interesting
approach of this phenomenon can be hence basdueamntlogy with the case of drops of
fluid surrounded by an immiscible matrix [206], thaeform, break-up [207], retract to the
spherical unperturbed shape, coalesce, or form lxngpructures [208].

A detailed analysis of the mechanisms leading @gtlamics requires a rigorous approach,
based on the measurement of quantitative cell mewermdices. Cell dynamics can be
efficiently investigated experimentalip vitro by using live cell imaging by Time Lapse
Microscopy (TLM), that allows the direct visualizat of biological systems during their
dynamic evolution [93]. This microscopy technique based on automated sample
repositioning by motorized x-y stage and focus mdnand iterative image acquisition of
selected fields of view while controlling the emonmental parameter to ensure cell viability
throughout the experiment, which can last up teew fwveeks. The application of image

analysis techniques allows the reconstruction dif tcgjectories and the calculation of the



relevant cell migration parameters [175], or the jifigation of the growth dynamic of
tissues [173].

TLM is coupled to a large variety of vitro assays, ranging from single cell random motility
assays to chemotaxis assays, that allow a quavditiaracterization of cell dynamics [133].
In single cell random motility assays, the celle glated at low density, in order to
reconstruct cell trajectories in 2-D or 3-D substralhe trajectories are further analyzed
according to mathematical model, such as the pensisandom walk model [100], in order to
measure motility parameters, i.e. cell velocity, thersistence time between significant
changes in the direction of motion, and the celtilbpcoefficient, that is an analogous of the
random walk diffusivity.

Chemotaxis assays allow to quantitatively analyme directional cell response to chemical
gradients. The investigation of chemotaixissitro presents several challenging experimental
difficulties, mainly due to the problem of creatiagstable gradient on a time scale long
enough to elicit a significant cell migration resperf132]. Chemotactic movement of the
cells can be described in terms of a directionafilex, defined as the ratio between the net
movement in the direction of the gradient and thtaltcurvilinear length of cell trajectories
[129].

In this work, we propose an experimental methodplfoy the quantitative investigation of
cell dynamicdn vitro by live imaging of biological soft matter. Cell niy was observed by
means of time lapse imaging and quanti ed by imagalysis techniques. We report some
preliminary experimental results relative to a csisely aimed at the investigation of tumour
invasion. In particular, we performed 2D single ceigration assays in order to quantitatively
investigate the dynamic behavior of two populatiohsumour cells, i.e. HT1080 NG2- and
HT1080 NG2+ fibroblasts. The latter are characeetiby high expression of the NG2
transmembrane proteoglycan. It is thought to belwaein tumour progression (Cattaruzza
et al.,, 2013) because it accentuates growth resppnwmediates the tumour cell-host
microenvironment interaction and promotes neoaregiegis [209].

In order to investigate the chemotactic respongbetells to several molecules, we applied a
novel chemotaxis assay in 3-D collagen gels based direct-viewing chamber [129, 132]
that is reusable, and can be coupled to a Time ddggroscopy and image analysis
workstation. In the chamber a chemoattractant gunaton gradient in the collagen gel
sample seeded with cells is generated by diffugioough a porous membrane. We analyzed
the migration of HT1080 tumour fibroblasts underamcentration gradient of FGF2 growth

factor, that is known to be implicated in the pexgion of human cancer [210].



2. Materials and methods

2.1. Cell culture

HT1080 is a cell line of brosarcoma from conneetittssue. This cell line presents good cell
motility and a signi cant morphological polarizationHT1080 fibroblasts and two
subpopulations of this cell line (HT1080 NG2+ an&N) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10(%v) Fetal Bovine Serum (FBS),
sodium pyruvate 1 % and antibiotics (50 units/mhip#in and 50 pg/mL streptomycin) and

maintained in a humidi ed incubator at 37 °C undaratmosphere of 5 % G air.

2.2.  Chemotaxis chamber

Chemotaxis assays were performed by using a chafi#®] consisting of a single
aluminium block glued on top of a microscope sljeusing a silicone adhesive. A porous
membrane (0.22 um pores), sandwiched between wtamgular metal frames, separates two
compartments, one for the cell seeded collagelisgehple well), and the other as a reservoir
of the chemoattractant solution (chemoattractaserair). During the experiment the
chemoattractant, loaded in the reservoir, diffu@ough the membrane, and thereby
generates a concentration gradient in the cell exbembllagen gel. In Figure 2.1, a 3D
rendering shows the chamber in an assembled vi&erarthe membrane supporting frames
are housed in the chamber.

During the experiment the chemoattractant, loadedhe reservoir, diffuses through the
membrane, thereby generates a concentration gtadig¢he cell seeded collagen gel. The
chemoattractant concentration profile in the calagel can be described according to the
model of Fickian diffusion in a semi-infinite sIg§b32]:

C(x t)=i 1- erf Y 1
’ 2 Japt )

whereC(x,t) is the chemoattractant concentration as functioine spacex and timet, Co is
the initial concentration in the chemoattractasergoir,D is the diffusion coefficient of the

molecule in the gel.
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Figure 2.1: View rendering of the chemotaxis chambe

2.3. Time Lapse Microscopy workstation

Time Lapse Microscopy experiments were performedguan automated workstation based
on an inverted optical microscope with a long wogkidistance 10x objective in phase
contrast. A scheme of the workstation is reporteBigure 2.2. The microscope, placed on an
anti-vibrating table, is equipped with motorizedgs and focus, that allow to automatically
position the field of view within the sample undebservation. In order to mimic
environmental conditions, the microscope is encdasea homemade incubator that keeps the
sample temperature at 37 + 0.1 °C in a saturatstarei atmosphere with 5 % @QAmages
are acquired using a high-resolution high-sensjtimionochromatic CCD video camera. The
whole workstation is driven by homemade controhwafe in Labview. Images were stored

on hard drive for off line analysis.

Figure 2.2: Scheme of the Time Lapse Microscopkstation.



2.4.  Experimental methods

In 2D random motility experiments, HT1080 NG2+ d4@2- fibroblasts were plated on an
uncoated twelve-well culture dish at a density of@xcells per well and allowed to attach
overnight, incubating under standard condition37atC in a 5 % CgAir atmosphere before
starting the experiments.

Collagen gel was prepared with the following comipas (volume basis): DMEM medium,
0.1 M NaOH (5 %), 10x MEM medium (5 %), FBS (0.5,%ntibiotics (50 units/mL
penicillin and 50 pg/mL streptomycin) (1 %) and lagen solution (2 mg/mL). All
components were kept on ice during the preparagroept for the cell suspension that was
added at the end. The solution was placed in thgpkeawell of the chamber. The chamber

was then incubated at 37 °C and 5 %,@ 20 min to induce collagen polymerization.

2.5. Image analysis

Image analysis of random motility assays and char®experiments was performed using a
semi-automated Cell Tracking software. For eacletstep, all the cells were individually

followed to determine cell contour and the coortksaof the center of mass. The trajectory of
each cell was reconstructed for the whole experingatting from the center of mass

coordinates. Furthermore, average motility paramseté the cell population were calculated

as a function of time using a Matlab script.

3. Results and discussion

We performed 2D single cell migration assays, ideorto quantitatively investigate the

dynamic behavior of two populations of cancer ¢ells HT1080 NG2- and HT1080 NG2+

fibroblasts.

A detailed analysis of the motility of the two fiirlast populations on a planar surface is
reported in the following. In Figure 2.3.A and 2.3\ report the trajectories described by
HT1080 NG2- and HT1080 NG2+ fibroblasts respecyivetll paths are plotted starting from

the same initial position. In both fibroblast pogidns, the trajectories showed a random
orientation being uniformly distributed on the XYape (i.e., no preferential direction in cell

motion can be distinguished). However, more extdrntgectories were detected in NG2+
compared to NG2- fibroblasts.
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Figure 2.3: Fibroblast trajectory analysis and mesquare displacements. A direct analysis of cell
trajectories is used to characterize the motion M&2- (A) and NG2+ fibroblasts (B). To
guantitatively assess cell movement, the mean eglisplacements are calculated (C).

Cell motility was quantified by measuring quaniitat motility indices, according to the
persistent random walk theory [100], where it isuesed that cell motion is characterized by
a diffusion coefficient (also referred to as thedam motility coefficient) p (uimin) and a
persistence time P (min), that is, the charactetishe in which cell movement persists in the
same direction. The value of u is related bothhi @average speed of the cells and to the
persistence time. According to the theory, the ms&guare displacements are given by the

equation Eqg. (2.3):
d2@t) =4mt-p 1-e /P (2.3)

where <d(t)> (unf) is the mean squared displacement of the trackédsample at time t.
The trend predicted by Eq. (2.3) is linear fér P, with a slope proportional to the diffusion
coefficient (i.e., <@(t)> 4ut). The squared displacement was measured foy @verval by
calculating the Euclidean distance between the pwsitions occupied by the cell at the
beginning and at the end of the interval. The nezarared displacements*g> ( m?) were
then calculated as an average over the number asumements done for each cell over the
entire trajectory, and then over the entire cellytaton. In Figure 2.3.C we report the mean
squared displacements as a function of time, fol®8D NG2- and NG2+ fibroblasts. Eq.
(2.3) was fit to the experimental data of mean sephaisplacements as a function of time,

with g and P as the only adjustable parametersvéloeity of the cells V was also calculated



as the ratio between the curvilinear trajectorycdbsd and the elapsed time, averaged over
the entire cell population.

The statistical significance of the results wasifiegt by repeating the analysis on another
identical cell population, for each sample.

In Table 2.1 we report the estimate of the motijigrameters (4, P and V) for the two

fibroblast populations; the standard deviatioreggarted as uncertainty.

Cell sample H P (min) V (Lm/min)
(Lm?/min)
HT1080 NG2- | 5.50+0.13  32.19+0.10 0.59+0.01
HT1080 NG2+| 7.11x0.31  39.58+1.85 0.61+0.03

Table 2.1: Motility parameters for HT1080 NG2+ aH@1080 NG2- fibroblasts.

HT1080 NG2+ fibroblasts show higher motility comgéito NG2- fibroblasts, as evident by
the higher value of all the parameters examingok@ally the random diffusion coefficient p
and the persistence time P.

Our preliminary results support the hypothesis thatNG2 proteoglycan is involved in the
regulation of cell motility. Further experimentalvestigation is in progress to confirm this
result.

We also analyzed the chemotactic response of HT1EG&Gcer fibroblasts under a
concentration gradient of FGF2. This growth facterknown to be implicated in the
progression of human cancer.

The directionality of cell movement during chemasaassays was quantified by defining a
directionality index I, that is the ratio betwedmetnet movement in the direction of the
gradient and the total curvilinear length of thd t@jectory. It ranges from +1 (trajectory
fully oriented towards the source of chemoattragtam 1 (negative chemotaxis). | = 0
corresponds to a random motion where no prefetaitiection is observed.

In Figure 2.4.A we report the quantitative measofr¢he y component of the chemotaxis
index (ly), i.e., the ratio between the net disptaent in the direction (y) of the gradient and
the total curvilinear trajectory of the cells, adumction of time. ly fluctuates around O,
meaning that the fibroblasts seem to move in aagantashion. The average cell velocity on

the other hand shows a progressive increases ifirshe hours, as shown in Figure 2.4.B.



This result suggests a chemokinetic, rather thamcitactic, effect of FGF2 growth factor on
HT1080 fibroblasts.
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Figure 2.4: Analysis of motility for HT1080 fibrasts under FGF2 chemotactic gradient:
the y component of the chemotactic index (A) aretaae cell velocity modulus (B) as a
function of time.

4. Conclusions

The development of physiologically relevant vitro assays to identify novel therapeutic
molecules and test drug efficiency is a topic abvgng interest in the pharmacological
industry, mostly due to the wide application in treatment of cancer.

Due to the complexity of the cell response, a tkdaiquantitative assay requires an
interdisciplinary approach based on chemical eraging core disciplines combined with
biological and biomedical sciences [205]. A rigoramgestigation, based on the application
of transport phenomena concepts, is essential asune cell movement indices that describe
the dynamic response of cells to drug treatments.

In this work we present an experimental methodoldgyinvestigate the dynamics of
biological soft matter in a quantitative way, whitemicking physiological condition on the
lab scale. In particular, we used Time Lapse Micopy in order to analyze the motility of a
tumour cell line both in random condition and irerggnce of an external stimulus, such as a
chemical concentration gradient. We applied a nowethodology for the experimental
investigation of drug efficiencyn vitro by time-lapse live cell imaging of cell movement
under a controlled gradient of a soluble moleclrighis assay, a concentration gradient in a
collagen gel sample seeded with cells was generbteddiffusion through a porous

membrane. Preliminary results are reported to vidittee technique.



The aim of this work is the development of a staddaessay to be used as a test for drug
efficiency. The technique proposed provides higldgroducible results [129, 132] and is

promising for routine application in the pharmadealtindustry.



Chapter 3
Comparison between fibroblast wound healing and ckl

random migration assaysn vitro

Abstract

Cell proliferation and migration play a key rolenmany biological mechanisms involved in
the dynamic evolution of individual cells or tissuyéncluding cancer growth and invasion,
embryogenesis, angiogenesis, inflammatory resposse, tissue repair. In this work, we
compare two established experimental approachesh&rnvestigation of cell motilityn
vitro: the cell random migration (CRM) and the woundlinga(WH) assay. In the former,
extensive tracking of live cells in time-lapse m&copy images and elaborate data processing
are used to calculate two intrinsic motility paraems of the cell population under
investigation, i.e., the diffusion coefficient amlde persistence time. In the WH assay, a
wound is made in a confluent cell monolayer andtdrmeporal reduction of wound area is
taken as an empirical measure of cell migratioritgpiprovided that cell proliferation is
accounted for. To compare WH and CRM we applied tthe assays to investigate the
motility of skin fibroblasts isolated from wild tgpand transgenic mice for PED/PEA-15
(TgPED), a protein known to be overexpressed ireptg with type 2 diabetes. Overall, we
found a substantial agreement between independeasurements of cell migration based on
the two techniques, both of which showed a slowegration ability of TgJPED cells. In
particular, our results highlight that the cell rtpt parameters derived from CRM analysis
can be also estimated from a WH assay, thus suggéssas an easier and faster approach for
the quantitative characterization of cell migratioho our knowledge this is the first,

quantitative comparison of these two widely usethtéques.

1. Introduction
The dynamic evolution of cells, governed by probten and migration mechanisms [1],
plays a key role in a wide range of physiologicameell as pathological processes, including

morphogenesis, immune responses, angiogenesise tispair and tumour progression [92,



211]. Nevertheless the complex mechanisms goverogtigdynamic behavior are still far
from full comprehension [16, 17]. A detailed an@dysf these processes requires a rigorous
approach to quantitatively measure well-defined melvement and proliferation indices. The
wound healing (WH), or scratch assay, and theraalilom motility (CRM) assay are among
the most commonly used methods to investigatedgehmic behavior [96, 133].

Specifically, WH assay is a well-known, low-costdarelatively easy assay which is widely
used for the characterization and quantificatiowadf migrationin vitro [134]. In this assay,
an artificial scratch is created mechanically onft@nt cell monolayers by scraping off an
area of cells [135]; In alternative, more recentsians are based on removable inserts that
limit the area initially covered by cells [212]. tasponse to the injury, the cells on the edges
of the newly created gap proliferate and move towhe center of the denuded area until the
wound is closed [136]. The time required for wowldsure is taken as a measure of the
migration ability of the cell population under irstgation, although the results can be
influenced by cell proliferation as well [79].

The WH kinetics can be also assessed by monitevmgnd area as a function of time [200],
which is best carried out by using a time-lapserosicopy (TLM) workstation [213]. By
TLM, sample images at given positions can be iteeht acquired with a defined frequency
over periods of time ranging from few minutes twesal days [93]. Such possibility of
regularly observing over time exactly the same ak#he sample, i.e., the same wound
region (rather than comparing randomly taken impgesables stable and consistent
measurement of the reduction of wound area oves.tiro maintain cell viability during TLM
experiments, video microscopes can be equippedamtimcubator to control environmental
conditions [94, 173, 214].

In all these experiments, the WH process is usuaihgstigated in a “macroscopic” sense,
i.e., on the scale of the entire wound. At the &mlel, two main modes of wound healing
have been identified [2, 133, 135, 140]. The firgide is typical of cell lines of epithelial or
endothelial origin, which are able to create callidheets or monolayers at confluence. Once
a wound is made by scratching the monolayer, this or either side tend to maintain close
contacts and continuity with each other while mgvierward in a collective mode as a
coherent cluster, whose mechanical integrity isusets by cell-cell interactions [79, 141,
215]. The triggering event for the induction of lcgheet movement is the availability of
empty space [148] rather than the injury itself, abhis not strictly necessary [79], although in
absence of an external damage the migration appeadsminant in the cells at the leading

edges [144] and attenuated in the rear or sub mealrgells in terms of speed and cell path



persistency [142]. In other words, the loss of ighatonstraints itself in the monolayer
stimulates cell migration [79, 142, 144] and peigtion [143, 145], thus enabling the wound
closure, but in the presence of an external danmsagdemarginal cells following the ones at
the leading edge have a stronger contributionémtbvement of the cell sheets and therefore
to the wound closure.

The second wound healing mechanism, more relewatitis$ article, is a typical feature of
fibroblast-like cells, which migrate toward the wwlarea primarily as individual cells [140],
rather than as cohorts [146]. Also in this case atailability of free space upon the scratch is
the initiating event for the induction of cell mawent. Overall, the cells can move with the
same probability in any direction, due to the latkstrong cell-cell interactions. In addition,
cell proliferation may also contribute to woundstlioe [139], as it increases in response to the
“sensation of free space” after wounding [134].

The different mechanisms underlying the two abogscdbed WH modes are not clearly
distinguished in the output of the test, whichustjwound closure as a function of time. So,
the WH assay, though simple and straightforwardyipes limited information at the single
cell level [187]. In addition, the question arisdsether WH can provide an intrinsic measure
of cell motility due to a possible dependence @& tasults on the manual operation of the
assay (e.g., in terms of size and extent of thendp{77]. On the contrary, the cell random
motility (CRM) assay, which is another well-estahid method to characterize cell migration
[93], is based on the observation of individual cebtion and provides intrinsic parameters
of cell motility. In the CRM assay, cells are pkhteut at a low density on the surface of a
culture well, and cell position is tracked as action of time. The cell trajectories are then
reconstructed either manually or automatically bgelk matching algorithm which allows a
quantitative determination of cell motion paramgtencluding cell total travel length, net
displacement and velocity [59]. Cell random motildan be also described by a persistent
random walk model [98-100], which is based on twinfy parameters: the persistence time
between significant directional changes and thd gedtility coefficient (analogous to
molecular diffusivity).

Major advantages of the CRM assay are that it gdes/insight into the dynamical behavior
of individual cells, and allows the tracking of loglotion in two but also in three-dimensional
substrata, where the cells are embedded in ancelltrear matrix (e.g., a collagen gel). In
addition, the assay can be used to study diredtimigration in anisotropic substrata where
cell movement is biased towards a concentratiodigné of a soluble or substrate-bond factor

(e.g. chemotaxis and haptotaxis) [132]. All thesmtdires (single cell level of the



investigation, 3D migration and directional migeat) are not supported by the WH assay and
necessitate a more laborious assay. In fact, gaawé analysis of single cell migration
requires the tracking of large number of cellsdatended periods of time in order to obtain
statistically robust results [96]. Moreover, theégla amount of tracking data needs to be
further processed to extract model parameters septative of the entire cell population.
From this perspective, the CRM assay is more lalbsrand time-consuming compared to the
WH assay. The CRM assay should be considered asldastandard to investigate cell
migration, because it allows a comprehensive andi+sedle analysis of cell motility at the
level of both the entire population and the indiatcells.

Although the abovementioned experimental techniguessaluable in assessing cell motility
parameters, a quantitative comparison between tHeawl CRM assays is however lacking
in the literature. In this work, we aim to compdhe motility behavior of two different
fibroblast-like cell populations obtained by WH a@G&M tests simultaneously carried out in
the same experiment. The results provided by tleedssays are quantitatively analyzed to
assess whether they yield comparable informatiosetinmotility. The comparison between
the two assays is based on the persistent randdknmvaael combined with a solution of the
diffusion equation for cell density including cpholiferation [154].

As a case study to illustrate the comparison batwbke two assays, we used two cultured
primary fibroblast populations, with known differezscin migratory ability [175], isolated
from wild-type (Wt) control mice and genetically mibed TgPED mice, overexpressing the
protein PED/PEA-15, which is highly expressed inesal tissues and cell types, including
fibroblasts, from type 2 diabetic patients [216,7R1Transgenic mice overexpressing
PED/PEA-15 (TgPED) have also been shown to dispglagose tolerance abnormalities
[218], accompanied by wound healing defects typialiabetes mellitus [175].

It was previously reported [175] that fibroblassolated from TgPED mice showed a
significant reduction in the migratory ability compd to Wt fibroblasts. It was also observed
that cytoplasmic spreading was significantly redude TgPED fibroblasts; this was
paralleled by a decreased cellular content of fadalesion plaques and actin stress fibers.
We performed WH experiments on both, Wt and TgPDoblasts. We did not limit our
investigation at the cell population level, i.e.asering the wound closure kinetics, but we
also applied the tracking method, typically used@&M assay, to quantify the movement of
the cells during the wound closure process, andwiber investigated the directionality of

cell motions. We finally estimated migration paraens by CRM assay as well on the two



cell populations. These independent quantificatminsell motility parameters based on either
cell population dynamic analysis or individual de#lhavior are here compared and discussed.

2. Materials and Methods

2.1. Cell cultures

Skin fibroblasts were obtained by punch biopsy fragPED and Wt mice that were
generated and characterized as described previfEd}. Mice were housed in the animal
facilities in a temperature-controlled (22°C) roanth a 12 h light/dark cycle and were killed
by cervical dislocation.

Cultures were established and grown at 37°C in €xdb’s Modified Eagle MediurtLonza,
Switzerland)supplemented with 10% fetal calf serum (Lor&ajtzerland)in a 5%C0,-95%

air humidified atmosphere, as described elsewlef8][ Cultures between passages 8 and 15
were used in this study. For all experiments, cekse maintainedn culture for an equal
number of generations.

The duplication time of both TgPED and Wt fibroltasvas measured to be about 16 h, no
significant differences was observed between the pwpulations, as also proved by
thymidine incorporation experiments [175].

2.2. Time-lapse microscopy

Time-lapse microscopy experiments were performéagusn automated workstation with an
inverted microscope (Zeiss Axiovert 200; Carl Zeidsna, Germany) and a long working
distance 10 objective in phase contrast (CP Achromat Ph1l). Mioscope was equipped
with a motorized stage and a motorized focus (P@ambridge, UK) for automated sample
positioning and was enclosed in a homemade incubattsisting of a plexiglass cage kept at
37°C+ 0.1°C by warm air ux from a heater tuned by a Ri@ntroller. To surround samples
with a controlled atmosphere and prevent water @aon and pH changes in cell culture
medium, air premixed with 5% GQwas blown through a bubbling column for humidity
saturation and fed to a microenvironmental chanpi@ced on the stage. Live-cell imaging
was performed using a high-resolution, high-sevigitimonochromatic CCD video camera
(Orca AG; Hamamatsu, Japan). The whole workstatvas driven by homemade control
software in LabView. The image acquisition frequenzas set to 10 min, and the overall
experimental duration was 24 h. Images were stored hard drive for subsequent offline

analysis.



2.3. Experimental methods

In this study, two different types of experimen@GRM and WH, were carried out to
investigate cell behavior.

In CRM experiments, Wt and TgPED fibroblasts plateduncoated 6-well culture dishes at a
density of 2° 10 cells/well were allowed to attach overnight anduipated under standard
conditions at 37°C in a 5% GRir atmosphere prior to experiments. Figure 3.4hAws a
typical image of random migration experiments.

To perform WH assays, Wt and TgPED fibroblastsgalain uncoated 6-well culture dishes at
a density of 5 10° cells/well were incubated until 100% confluencell@onolayers were
wounded manually by scratching with a p200 pipé&tieand in each well, cells in an area
with a width ranging between 380 and 580 pm weneoreed. Fibroblasts were then washed
twice with phosphate-buffered saline (PBS) to reeoellular debris. Prior to experiments,
culture medium was replaced with fresh medium. FEddif.B shows a typical image of WH

experiments.

Figure 3.1: Typical images acquired during CRM expents (B) and WH experiments (C). Scale bar
=100 m.

2.4. Image analysis

At each time point, individual cells were identdidoy means of a semi-automated image
analysis macro based on standard software librdtreage Pro Plus). The cell contour,
orientation, and coordinates of the centroid (ceatenass) were determined and stored. The
centroid coordinates were used to reconstruct thgedory of each cell throughout the
experiment.

In WH assays, the cell-free area representing thenel was measured by segmenting images

for each time point by an homemade automated iraaghysis software.

2.5. Data analysis
To estimate cell motility parameters, cell positaarays were processed by a Matlab script.



Average values of cell population parameters, saghelocity and orientation angles of the
cell major axis, were calculated as a functioniwfet For each cell trajectory, several non-
overlapping intervals [100, 219] of size t werentiiied, and squared displacement was
measured for every interval by calculating the Eean distance between two positions
occupied by the cell at the beginning and the efhdhe interval. The mean squared
displacement relative to an interval of size £(®& ( m?), was then calculated as the average
of all the measurements taken for each cell ogegntire trajectory, and then further averaged
over the entire cell population. The calculationswterated for different values of t, the
smallest size of the investigated time intervalsregponding to the delay time between
consecutive TLM image acquisitions, the larges¢ siarresponding to the entire experiment
length. It is worth mentioning that low values ofcorrespond to higher numbers of
independent measurements, whereas approachingakienom available value of t, i.e. the
entire experiment length, it is possible to averagly few measurements. For this reason low
values of t are associated with higher statissaahificance. The analysis of cell motility was
based on the persistent random walk theory [99], 2@fere it is assumed that cell motion is
characterized by a diffusion coefficient (also regd to as the random motility coefficient) D
( m?/min) and a persistence time P (min), the charastietime during which cell movement
persists in the same direction. The value of D gaiantitative measurement of cell migration
and is related to both the average speed of cetlstlze persistence time. According to the

theory [100], the mean squared displacements aendiy the following equation (Eqg. (3.1)):
d?(t) =4Dft- P{1- €?) ] (3.1)

The trend predicted by Eq. (3.1) is linear at t$€, <d(t)> 4Dt), with a slope proportional
to the diffusion coefficient. Eq. (3.1) was fit the experimental data of mean squared
displacements as a function of time, with D and Fha only adjustable parameters.

Cell velocity V ( m/min) was also calculated as the ratio betweerctimeilinear trajectory
described and the elapsed time, and it was averaggdhe entire cell population. As another
parameter of cell movement, the fraction of matiédls was defined as the proportion of cells
showing a total trajectory length over the entixpeziment length (25 h) greater than about

180 um, calculated as 3 times the average cellat@niabout 60 pum).

2.6. Statistical analysis
To find possible differences in cell velocity betmethe two fibroblast genotypes analyzed,

statistical significance was assessed by the atesiysis.



The parameters D and P were calculated out ofrépectories measured for 68 TgPED and
78 Wt for CRM assays, and 46 TgPED and 48 Wt filasts for WH assays. This sample
size can be considered as statistically relevanii][2Bowever, in order to estimate the
statistical error, the overall number of cells ked for each sample was divided in two

subpopulations, and the calculation repeated twice.

3. Results and Discussion

The effects of PED/PEA-15 on fibroblast motilityveabeen recently described [175]. Here,
we confirmed the differences in terms of cell migna between Wt and TgPED fibroblasts
by using WH and CRM assays, and used this resultotapare the two experimental
techniques.

In the WH experiments, the kinetics of wound clesuas determined for both the Wt and
TgPED fibroblast populations. In Figure 3.2, theuwd area (A), as measured by image
analysis at each time point and normalized to tiitel value (A), is shown as a function of
time. Each data point in Figure 3.2 representsatrerage of three measurements taken from
three different positions of the same well, stadd#eviation is reported as error bar. For each
data set, a linear fit is also plotted, whose sloge be considered a quantitative measurement
of the wound closure velocity. These velocities aver021 ' and 0.015 # for Wt and
TgPED fibroblasts, respectively, meaning that TgPE&s 1.4 times slower than Wt. The
images shown in the lower panel of Figure 3.2 gmoad to the data points A, B, and C,
respectively, and represent one of the three fieldsew analyzed for the Wt sample. The top
row corresponds to the raw images, while the botimw shows the result of image
processing with the cell-free area highlighted iachl

According to the Fisher's model [150], the woundaliveg process depends on both cell
proliferation and motility [136]. In our case stydthe contribution of the proliferation
mechanism to the wound healing process can be demesi identical for Wt and TgPED
fibroblasts. In fact, no difference between the wedl populations was detected in terms of
proliferation rate in thymidine incorporation exjpeents, as reported in previous work [175].
The motility of the two fibroblast populations wasalyzed in details, in order to compare the
different samples. Figure 3.3 shows cell trajeemrias determined by image analysis of
CRM experiments, in random, non-confluent condgiofhe paths of 68 TgPED and 78 Wt
fibroblasts are plotted starting from the sameiahiposition in Figure 3.3.A and 3.3.B,

respectively. The trajectories are uniformly distited on the XY plane and show random



orientations, as a consequence of the absenceygiraferential direction in cell motion. At a
visual inspection of the two charts, the traje@snn the Wt sample appear somewhat more
spread out; this observation was later analyzedetail through the measurement of motility

indices, quantitative results are reported in Fegdi7 and Table 3.1, and are discussed below.

AIA,

Figure 3.2: Dynamic evolution of wound closure. Taund area A was normalized with respect to
the initial value A and plotted as a function of time for the two ditliast populations (Wt and
TgPED). Images of the Wt sample are shown (top botilom, raw and processed images,
respectively), with the wound area shown in bles&ale bar = 100 m. Error bars represent the
standard deviation.
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Figure 3.3: Trajectories of 68 TgPED (A) and 78 (®/) fibroblasts under random conditions.

We compared cell motion in the WH experiments tb roetility under unstimulated random
conditions as in the CRM assays. The comparisondeas by applying the tracking method,
typically used for the CRM assay, to quantify thevement of the cells invading the cell-free
area in the wound closure process. In order toyaaahe data in more detail, the trajectories
described by 46 TgPED and 48 Wt fibroblasts arenteg in Figure 3.4 using a color code:
the cells on the right edge of each wound are émbel red, cells on the left edge are labeled
in black, the trajectory in blue is relative to ookthe cells on the left edge (see below).
Figure 3.4.A and 3.4.B show the trajectories désdriduring the wound closure by TgPED
and Wt fibroblasts, respectively, referred to thene initial positions, in analogy to what we
reported in Figure 3.3 for CRM assays. The trajgesoin Figure 3.4.A and 3.4.B are
uniformly distributed in the XY plane, hence thegnaition of Wt and TgPED fibroblasts
toward the wound area can be considered as randbm. enables a direct comparison
between the results obtained using the CRM and\tHeassay. As expected, most of the cell
paths were preferentially directed toward the aeotdéhe cell-free area to close the wound.
Indeed, the trajectories reported in black, comwesing to cells on the left edge of the wound,
were oriented toward the right (i.e., positive XsaiBsa values), whereas the trajectories in
red, corresponding to cells on the right edge, sliba preferential orientation toward the left
(i.e., negative X abscissa values). Figure 3.4.@ 4D show the X component of the
trajectories as a function of time for the TgPEDRI &t samples, respectively. It is evident
that the black trajectories developed mostly ohwer positive semi-plane, whereas the cells

from the right edge (in red) moved toward the niegatlirection. For comparison, the



dynamic evolution of the Y component of TJPED antdall trajectories is shown in Figure
3.4.E and 3.4.F, respectively. For both samplesyed and black data series merge with each
other, showing that the trajectories developed oenig toward either the positive or the
negative Y direction. It is worth noting that soofehe cells in the Wt sample show a folding
trajectory. In particular, some cells from the lefige initially moved toward the left direction
and then at later times reverted to the right dioeci.e., the positive X abscissa (for example,
see the trajectory in blue in Figure 3.4.B, 3.4rd 8.4.F, that refers to a cell laying on the
left edge of the wound). This behavior may be ezldb the presence of local damages to the
cell monolayer. For instance, cell debris removednd) the scratch was not properly washed
off, or the cells that were partially damaged bg #tratch and did not move altered the
motility of other cells, that were forced to move®iand the obstacle to access the cell-free
area. In general cell trajectories can be alsaémited by damages on the dish surface, due to
the scratching [222], which may lead to preferdnpaths in cell movements (contact
guidance).

The directionality of cell movement during wounasuire was quantified by defining the
directionality index 1, which is analogous to theemotactic index [130]. For every single
cell, the ratio between the net displacement (8halthe X or Y direction and the overall
curvilinear trajectory (€ over the same time interval was calculated. Tirectionality index

| in a given time interval was then calculated aweighted average over the entire cell
population, with the trajectory length being theigin [129]. Figure 3.5 shows two images of
a WH experiment corresponding to 0 and 25 h, withttajectories described by some of the
cells superimposed in white. The net displacem@ijtalong both the X and Y axes were also
shown. We measured the average values of the idmatity indices Ix and ly for both
TgPED and Wt cell genotypes, calculated over th@apidlations of cells moving from the
left and right edges of the wound (indicated asd R, respectively). As expected, due to the
orientation of the X axis, Ix was systematically ifige for the cells from the left edge that
moved preferentially from the left to the righte(i. following the positive orientation of the X
axis) and was always negative for the cells froenrtght edge. For direct comparisons among
different populations, the absolute values of Ixl @y is shown in Figure 3.6. |ly|] seems to
fluctuate around 0, proving that cell movement altimg Y direction was random, whereas
|Ix| was significantly higher for both edges. Theé &#lls exhibit a less pronounced difference
between |Ix| and |ly| for the subpopulation along kft edge, compared to the TgPED
sample, due to the presence of some cells that exhdalding trajectories, as reported in

Figure 3.4 and discussed above.
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Figure 3.4: (A, B) Trajectories of 46 TgQPED (A) a#8 Wt (B) fibroblasts during WH experiments.
(C, D) Real-time evolution of the X coordinate TgPED (C) and Wt (D). (E, F) Real-time evolution
of the Y coordinate for TJPED (E) and Wt (F). Tlediscon the left and right edges of the wound are
shown in black and red, respectively. The trajectorblue is relative to a cell on the left edgatth
shows a folding trajectory to move around an oldstand reach the cell-free area.



Figure 3.5: Trajectories described for some of tledls were superimposed on the initial (A) and lfina
(B, 25 h) images of a WH experiment. The curvilinegiectory (G) and the net displacements, (S
and §) over the two directions are also indicated. Sdzde = 100 m.
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Figure 3.6: Directionality indices along the X aivddirections for the TgPED and Wt samples in the
WH experiments. Bars indicate the absolute valuéhefaverage indices calculated over the cells
moving from the left (L) and right (R) edges. Erbars represent the standard deviation.



The image analysis used for cell tracking also s the orientation angle of the major axis
of each cell [132] at any time point, which is tethto the direction of cell movement at that
specific instant. The distribution of the cell ariation angles at several time points was also
calculated. Despite the clear presence of a pmiatemovement along the X direction, no
defined preferential orientation was observed dkercell population (data not shown for the
sake of brevity). A possible cause of this randamantation is the presence of two competing
effects, one being that the cells prefer to moea@lthe X direction to close the wound and
the other being that the scratch induced initiedsst over the cell monolayer along the Y
direction, thereby orienting some of the cells ogibnally to the wound closure direction. The
scratch may also accidentally induce micro abrastonihe dish surface that can contribute to
drive the cells along the Y direction (i.e. theediion of the scratch). The effect of the scratch
was also observed in terms of folding trajectorsegygesting that, on average, the cell
polarization was random. In other words, at anyegitime, different cells were oriented
along different directions, even if the overall reavent of the cell population remained
directed toward the X direction, as measured bydtrextionality index.

Cell motility was quantified by means of specifiarameters, as described in the Material and
Methods section. Figure 3.7 reports the valueb®@htean squared displacement as a function
of time for the Wt and TgPED samples under randoutility conditions (Figure 3.7.A) and
during wound closure (Figure 3.7.B). For any giwetue of time, the <gt)> value was
higher in the Wt fibroblasts under both conditiomslicating higher motility. The difference
in mean squared displacement between the two oglulptions was reduced in the WH
experiments, suggesting that the wound may aatnteebow depress cell motility in Wt cells,
while no significant differences were measuredTigPED. For instance, for a value t of 700
min, <d(t)> for the Wt cells was 2-fold higher than that the TgPED cells under random
conditions, whereas the difference was only 1.d-fof the WH assay. Cell-cell interactions
or stress-induced mechanisms might account for sygarent discrepancy. By fitting the
experimental measurements of the mean squaredadespent according to Eq. (3.1), the
random motility coefficient D and the persisteniceet P were estimated for both CRM and

WH experiments. The resulting fitting curves arevahan Figure 3.7.
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Figure 3.7: Mean squared displacement for the TgRIED Wt samples measured during CRM (A)
and WH (B) experiments.

Table 3.1 summarizes the estimated motility pararsetor the two cell populations under
random and WH conditions. Compared to Wt, the TgREidblasts showed limited motility,
as evident by the lower values of all the paransed@amined, including the random motility
coefficient (D), the persistence time (P), the mealocity (V), and the fraction of motile
cells. This observation is in agreement with theecked difference in the wound closure rate
reported in Figure 3.2 and also confirms that PEHARAS indeed inhibits cell motility. The
results provided by WH and CRM assays are in ageaénConsistent with the results shown

in Figure 3.7, the increment in the motility paraemns for the Wt cells was higher, compared



to the TgPED cells, under random conditions, intast to WH. In particular, the random
motility coefficient D for Wt was 3.6 higher thahat for TQPED in the CRM assay, whereas

the increment was limited to 2.2 in the WH assay.

) Fraction of . _ _
Experiment | Genotype ) D [um*/min] P [min] V [um/min]
mobile cells
Wit 71%+0.09 | 11.4+35 | 370.0+£70| 0.6+0.05
Random
motility TYQPED | 54%+0.02 | 3.2+1.0 | 68.2+15.0| 0.47 +0.01
Wt 85%+005| 67+21 |3438+100 083+0.1
Wound
healing TGQPED | 54%+0.03 | 31+1.1 | 748+16.0| 0.540.15

Table 3.1: Motility parameters determined for th&otcell populations under random motility
conditions and during wound healing experiments. éach sample the calculation was repeated on
two cell subpopulations, randomly selected; we reggbthe average of the two measures of each
motility parameter, and the standard deviation asartainty.

Concerning the persistence time, the incrementse ved and 4.6 for CRM and WH,
respectively. The differences in the fraction of ieotells and the mean velocity (V) were
less significant. Statistical significance of th&fetences in the V for the two genotypes was
also assessed (p < 0.0001) for both random and Widitions. Figure 3.8 shows the mean
velocity module calculated over the entire expenitaklength for each cell analyzed in the
CRM and WH experiments.

The comparison of motility parameters of the twd pepulations under WH and random
conditions, showed that random motility coefficiéot Wt cells is reduced under WH, while
the fraction of motile cells and velocity are batkreased. In particular the differences in the
mean velocity can be considered as statisticalgvamt (p<0.0001, see Figure 3.8). However,
for TgPED cells no significant differences were @ted comparing the WH and CRM
assays, in terms of fraction of motile cells, D d@dwhile only limited differences are
measured for the mean cell velocity V, that ares leslevant than the previous case
(p=0.0047).



Figure 3.8: Average velocity moduleni/min) calculated over the entire experimental tarfgr each
cell analyzed. Four data sets are relative to tive genotypes (TgPED and Wt) as analyzed during
random motility and WH experiments. The contindmesand error bars represent the average value
and the standard deviation, respectively. The wiffees in the average velocity for the two genatype
can be considered as significant (p < 0.0001) fothbrandom and WH conditions. The differences in
the average velocity for Wt cells under random &#H conditions is also significant (p<0.0001),
while only limited differences are measured for E§Rcomparing WH and CRM assays (p=0.0047).

We can speculate that this difference in the belnasf the two cell populations can be
attributed to the decrease in focal adhesion pkgfighe TgPED fibroblasts compared to Wi.
Due to the reduced adhesion to the support, iketyl that TQPED cells are less affected by
the mechanical stress the scratch induces alongy tlkrection; furthermore any contact
guidance due to the possible presence of microsams on the culture dish is also less
relevant. For this reason the two experimental tmmd (WH and CRM) can be considered
equivalent for TgPED cells, whose motility, limitebmpared to Wt, due to the limited
adhesion, is not further depleted by the secondamgages induced during the scratch. Wt
cells, on the contrary, show higher adhesion orsthestratum and suffer more from the stress
induced during the scratch. In our scenario we @pée that for Wt cells the wound closure
process stimulates cell velocity, that is in fastremented in the WH compared to CRM
assay, but this increment does not correspond tonamement in the random motility
coefficient, due to the contrasting effect on tledl orientation along the two directions, as

discussed above. It is worth mentioning that thessatum micro-topography can influence



cell adhesion and migration [182]; in all our expents cells have been plated on multiwell
uncoated culture dishes.
Cell migration and invasion models, based on trehéfis equation [150], can be used to

describe the WH process. This approach predicts th®invading cell front moves as a

789:)
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traveling wave at constant speed 6 [152, 155], where D is the random motility

coefficient andt is the cell doubling time (in our case studys about 16 h for both cell

populations). The measured values of the cell fepeted during the WH assay were 5.1 and
4.3 m/h for Wt and TgPED, respectively; these valuesarthe same order of magnitude of
the typical cell velocity, as calculated accordinghe persistent random walk model (Table

3.1). The random motility coefficients D, estimatadcording to the Fischer's approach
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’ 79:)

about 1.4-fold higher than that of TgJPED. Thesareses are comparable to the data of Table
3.1 for CRM and WH assays.

It's worth mentioning that a rough approximationtbé order of magnitude of the random

$, were 2.6 and 1.8m%min for Wt and TgPED respectively, i.e., Wt mailivas

motility coefficient D can be also obtained by divig the squared distance covered by the
cell front by the elapsed time; the values so extéxh were about 10 and &%/min for Wt
and TgPED fibroblasts, respectively. This last apph assumes that the cell front movement
is driven by simple diffusion [132], neglecting thentribution of the proliferation; for this
reason, this calculation can lead to an overesiimadf the random motility coefficient.
However, also in this case the order of magnitddbeestimated random motility coefficient
is in agreement with the reference measuremeningatdy cell tracking, reported in Table
3.1.

Overall, we can state that the differences in the ite between the two considered samples
is mainly due to differences in the cell motilignd that the contribution of the proliferation is

limited and identical for the two cell types.

4. Conclusions

In this study, we performed a direct comparisotwaf different experimental methods for the
investigation of cell motility usingn vitro live-cell imaging by time-lapse microscopy. Single
Cell Random Migration assays and Wound Healingyasssere performed to analyze cell
behavior under random conditions and in presencarofexternal stimulus, such as a

mechanical damage on a cell monolayer. Both theserenental approaches are widely used



in the literature for the quantification of cell tran through the determination of several cell
motility parameters. The first assay requires nelaedorate data processing, and allows the
determination of specific quantitative parametstsh as the random motility coefficient and
the persistence time, and can be considered aklangstandard. The WH assay requires an
easier analysis, and is more widely used in tleeditire; typically a wound closure velocity is
measured, but sometimes the investigation is omligdd to obtain a qualitative visualization
of the cell motility. The aim of this study is tefiorm a detailed analysis of cell motility in
the two experimental conditions and to make a tioeenparison of the abovementioned
methodologies, still lacking in the literature.

In order to compare WH and CRM, we applied the assays to a case study in which the
motility of two skin fibroblast populations, isoét from Wt control mice and TgPED mice,
overexpressing the protein PED/PEA-15, was invasti) In addition to its involvement in
cell motility, PED/PEA-15 is known to be overexmed in patients with type 2 diabetes,
which represents a relevant issue since wound rr@paiormalities are common features of
type 2 diabetes. In a previous report [175], it whswn that PED/PEA-15 controls fibroblast
motility and wound closure by ERK 1/2-dependent nagisms. In fact, a reduced migratory
ability was observed in TgPED fibroblasts compaiedVt control fibroblasts. In this work,
we used the known difference in terms of migratdiity between Wt and TgPED cells to
compare the two experimental techniques, i.e., WeH@RM assays.

In the WH assays, we analyzed the wound closureardigs by quantifying the wound
closure velocity based on real-time measuremenh®freduction of the denuded area. We
found that the TgPED fibroblasts healed the wouratenslowly than the Wt cells. Cell
spreading and proliferation are the dominant bil@igmechanisms governing the wound
healing process [150, 154]. We focused on the aisabf cell motility, as the contribution of
the proliferation mechanism to the wound closur@ess can be considered identical for Wt
and TgPED fibroblasts.

We reported a detailed phenomenological and quaingt description of Wt and TgPED cell
motility under different experimental conditionsg.j in random conditions and during WH
assays. The results show that WH assays are charact by directionality in cell movement,
induced by the presence of a gap; this directipnairelevant for the wound closure process.
We referred to the persistent random walk modelylich cell division was not taken into
account, and calculated typical parameters, inolydihe persistence time, the random
motility coefficient, the percentage of motile sgliand the cell velocity for both WH and

CRM experiments. All the estimated motility paraeretwere lower in the TgQPED fibroblasts



compared to Wt in both assays, supporting the thgsis that the PED/PEA-15 protein plays
a significant role in the regulation of cell mdylias shown in a previous work. However, the
differences were less pronounced in the WH assagsjting in a reduced decrement of the
random motility coefficient and the persistence einThis result may be interpreted by
postulating a direct involvement of cell-cell irdetion-driven mechanisms or a modification
of cell motility induced by the wounding itself, vahi may represent a significant cellular
stressing event. Nevertheless, TQPED cell motityained significantly reduced, compared
to the Wt control fibroblasts, also during WH assay

We made a cross comparison between the WH and CREsunements, proving that the

result of one assay can be estimated, at leastd@s of magnitude, given the result of the
other. In particular the random motility coefficieor the cell velocity, usually measured by
CRM assays, can be estimated from the measurerhdrg wound closure velocity, obtained

by WH assay. On the other hand, the time requioedhfe wound closure can be estimated,
given the random motility coefficient as determiriemm a CRM assay. This proves that the
two assays are intimately linked with each other foe fibroblast populations here

considered.

Overall, we found a substantial agreement betweelependent quantifications of cell

migration based on the cell population dynamic ysiga] WH assays, and the reconstruction
of individual cell trajectories in both WH and CRa&says. In conclusion, the experimental
techniques used in this study allow the acquisitbanalogous information in terms of cell

motility. In other words, we proved that the sarmadusions can be drawn from the complex
and time consuming single cell motility analysisgdrom the simpler Wound Healing assay.
To our knowledge this is the first, quantitativengmarison of these two widely used

techniques, based on the analysis of two diffecetitgenotypes. Nevertheless, the CRM and
WH assays are not equivalent from a biological poinview, because of the presence of
damage in the cell monolayer in the WH assay. @wfjration in the WH assay may be

gualitatively predicted from a detailed analysisrahdom motility, and vice versa, despite
different quantitative terms. These findings colkdapplied to express the results of the WH
assay, which is quite used in the literature duéstsimple operation, in terms of intrinsic cell

motility parameters. We believe our result can bwant for future experimental and

modelling works.



Chapter 4
The wound healing assay revisited:

a transport phenomena approach

1. Introduction

The dynamic behavior of the cells, driven by pesition and migration mechanisms [1], is
essential for a wide spectrum of physiological adl\as pathological processes, including
morphogenesis, immune responses, angiogenesise tispair, tumor growth and invasion
[92, 211]. The complex mechanisms that lead celhadyic behavior are still poorly
understood [16, 17]. In order to achieve a betmnmrehension of such mechanisms, a
detailed analysis of these processes requirescaotig approach to quantitatively measure
well-defined cell movement and proliferation indicd-or this reason, the development of
such analyses is nowadays within the core busimie€siemical Engineering [18], which can
contribute to the building of mathematical modélgsed on a transport phenomena approach,
useful to describe and predict the mechanismsrdyigell dynamics [19].

Biological processes can be investigateditro by using several conventional assays, which
allow to quantitatively characterize the dynamaspects of cell behavior. These assays range
from simple and inexpensive ones, like the Boydssag [204], to technically laborious,
time-consuming and expensive experimental solutisash as the cell random motility assay
[214]. The latter one should be considered as d gt@ndard to investigate cell migration,
because it enables a comprehensive and multi-acalsis of cell migration at the level of
both the entire population and the individual cells

Nevertheless, one of the most popular methods tu&eacell dynamic behavion vitro is

the wound healing (WH) assay [133, 223], becausiésdbw coast and simplicity to set up
[134]. In the classical WH assay, also referred@satch test, the cells are grown on a two-
dimensional surface up to a condition defined adleence, corresponding to the carrying
capacity of the surface, where all the availablesps.completely covered by the cells, which
have the tendency to form continuous monolayersadificial scratch is than created on the
confluent cell monolayer by mechanically scrapirifyjam area of cells with a pipette tip, a
blade, a needle or similar [135]. Than the celss\aashed with a desired medium to remove
cell debris and suspended cells. Novel approaches heen developed to implement the WH
assay in a more controllable way [177]. For exampilere recent versions are based on

removable inserts that limit the area initially eoed by the cells [212]. Alternatively,



wounding can be achieved by laser [202, 203] octete[200] removal of the cells from a
defined area. A number of circular WH assays hdse bheen established; many of them
involve the creation of a circular exclusion zorgng a stopper positioned prior to cell
adhesion and spreading [192, 224]. Furthermore, Inov@ofluidics-based WH assays use
laminar flows in microfluidic channels to seleclivedetach the cells from a portion of
confluent cell monolayers in an enzymatical way [1428].

In response to the stimulus arising from the cogatif the empty space in a previously intact
tissue, the cells on the wound margins, which aréonger contact-inhibited, proliferate and
move toward the center of the denuded region terctihhe wound area [136].

Depending on the cell types involved, two main naeséms of wound healing have been
identified [2, 133, 135, 140]. Specifically, thesti mode is typical of epithelial-like cells,
which repopulate the wound area in a collective moeesured by strong cell-cell
interactions, moving as two coherent sheets [79]. IFhe second wound healing mechanism,
more relevant to this article, is typical of fibrabtic cells, which fill the wound region
moving primarily as dispersing individual units [J4father than as cohorts [146]. Due to the
lack of strict cell-cell interactions, overall tisells can move omnidirectionally, i.e. with the
same probability in any direction.

The driving force for the spreading of the two c#kets one toward the other in the wound
healing process is the availability of free spawgresponding to the loss of spatial constraints
[148]; the injury in the monolayer is not stricthecessary [79], even if in the presence of an
external damage the movement is extended to thelmind the wound margin. In addition,
the sensation of available space by the cellsialbaces cell proliferation [134], which may
contribute to the wound closure process [139].

The wound closure process can be mathematicallgridesl using the Fisher-Kolmorgoroff
equation, which includes terms for modeling cell ilitgt and proliferation. Both these
mechanisms are involved in the spatial spreadinthefinvading cells in the wound area,
strongly affecting the evolution of cell densitytime. According to the Fisher-Kolmorgoroff
equation, cell motility is modeled by Fickian diéion, while cell proliferation is described by

a logistic growth:

— — =3 (4.1)

#

where is cell density at timé at a given distance from the wound edgé) is the constant

diffusivity (random motility coefficient)k is the proliferation rate ar?o is cell density at



confluence [154]. The model predicts that afterhars transient, the movement of the

invading cell front can be observed in terms ofraveling wave, which propagates with

constant speedl , -% in the direction perpendicular to the wound [1B&2, 154].
An extension of the Fisher-Kolmorgoroff equationgarporating non-linear diffusion, also

exhibits travelling wave solutions:
— - = 18 (4.2)

Here, the constant parametBgis the diffusivity for isolated cells, while is a
dimensionless diffusivity, function g;fwith the property >! as%> ?. In this form of the
Fisher-Kolmorgoroff equation, cell diffusivity is ha@onstant, in analogy with the basic
diffusive model in which the diffusion coefficiedepends on the concentration of the
molecule [225]. In Eq. (4.2), cell diffusivity isonsidered as a decreasing function of cell
density:

1
0 5 (4.3)

whereA is a critical value of cell density correspondinga measure of contact inhibition and
depends on the cell line. Hence, this functionainfacaptures the phenomenon of contact
inhibition of cell movement, whereby the collisioatthe cells can cause cell reorientation
and lead to a change in the direction of cell p#tlerefore hindering and inhibiting cell
movement [155, 165].

The measurement of cell density is a challengisl teom an experimental point of view; for
this reason, the analysis of the wound closure gg®cis simplified quantifying the
phenomenon in terms of change in the wound sizetowe. In order to gain this quantitative
information over long periods of time, it is necysto observe dynamically the cells while
covering the wound space. As the wound healingga®can last up to a few days, the cells
must be taken in culture to ensure their viabitying the experiment.

Two methodological approaches are typically usedajature the output of the WH assay, in
order to gain information about cell dynamics. Thest popular approach is related to the
manual acquisition of images within the sample gltive wound at the beginning and at fixed
time intervals (for example every 6 h) until thepga closed [139]. In this approach cell
movement is typically quantified counting the numioé cells that repopulate the wound
region for each time step [168, 169], or measutitggpercentage of wound closure at fixed



time points [167, 171, 172]. However, this clasisagproach results to be approximate, as it
doesn't allow to investigate the dynamic aspectsetifbehavior.

An alternative and more reliable approach is baseddirect visualization by time-lapse
microscopy (TLM) which enables to dynamically monithe free surface are, iteratively
acquiring sample images with a defined time fregyefi93], while controlling the
environmental parameter to ensure cell viability,[273]. This methodological approach,
allows to obtain the abovementioned measuremests,the number of cells in the wound
region or the percentage of wound closure, in aemacxcurate way. Furthermore, the
possibility to regularly observe over time exadtlg same wound region, rather than roughly
comparing randomly taken images, enables to estipigcise quantitative parameters, such
as wound closure velocity, measuring the reduadiorvound area over time, or the cell front
propagation speed, quantifying the position ofwloaind front over time [79, 134].

Although the WH assay provides a valuable expertaieapproach for studying cell
dynamicsin vitro, it suffers from several drawbacks [180]. In fabe outcomes of the WH
assay are somewhat confounded by several factohgchwmay represent a limit in
accomplishing reproducible and reliable quantitatesults. For example, the wound width
can vary along its length and among different expents [176]; it depends on the dimension
of the tool used in making the wound as well as sheping force and velocity [177].
Moreover, the scratching process involves mechamigares to the cells located on the
wound edges, which may potentially lose their odgimorphology and function [179]; this
may result in the transient contraction of the eedlve front. Some cells and cell debris can
also keep attached to the wound margin, perturtiiagnotility of other cells moving around
the obstacle to access the cell-free area [180Hitisally, the migrating surface, often
coated with extracellular proteins prior to celogth, can be damaged by the sharp objects
typically used in the scraping process; alteratiamssurface topography may lead to
preferential paths in cell movements (contact guteéa [181].

Furthermore, the relative cell confluence in thgioe where the scratch is made, is
challenging to control and reproduce within the sasulture dish and among different cell
samples [183]. This makes it difficult to compandependent experiments. The difficulty to
obtain the same cell density in the samples prignarises from anisotropies in the spatial
spreading of the cells, mainly due to uneven dédicament in the culture dish after plating.
Moreover, it is arduous for the operator to plataatly the same number of cells in different
culture dishes. Above all, several cell treatmemsluding cell staining and gene silencing,

involve the use of invasive techniques, which mesutt in unpredictable efficiency of cell



adhesion, undesired cell detachment from the bottbtine plates or cell death. Overall, these
factors might potentially influence the outcome tbE WH assay, strongly limiting the
reproducibility of the experiments.

In this work, we revisited the methodological apgmio typically used to quantify the wound
closure dynamic in a WH assay, by using a novelaagh based on transport phenomena
concepts. In particular, we focused on the difticulb achieve reproducible and reliable
quantitative results in the WH assay, stronglydiciko several bias. In order to investigate the
potential effect of cell density on the wound heglprocess, we performed WH experiments
on a population of fibroblasts by usimgvitro TLM image acquisition. Overall, our work is
addressed to overcome, at least in part, the limita related to the conventional quantitative
analysis of the WH assay. In particular, in thisskvave propose a phenomenological scaling
of the experimental data, in order to overcomedtiect of cell density on wound closure

velocity in WH assays.

2. Materials and Methods

2.1. Cell cultures

HT1080 human fibrosarcoma cells were grown at 3#iCDulbecco’s Modified Eagle
Medium (Lonza, Switzerland) supplemented with 10%talf bovine serum (Lonza,
Switzerland) and antibiotics (50 units/mL peniailland 50 pg/mL streptomycin) (Lonza,
Switzerland) in a humidified atmosphere containBfp CO2 in air. Cultures between

passages 18 and 22 were used for WH experiments.

2.2. Time Lapse Microscopy

Time-lapse Microscopy (TLM) experiments were catroait using an automated workstation
based on an inverted microscope (Zeiss Axiovert B0} Zeiss, Jena, Germany) and a long
working distance 10 objective in phase contrast (CP Achromat Phl)crilesd elsewhere
[129]. The microscope was enclosed in a homemaddator that allows to keep the sample
at constant temperature (37 £ 0.1 °C) and underC®2, 100% humidified atmosphere.
Live-cell imaging was performed by a high-resolatibigh-sensitivity monochromatic CCD
video camera (Orca AG; Hamamatsu, Japan). The wivalkstation was driven by a
homemade control software in Labview. The imagesewteratively acquired at several

locations within the sample using a motorized xtags and focus control. The delay between



two successive images of the same field of view setsto 10 min; the overall experiment

duration was about 60 h.

2.3.  WH assays
To perform WH assays, HT1080 fibrosarcoma cellsewsated on uncoated 24-well culture

dishes at different initial densities! 610°, 3° 10°, 1.5" 10, 0.75" 10, 0.3" 10 cells/well,

corresponding to 34 x 10 17 x 10%, 8.5 x 10¢%, 4.3 x 10* and 1.7 x 10 and %“k
respectively.The cells were incubated at 37°C for about 24 hil 80 % confluence was
reached. Cell monolayers were scratched manuatly a/p200 pipette tip to scrape away an
area of cells, in order to mimic a wound. Cell debwvere then removed washing the
fibroblasts twice with phosphate-buffered salinB$. Before starting the experiments, the
wounded cell monolayer was rinsed with fresh celtmedium.

The experiments were performed in the absenceratigtipresence of 5 pg/ml of mitomycin-

C (Sigma-Aldrich, Australia), an inhibitor of celfoliferation [226].

2.4. Image analysis

The size of the cell-free area (A), representing Wwound, was measured by segmenting
images for each time step using an homemade awtdrnmatge analysis algorithm.

The wound width (b) was calculated for each timenpas the ratio between the area of an

equivalent rectangle with size A and the heighth&f image (h). Then, the position of the

ErGE

invading cell frontD , whereH is the wound width at time O, was calculated. A

schematic representation of the measured paramstegported in Figure 4.1, which shows

two images of a WH experiment, corresponding toahth t>0 h. The dotted lines indicate the
wound edge on the right and left side of the sbranhereas the double arrowed line shows
the wound width.

Cell density was measured using the image anadgdisare Image ProPlus, which allowed

to manually count the cells in a selected regidmpse size was determined drawing manually

its contour.



Figure 4.1: Images acquired during a WH experingrthe initial time (t=0) and t>0. The area of the
wound at time 0 (4§ and at t>0 (A) is shown in black. The height lné image (h) and the wound
width (ky and b for t=0 and t>0, respectively) are also icatied. x(t) is the position of the invading
cell front, which changes along the x axis as afiom of time.

3. Results and Discussion

In order to investigate the potential effect ofl @Ensity on the wound healing process, we
performed WH experiments on HT1080 human fibrosaaaells by usingn vitro TLM
image acquisition.

The cells were plated for three times at diffeiiaittal densities B: 34 x 10°, 17 x 10%, 8.5 x
10% 4.3 x 10" and 1.7 x 18 and %%Figure 4.1). The cell density,fon the wound edges

at the initial time step was measured by imageyamal As shown in Figure 4.2, the same
value of 0 corresponds to different real values of cell dgnBi,, suggesting that the cell
density in the region where the scratch is madehadlenging to control and reproduce.

In Figure 4.3, the cell density,Ds reported as a function of the theoretical delhsity D).
The data suggest that the higher the value of Hberétical cell density is, the higher the

probability to make error in plating the cells. Fexample, for @ = 34 x 10" %%fve

@A99
BC

obtained three different values of,027 x 10%, 29 x 10*, 44 x 10* %??33 +9 ‘being

the mean value with the standard deviation, as showigure 4.2.



The cell densities at various distances behinccéliefront during the wound closure process
was measured at several time points for three ssmglell density evolution over time and
location (along the direction of wound closure &)shown in Figure 4.4. Specifically, in
Figure 4.4.A, 4.4.B and 4.4.C we report the evolutin space of the cell density for

increasing time steps, for samples correspondimifferent initial cell densities R 27 x 10

4%?12 x 10 %% and 3 x 10 %gﬁespectively. In the first and second time step, a
gradient of cell density can be observed; in feel, density decreases moving from the edges
to the wound area. The curve describing cell dgresiblution in space exhibits the form of a
travelling wave, according to the Fisher-Kolmorgbemuation. Figure 4.4.A and 4.4.B show
that cell density on the edges of the wound dochahge significantly over time, whereas in
Figure 4.4.C cell density on wound edges increasestime.

The kinetics of wound closure was determined fdrsalmples with different initial cell
density. The process was quantified by measuriagdtuction of the cell-free area (Ajfor

the position of the invading cell front (x) ovemi. In Figure 4.5.A, the wound area (A), as
measured by image analysis at each time point antatized to the initial value (@, is
shown as a function of time for each sample unaegstigation. In the inset, the mean value
of the wound area (A) normalized to the initialualAy) is shown as a function of time. Each
data point in the inset represents the averagdl tfie@measurements taken for each sample
and the standard deviation is reported as erroribd&igure 4.5.B the position of the invading
cell front (x), measured as described in 2.4 pamlyris reported as a function of time for
each cell sample. Each data point in the inseesgmts the average of all the measurements x
taken for each sample; the standard deviationpgerted as error bar. It's worth mentoning

that in Figure 4.5.B the curves reach differenalfimalues of x, corresponding %5 because

no normalization was done in this case. The grapfsgure 4.5 suggest that the cell samples
require different time to complete the wound healprgcess. This can be related to the

differences in the local cell density at time O.



Figure 4.2: Images of cell samples acquired at@,<orresponding to different initial cell densti
Dy, is the theoretical value of the cell density, iB the real value of cell density according to
the measure obtained by image analysis, B#f is the average value of cell density for
samples corresponding to the samge $xale bar = 100 m.
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Moreover, the curves describing the evolution ofadd x in time show a linear trend,

suggesting that the wound clusure process occursomstant speed. This result is in

agreement with the Fisher-Kolmorgoroff equationjchihpredicts that the progression of the

invading cell front can be observed in terms ofraveling wave, which propagates with

constant speed. We fit a linear equation to eath skt reported in the graphs describing the

evolution in time of A/A (Figure 4.5.A) and x (Figure 4.5.B); the slope t@nconsidered a

quantitative measurement of the wound closure wgldc) and the velocity of cell front

progression (v), respectively.

In Figure 4.6, the wound closure velocity @nd the velocity of cell front progression (viar

shown as a function of the cell density, Bieasured at time 0. We found a linear relationship

between the or v and the cell density.
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Figure 4.5: Dynamic evolution of wound closure. Etion with time of the wound area A, normalized
with respect to the initial value,AA), and of the position of the invading cell frqi®) for cell
samples with different densities at time 0.
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We proposed a phenomenological scaling of the axeatal data in order to overcome the
effect of cell density on wound closure velocityurGcaling on the time axis is based on the
linear relationship between A§Xor x) and the time, and between the wound closalecity

(or the velocity of cell front progression v) atiee cell density R. The scale factor (F) is

the ratio between the cell density at time 0 ohesample (¢, and the cell density at time 0

of a representative sampled, :

8\
[ (4.4)

The scaled time.tan be calculated with the following equation:

e I (4.5)

We report the evolution in time of the cell-free@areduction (A/f) (Figure 4.7.A) and the
position of the invading cell front (x) (Figure 4Bj after data scaling. In the inset, the
average values of AfAand x are shown as a function of time; the stahdmviation is
reported as error bar. Comparing Figure 4.5 andrEig.7, we found that after the scaling the
curves are really close to each other, as suggéstdede shorter error bars in the insets in
Figure 4.7.

The same approach was used in a WH experimentrpertbin the presence of mitomycin-C,
used to inhibit cell proliferation mechanism. Figut.8 shows the evolution in time of the
cell-free area reduction (Aghbefore (Figure 4.8.A) and after (Figure 4.8.B)adscaling. In
the inset, the average values of A/Are shown as a function of time and the standard
deviation is reported as error bar. In Figure 4t wound closure velocity Y and the
velocity of cell front progression (v) are shownaakinction of the cell density at time 0. We
found a linear relationship between ther v and the cell density. Also in this case, rafte
scaling the curves are closer to each other, asestefjby the shorter error bars in the insets
in Figure 4.8.B.



Figure 4.7: Dynamic evolution of wound closure aftata scaling. Evolution with time of the wound
area A, normalized with respect to the initial val& (A), and of the position of the invading cell front
(B) for cell samples with different densities ateiO.
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Figure 4.8: Dynamic evolution of wound closure bef¢A) and after (B) data scaling for samples
(with different initial cell densities) in the Whtgeriment performed in presence of mitomycin-C.
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4. Conclusion

We revisited the methodological approach typicalsed to quantify the wound closure
dynamic in a WH assay, by using a novel approasedan transport phenomena concepts.
In order to investigate the potential effect ofl @@nsity on the wound healing process, we
performed WH experiments on a population of HT1@iBsarcoma cells by using vitro
time-lapse microscopy technique.

We assessed that the relative cell confluence inregeon where the scratch is made, is
challenging to control and reproduce within the sasulture dish and among different cell
samples. This factor may influence the outcomehef WH assay, strongly limiting the
reproducibility of the experiments and making tloenparison between different cell samples
very difficult.

In order to overcome the effect of cell densitywound closure velocity, we proposed a
phenomenological scaling of the experimental dakas approach can be useful to avoid to
trash the experiments when the samples under igaésnh exhibit different cell densities.
The difficulty to obtain the same cell density retsamples can be due to anisotropies in the
spatial spreading of the cells, led by unevenattichment in the culture dish after plating. In
addition, it is arduous for the operator to plataaly the same number of cells in different
culture dishes. Several cell treatments, involvimg use of invasive techniques such as gene
silencing, may also determine unwanted cell detactirfrom the bottom of the plates or cell
death.

Our future work will be addressed to rationalize #malysis and description of the wound
healing process, taking into account the parameteadved in the wound closure kinetic. We
will model the healing process of a wound usinghmeatatical equations, which describe the
main mechanisms involved, i.e., cell movement arudifpration. Mathematical descriptions
of the wound healing assay are typically basedhenFRisher-Kolmorgoroff equation, which
describes the cell density evolution in time asuacfion of cell motility, described by a
diffusive flux, and cell proliferation, modeled laylogistic growth [155]. We will test the
sensitivity of the parameters involved in the mobgl using a simulative approach and

compare the numerical solutions obtained by theiksitions with the experimental data.



Chapter 5

Dynamics of monolayer formation in T84 epithelial ells

1. Introduction

The movement of cell groups, sheets or strandg,kadewn as Collective Cell Migration [56],
plays a key role in several physiological as wedl @athological processes including
morphogenesis, tissue repair, immune responsecamcker progression [59-61]. In tumour
invasion, collective cell movement allows maligndamour cells to escape the primary
tumour and invade surrounding tissues [2, 3].

Similarly to single-cell migration, collective celinovement results from actomyosin
polymerization and contractility coupled to cell gty [57]. However, collective movement
occurs under additional constrains, determined é@h-cell junctions [57, 58]. The main
features of collective cell dynamics are directl-cell chemical signaling, physical
interactions leading to mechanical integrity of sters, the organization of follower cells
guided by leader cells located on cluster edges ctiordinated polarization of leader cells,
the secondary remodeling of the extracellular matlong the migration track (Rorth, 2009).
Traction force mapping shows long-range force taasion within sheets or clusters in a
cooperative way; each cell, at the leading edgeedisas inside, takes part in a global “tug-of-
war” that maintains the collective into a globadtst of tensile stress (X. Trepat, 2009; B.
Ladoux, 2009). Physical signals from the substrtged to induce a migration of cells away
from each other, whereas a stronger mechanical fingrt cell—cell interactions would drive
them towards each other. Thus the importance ¢faml junctions in the force transmission
requires a cell sheet to transmit physical foroces cooperative way [21, 73].

Collective cell dynamics are also characterizedhgyexpansion of cell clusters driven by the
proliferation process within the collective struetsir Daughter cells seem to occupy, on
average, twice the area of their mother cell andrédte of colony growth should match
exactly the rate of cell mitosis. Some articlesparpthat cell groups grow follow a simple
exponential growth law [76, 83].

Moreover, cell aggregation events may occur ineobive behavior, as cell clusters may
diffuse and grow until they meet to form new largggregates. Cell aggregation is the result
of the attractive interaction between individudls{85] as well as cell groups that migrate in

response to chemical signals released and detdxstethemselves, through chemotactic



mechanisms. As the coalescence of coagulating tsbjgte fusion of two contiguous cell
aggregates may be driven by interfacial tension iahdited by viscosity [89, 90]. An
interesting approach of this phenomenon is basetth®@mnalogy with case of drops of fluid
surrounded by an immiscible matrix, that deformgR0etract to the spherical unperturbed
shape, or coalesce [91, 227].

Collective cell dynamics can be observed in epighelissues. Although epithelia are
generally considered as a constrained environméetevcells are fixed in position, it has
been appreciated that morphogenesis in early embifposexample, can involve cell
movements within a tissue sheet [64]. Dramatic tisstue morphogenesis can occur when
many cells in a tissue rearrange in a highly coatdid way, thus highlighting the ability of
cells within an epithelium to move relative to arther while retaining tissue integrity [2].
Despite the importance of collective cell migratifer less is known about exactly how cells
migrate in a collective and coordinate way [62].bAtter understanding of the underlying
behaviors during collective cell movement will prdeiinsight into morphogenesis and tissue
reorganization during regeneration and diseasah&wumore, the ability to control collective
migration will provide novel tools for engineerifg].

In order to reach a better understanding of colleatell behaviors, we used T84 intestinal
epithelial cells as a model system. The epithdiimhg of the intestinal lumen provides an
essential barrier to diffusion of noxious agents8]2Zffective repair of injuries in such
barrier is a process of strong physiopathologietdwance. In addition, T84 epithelial cells
show the characteristics of collective cell dynasnic

In order to dynamically investigate vitro the collective behavior of T84 epithelial cells@an
2D substrate, we performed time lapse microscomeements. We analyzed the growth of
isolated clusters of T84 cells, the spreading dif aggregates to form a monolayer and the

dynamic behavior of the single cells within the raggtes.

2. Materials and Methods

2.1. Cell cultures

Human colon adenocarcinoma T84 cells were culturedDulbecco’s Modified Eagle
Medium (DMEM) F12 supplemented with 10 % (v/v) HeBovine Serum (FBS) and
antibiotics (50 units/mL penicillin and 50 pg/mLregptomycin) and maintained in a

humidi ed incubator at 37 °C under an atmospherg &6 CQ in air.



2.2. Experimental methods

T84 cells were plated on multi-well culture dislasvarying initial cell density. The multi-
well plate was placed on the stage of an invertedascope equipped with motorized sample
positioning and focusing. The microscope was emrcos a plastic cage to control
environmental conditions (temperature: 37°C,,@0Oncentration: 5%, humidity level: close
to saturation). Live cell imaging was performed phase contrast by a high resolution
monochromatic CCD video camera. Microscope oparativere controlled by a time-lapse
software allowing to select multiple fields of viemad the time interval between consecutive
image acquisitions during the experiment. To folld®4 collective behavior, images were
iteratively acquired using a 5x objective at sel&yeations within the culture dish, with an
image acquisition frequency of 2 h; the overallempental duration was 14 days. The cells
were rinsed with fresh culture medium every twogjayhile the culture dish was under the
microscope.

In order to capture the dynamic behavior of indialdaells within the aggregates, images
were iteratively acquired using a 20x objective. Tinee delay between the acquisition of
consecutive images was 10 min, for a total of 7thfages were stored on a hard drive for

subsequent offline analysis.

2.3. Image analysis

The number of cells within the clusters was deteadiusing the image analysis software
Image ProPlus, which allowed to manually count ¢keés in a selected region. The same
software was used to measure the size of individabé or colonies, by manually drawing
their contour.

The trajectories of individual cells within the stars were reconstructed using a cell tracking
software (ImageJ). For each time step, individuellscwere individually followed to
determine the X and Y coordinates of the centemags. The trajectory of each cell was
reconstructed for the whole experiment starting ftbencenter of mass coordinates. In order
to quantify the movement of the cells in the clustéhe radial (  and angular ( velocity

of the cells were calculated for 12 h.and _ were calculated in intervals of 2 h, as the ratio

between the displacement along the radial andrigelar direction, respectively, and the time

interval.



3. Results and discussion

In vitro time-lapse microscopy experiments were perforntechvestigate the dynamics of

monolayer formation in T84 epithelial cells, whichow the features of collective cell

migration.

Preliminary observations show that at early tim&4 Tells are arranged in 2D clusters or
islands of different area depending on the init@ll density. As time goes on, the clusters
tend to grow by cell proliferation and to fuse tthge leading to the formation of larger

clusters or eventually of a single cell monolayparsing the entire available surface. We
analyzed the growth of isolated clusters of T84scé¢he spreading of cell aggregates to form
a monolayer and the dynamic behavior of the singlis within the aggregates.

In Figure 5.1 the number of T84 cells (n) withirveal clusters is shown as a function of
time. Some articles support that the cells withatlective structures grow exponentially

through the following law:

(5.1)

where t is the time, n(t) the number of cells atetit, B the number of cells at time 0 and t
the duplication time of the cells [84]. Eq. (5.1asWit to the experimental data of the number
of cells as a function of time, with &s the only adjustable parameter. The exponédittiat
curve is also plotted in the graph in Figure 5.the Tuplication time of the cells within the

clusters was 71 h.
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Figure 5.1: Dynamic evolution of the number of ellithin the clusters. The number of cells (n) is
reported as a function of time. An exponentiakfiilso plotted.



We also investigated the dynamic evolution of ¢e# size within the clusters. In Figure 5.2
the cell area (&) is reported as a function of time. We fit thdduling exponential equation

to the experimental data, in analogy with Eq. (5.1)

T @A%9 @A a (5.2

Here, t is the time, & (t) is the size of the cell at time te\o is the size of the cell at time 0
and is the doubling time of the cell sizeis the only adjustable parameter in the equation.
The doubling time of the cell size was 120 h. Tdwedr panel in Figure 5.2 shows two images
of a representative cluster corresponding to 0gd 10 h (B), with the contour of the same

cell, taken as an example, superimposed in red.
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Figure 5.2: Dynamic evolution of the cell size. Hnea of the cells (&) is reported as a function of
time. An exponential fit is also shown. Two imagfea representative cluster, correspondingtot =0
(A) and t = 10 h (B) are shown. The contour of faene cell is superimposed in red in both the
images.



Then, we investigated the relationship betweersibe of the whole clusters and the number
of cells contained. In Figure 5.3 the number ofscél) within the aggregates is reported as a
function of the cluster sizé\{uste). We found that the number of cells linearly increasgth

the colony size. However, this linear relationsipot valid for higher values of cluster size.
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Figure 5.3: The number of cells (n) within the ¢dusis reported as a function of the cluster area
(Aclustep- A linear fit is also reported.

In order to study the growth of the aggregates,measured the area of the clusters as a
function of time (Figure 5.4). Similarly to the nber of cells and the cell area, cell cluster
growth follows a simple exponential law, in agreammevith cell population balances.
Assessed the linear relationship between the nuofbeglls and the aggregate size, we fit the

following equation to our experimental data, inlagg with Eq. (5.1):

T @9b<Ac  @9b<Acl (5.3)

Here, t is the time, Aster (t) iS the size of the aggregate at time diusAro iS the size of the
aggregate at time 0 andis the doubling time of the aggregate size, witlas the only
adjustable parameter. The lower panel in Figuresbaivs two images corresponding to 0 (A)
and 24 h (B), with the contour of the same repredimet cell aggregate superimposed in red.

The doubling time of the colony size was 46 h.
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Figure 5.4: Cell cluster evolution in time. The aref the aggregates {#:.) IS reported as a function

of time (t). An exponential fit is also plotted.dlimages of the clusters, corresponding to 0 (A) 24

h (B) are shown. The contour of the same cell agageeis superimposed in red in both images. Scale
bar =200 m.

We observed that cell clusters grow and fuse tagelbading to the formation of larger
aggregates and then of a continuous cell monolaganning the entire well surface. We
investigated the dynamics of monolayer formationaoculture dish for T84 cells. The cells
were plated at different cell densities on a mui#l culture dish and their spreading was
dynamically observed by using time-lapse microscogg calculated As as the ratio between
the area occupied by the cells in the image foh ¢imee step and the size of the image. This
was a measure of cell confluence in time. In Figuge As is reported as a function of time
for different cell samples corresponding to diffarenitial cell densities. Overall, the curves
follow an exponential trend up to 100% confluen@kis suggests that cell confluence
evolution in time shows the same behaviour of delters growth. The lower panel in Figure

5.5 shows three images of cell spreading correspgni O (A), 80 (B) and 160 h (C); the



area occupied by the cells is superimposed inThad.doubling time of the colony size was
46 h.

In Figure 5.6 all curves are reported as a unicata deries; we fit the following equation to

our experimental data, in analogy with Eqg. (5.3):

—~lo

(5.4)

where t is the time+ (t) is the confluence at time 't is the confluence at time 0, ands
the doubling time of cell confluence, with as the only adjustable parameter. The

characteristic growth time of the cell ling (vas 50.8 h.
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Figure 5.5: Dynamics of monolayer formation forfeliént initial cell densities. Cell confluence (As)
is reported as a function of time for each samplden investigation. Images of monolayer spreading
at 0 (A), 80 (B) and 160 h (C) are shown, with éinea occupied by the cells reported in red. Scale
bar =200 m.
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Figure 5.6: Dynamics of monolayer formation. Caelhfluence (As) is reported as a function of time.
All curves in Figure 5.5 are reported as a uniquatadseries. An exponential fit is also shown.

Our data show that T84 cells monolayer formationdetermined by cell proliferation

mechanism, led by the exponential growth of the Imemof cells, as well as of the cell area.

The characteristic growth time)(of the cell line under investigation can be esati&a using

the duplication time of the cellsy(tand the doubling time of the cell sizg,(according to the

following mathematical approach:

+ @A99

Considering Eq. (5.1) and Eqg. (5.2), we obtained

T+ g = h @Al a
Moreover
+ " @AYl

As a consequence, we obtained the following eqoatio

2a

(5.5)

(5.6)

(5.7)

(5.8)



The characteristic growth time of the cell ling, stimated according to Eq. (5.8) was about
40 h. This estimate is comparable to the charatiergrowth time estimated by the
experimental data using Eqg. (5.4).

Overall, our results suggest that the growth of dtedl line under investigation is not
dependent on the aggregation events between atljabgsters; in fact, the growth of
individual colonies as well as the spreading of ti@nolayer follows the same exponential
law. Cell clusters aggregation seems to be due tontyuster growth, that lead close clusters
accidentally to merge, and not to clusters activeractions, since clusters’ motility is
limited. However, it's worth mentioning that thetemsion of lamellipodia and filopodia-like
structures exploring the surrounding environmenh dze observed; such membrane
protrusions are preferentially directed towardsiogaell clusters.

We also investigated in details the dynamic behaviandividual T84 cells within aggregates
with varying morphology and size. The aggregatesevigpically divided into concentric
regions, in order to identify differences in thevament of the cells in the inner and outer
region of the same colony. We tracked the positmfrthie cells moving in an almost circular
aggregate with an average radius of 84 um and pecasatio (minor axis/major axis ratio)
about 0.83. The cluster was divided into 2 regidhs, inner one containing all the cells
within 46 um from the cluster center, the exteraoaé containing the peripheral cells. In
Figure 5.7, the paths of the cells moving in theeo(A and B) and inner (C and D) region are
plotted starting from the same initial positiondie 5.7.A and 5.7.C) or from their real
position (Figure 5.7.B and 5.7.D). The trajectodescribed by the cells in both regions show
a circular shape, suggesting that the cells gemerabordinate collective rotation within the

aggregate.



X (um) X (um)

B
o B
= >
X (1m) X (Hm)
C D
B »Rg B
> o\(\;%g >

Figure 5.7: Trajectories of the cells moving iretbuter (A, B) and inner (C, D) region of a cluster
with an average radius of 84 um and an aspect rataund 0.83.

In order to quantify the movement of the cellshe tluster, we calculated the radial (and

angular ( velocity of the cells moving in the two regions ft2 h. The radial and angular
velocity of the cells moving in the outer regiore alotted as a function of time in Figure
5.8.A and 5.8.B, respectively. The radial and aaguelocity of the cells moving in the core
region of the aggregate are reported as a funatiotime in Figure 5.8.C and 5.8.D,

respectively.
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Figure 5.8: Evolution in time of the radigl,( and angular {; velocity of the cells moving in the
outer (A, B) and inner (C, D) region of a clustathnan average radius of 84 um and an aspect ratio
around 0.83. Error bars represent the standard dtéon.

Our data suggest that the movement along the rdaledtion of the cells in the outer as well
as in the inner region of the colony is negligitdace the radial velocity is around 0. This
means that the cells move within the cluster irefineéd circular region. In other words, the
cells migrating along the edge of the aggregatealonvade the core region, and vice versa.
The cells moving in the outer region of the col@mpw higher angular velocity compared to
the cells in the aggregate core; moreover, thewsadigher coordination in the rotatory
movement as suggested by the lower amplitude oétloe bars. Anyway, the time evolution
of the angular velocity of the cells on the margimd in the core region of the colony exhibit
the same trend, suggesting that probably the @etér tug the inner ones and coordinate their
rotatory movement.

Furthermore, we tracked the positions of the aallsing in a colony with an aspect ratio of
0.65, meaning that this cluster show a less circsit@pe. Also in this case, the cluster was

divided into 2 regions, the inner one with an agereadius of 38 um. In Figure 5.9, the paths



of the cells moving in the outer (A and B) and in(@ and D) region are plotted starting from
the same initial position (Figure 5.9.A and 5.9dCfrom their real position (Figure 5.9.B and

5.9.D). In this case, the trajectories describethiycells seem to show a random orientation.
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Figure 5.9: Trajectories of the cells moving iretbuter (A, B) and inner (C, D) region of a cluster
with aspect ratio around 0.65.

The (_ and angular ( velocity of the cells moving in the outer regiore glotted as a

function of time in Figure 5.10.A and 5.10.B, respeely. The radial and angular velocity of
the cells moving in the core region of the aggregate reported as a function of time in

Figure 5.10.C and 5.10.D, respectively.
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Figure 5.10: Evolution in time of the radigl( and angular {; velocity of the cells moving in the
outer (A, B) and inner (C, D) region of a clusteithwaspect ratio around 0.65. Error bars represent
the standard deviation.

The graphs in Figure 5.10 suggest that there isynahronized rotation of cells in a cluster
which doesn’t show a round morphology. This maypbabably related to the fact that the
aggregate does not have a circular morphologygebrpositions must be tracked for longer
time. However, the movement of the cells in botteoand inner region of the colony along
the radial direction is negligible, since the radialocity fluctuates around 0, meaning that

the cells move in a confined region within the tdus

4. Conclusions

In this study, we performeth vitro time-lapse microscopy experiments to investigag t
dynamics of monolayer formation in T84 intestingitleelial cells, which show the features of
collective cell migration. We analyzed the growth isblated clusters of T84 cells, the
spreading of cell aggregates to form a monolaydrtha dynamic behavior of the single cells

within the aggregates.



Preliminary observations show that at early tim&4 Tells are arranged in 2D clusters or
islands with different size, depending on the ahitell density. As time goes on, the clusters
tend to grow because of cell proliferation mechanesnd to fuse together, leading to the
formation of larger clusters or eventually of a $ngell monolayer spanning the entire
available surface.

Our results suggest that the growth of the cek luimder investigation is driven by cell
proliferation as well as by the expansion of ceflaa As a consequence, aggregation events
between adjacent clusters seems to not play aatente in monolayer formation, since the
growth of individual cell colonies and the spreadioigthe monolayer follow the same
exponential law. Cell cluster aggregation seembedadlriven by the cluster growth, whose
fusion is due to accidental contact once the fpEees is reduced. In fact, the clusters show
very low motion. However, it's worth mentioning théne extension of lamellipodia and
filopodia-like structures exploring the surroundimgvironment can be observed; such
membrane protrusions are preferentially directedatds nearby cell clusters. Further
investigations are necessary to elucidate thiscaspe

In addition, we analyzed in details the migrationiradividual T84 cells within aggregates
with varying morphology and size. We observed timat colonies showing a round
morphology, the cells move in a defined circulagioa. In fact, the cells migrating along the
edge of the aggregate do not invade the core regiod vice versa. We also found a
synchronized rotation of cells within the aggregaléne coordination in the rotatory
movement seems to be higher for the cells locateda outer regions of the clusters; we can
speculate that the outer cells drive and coorditfaemovement of the cells located in the
core of the aggregates along circular paths. Tloedomated rotational movement of the cells
in colonies with a round shape has been alreadyvrsho previous works [81, 229].
Conversely, we observed a random orientation dftcaectories in aggregates that do not
show a circular morphology. In this case, we didinid a coordinated and collective
rotational movement of the cells. However, the nmoest of the cells was confined in a
defined region within the cluster, as well.

Further investigations will be necessary to confithese findings and reach a better

understanding of the collective dynamic behaviof & epithelial cells.



Chapter 6

From single cells to cell aggregates chemotaxis

The experiments described in this chapter wereopedd at the Institut Curie in Paris, in the
framework of the research project“Cell migratiomdainvasion” in the Cell Biology
Department directed by Dr. Bruno Goud, under thgestision ofDanijela Matic Vignjevic.
The experiments were carried out using a chemotexasnber projected by Prof. Stefano
Guido and Prof. Sergio Caserta, at the Universtigderico II” of Naples.

1. Introduction

The ability of the cells to migrate as single umitsas multicellular structures (Collective cell
migration), is central to tumour invasion and diss®tion. In metastatic cancer, tumour cells
showing a malignant phenotype escape the primarpudurand invade adjacent or distant
tissues where proliferate forming secondary tum@L®$. In order to reach the blood vessels,
cancer cells encounter different ECMs during tlweurse of invasive migration. First, they
breach the basement membrane, a thin and dendgelikhestructure composed of a network
of collagen IV and laminin [230]. Then, they migrdhrough the stroma composed of fibrillar
collagens, proteoglycans and various glycoprotglBs].

Chemotaxis, i.e. the directional movement of caltsng a chemical concentration gradient
[14, 15], is crucial in tumour dissemination duripgogression and metastasis, since it
determines that cancer cells explore the surroundigoenvironment in response to external
cues. In fact, to successfully metastasize, tuncells must invade, intravasate, extravasate
and grow at a distant site. Chemotaxis is thougltet involved in each of these crucial steps
of tumour cell dissemination [13]. The chemotadighavior of cancer cells and tumour-
associated inflammatory and stromal cells is medidty a complex network of chemokines
and growth factors [232].

The chemotactic mechanisms by which invasive tummells respond to tissue-derived
guidance cues is poorly understood and compliclayetthe fact that, in order to disseminate,
tumour cells can utilize a flexible set of migratiomodes, frequently referred to as migration
plasticity [65, 233]. For such reason, the develeptmof physiologically relevann vitro
assays to study chemotaxis in a quantitative waytapic of growing interest.

Even though the vast majority of vitro studies on cell movement are performed on cells

cultured on flat substrates, there is growing evigethat 2D cell cultures fail to reproduce the



architecture of living tissues, and may thus bresdellular response to external cues or cell-
integrated signals [234]. In order to overcome lthetations of 2D cell cultures and avoid
systematic animal testing, multicellular sphero{§&CSs), i.e. small spherical clusters of
cancer cells, have been proposed asif3lvitro models of avascular solid microtumours
[235]. Additionally, MCSs embedded in ECM-like gélave been further used to investigate
the mechanisms of cell invasion [236]. These MCSebaassays represent a promising
approach in the biomedical research for studyingotwundevelopment, given the diffusion
limited geometry associated with many solid tumguowths. The formation of a MCS is
generally performed using conventional methodsh @ascthe hanging drop method, gyratory
rotation, or liquid overlay cultures [237]; the mailrawbacks of these techniques are their
low yield as well as the difficulty in controllinpe size of the cell aggregates. The advent of
microscale photolithography has led to automate M@&luction using microwells [238],
microarrays [239], or microfluidic devices [240].eéently, a simple and reproducible
microfluidic method has been developed to prepamecntrolled spheroid$his technique

is based on the encapsulation and growth of cellsde permeable, elastic, hollow
microspheres [241].

Here, we tested the chemotactic potential of a tunoell line, comparing the chemotactic
behavior of single cells and spheroids of thesks,ciel response to concentration gradients of
serum and Hepatocyte growth factor (HGF). We uselll-type CT26 mouse colon
carcinoma cells as a model systémvitro 3D chemotaxis assays were performed by using a
recently developed direct-viewing chamber [129],aded to a time-lapse video microscopy
workstation. In this chamber a chemoattractant eotration gradient in 3D collagen gel
samples seeded with cells or cell clusters is geedrby diffusion through a porous

membrane.
2. Materials and Methods

2.1. Cell cultures and cell spheroids preparation

CT26 mouse colon carcinoma cells (ATCC CRL-2638;etican Tissue Culture Collection)
were maintained in DMEM (Invitrogen) supplementeithwi0% (vol/vol) FBS (Invitrogen)
and antibiotics (100 g/mL streptomycin and 100 U/mL penicillin; Gibco BRin a
humidified atmosphere containing 5% CO2 at 37 °{ih wedium changed every 2 days.
CT26 spheroids (1.5 x @ells for each spheroid) were prepared accordintpe classical

agarose cushion technique [242].



2.2. Chemotaxis chamber

Chemotaxis assays were performed by using a chaf@@8r 132] consisting of a single
aluminium or steel block glued on top of a micrqeealide by using a silicone adhesive. A
porous membrane (0.22 um pore size), sandwicheslebet two rectangular metal frames,
separates two compartments, one for the cell sesulatyen gel (sample well), and the other
as a reservoir of the chemoattractant solutionn{cegtractant reservoir). During the assay the
chemoattractant, loaded in the reservoir, diffusesugh the membrane and generates a
concentration gradient in the cell seeded collagEn

The chemoattractant concentration profile in thdagein gel can be described according to
the model of Fickian diffusion in a semi-infiniteab [132]:

C(x t)=i 1- erf Y 1
’ 2 J4pt )

whereC(x,t) is the chemoattractant concentration as functfoime® spacex and timet, Co is
the initial concentration in the chemoattractasergoir, D is the diffusion coefficient of the

molecule in the collagen gel.

2.3. Sample preparation

Chemotaxis assays were performed in a three-dimesisgel of 2 mg/mL collagen | solution
(BD Biosciences) in 10x PBS and DMEM; 1 M NaOH waided to adjust the pH of the
solution (around 7).

For single cells chemotaxis assays, 0.5 % FBS wdesdto the collagen gel solution; all
components were kept on ice during the preparagroept for the cell suspension that was
added at the end (1.5 x °16ells/mL). The solution was placed in the sampkdl wf the
chamber and the chamber was incubated at room tatape for 40 min to induce collagen
polymerization.

For chemotaxis assays on CT26 spheroids, 17@f collagen gel solution not containing
spheroids were placed in the sample well of thentiea. After half polymerization of the
collagen solution at room temperature for 20 mirQ 2D of collagen gel solution containing
about 10 spheroids were added on top. The collagriion was allowed to polymerize at
room temperature for 40 min. At the end of the pwyization process, the spheroids, which
fell down, were located at the interface betweenttbo layers of collagen gel.

We added in the chemoattractant reservoir FBSffreint concentrations (10% and 100%)
or Hepatocyte growth factor (HGF) 10 or 100 ng/mL.



2.4. Imaging by time-lapse microscopy

Time-lapse imaging was performed by using an imeemnicroscope (Nikon Eclipse Ti,
10x/0.3-N.A. dry objective; Nikon Instruments) eoped with a motorized stage
(Méarzhauser) and climate control system (The Brigte Imaging Systems). The microscope
and the video-camera (CoolSNAP HQ2; Photometricsievdriven by Metamorph software
(Molecular Devices). The frequency of acquisitioasaset to 1 frame every 30 min and the
total experiment length was 48.

For single cells experiments, images in the samm@# of the chemotaxis chamber were
acquired at approximately 2, 4 and 6 mm from tleeniorane along the y direction and at the
center along the x direction. The collagen gel pasodically scanned by optically imaging
15 layers separated by a 16.h distance along the focus (z) direction within tudlagen
gel. The lowest z layer of the image stack was ehds be approximately 1 mm from the
bottom glass to avoid possible wall effects (sushsarface-induced local orientation of
collagen fibers).

For experiments on CT26 spheroids, all the aggesgat the sample well of the chemotaxis
chamber were imaged periodically scanning 5 lageparated by a 50n distance along the

focus (z) direction within the collagen gel.

3. Results and Discussion

We investigated the chemotactic potential of CT28use colon carcinoma cells, comparing
the chemotactic behavior of single cells and spHsrof these cells in a three-dimensional
collagen gel, in response to concentration gradieftserum and Hepatocyte growth factor
(HGF) in different concentrationn vitro 3D chemotaxis assays were performed by using a
recently developed direct-viewing chamber coupled time-lapse video microscopy
technique. Here, some preliminary qualitative rissafte shown.

In Figure 6.1, we report images acquired within tdolagen gel seeded with single cells,
corresponding to the last time step (t = 48 h).c8jally, Figure 6.1.A and 6.1.B show CT26
cells at 2 mm from the membrane, in the assay ichvBBS 100 % and 10 %, respectively,
were used as chemoattractant. Figure 6.1.C sho&$ Cdlls at 2 mm from the membrane, in
a control sample, i.e. in absence of chemotactdignt. For comparison, we also analyzed
the movement of the cells in isotropic conditiore.iin the presence of a uniform
concentration of serum (10 %) in the collagen(§&ure 6.1.D). Visual inspection of time-

lapse movies shows that in the control experimérgs in absence of chemoattractant) the



cells exhibit a round morphology and do not mowvegeapected. In isotropic conditions, as
well as in the assays with serum 100 % and 10 %hasnoattractant, the cells show an
elongated morphology and are highly motile. Comgaoeisotropic condition, where there is
no preferential directionality in cell movementcinemotaxis assays most of the cells seem to
move with a preferential orientation in the direatiof the concentration gradient.

In Figure 6.2, images acquired within the collaggel seeded with CT26 spheroids,
corresponding to 48 h, are shown. Figure 6.2.A &r&IB report CT26 spheroids in the
chemotaxis assays in which FBS 100 % and 10 %ecotisply, were used as chemoattractant.
Figure 6.2.C shows CT26 spheroids in a control $am. in absence of chemoattractant.
For comparison, we also analyzed the movementeo€dtis in isotropic conditions, i.e. in the
presence of a uniform concentration of serum (30r24he collagen gel (Figure 6.2.D). A
visual inspection of time-lapse movies shows thapriesence of serum, the spheroids grow
becoming bigger, driven by cell proliferation mectsa. In chemotaxis assays in which
serum 100 % and 10 % were used as chemoattraittargells migrate from the spheroids.

Figure 6.1: Images of CT26 cells acquired at 2 maomfthe membrane, at t=48 h, in chemotaxis
assays in which FBS 100 % (A), 10 % (B) and onlifurai medium (C) were used in the
chemoattractant reservoir, and in isotropic comaliis (D). Scale bar = 100m.

However, in the experiments with 10 % serum in ¢themoattractant reservoir, the cells
appear more elongated and spread out. In additidhese assays the spheroids seem to grow

more compared to the chemotaxis assays with 100rébrs In both cases, the behavior of the



cells seems to be not chemotactic, since the cellsing out from the spheroids appear
uniformly distributed in space and seem to mova nandom orientation (i.e., no preferential
direction of motion can be distinguished), as in thgeriments carried out in isotropic
conditions (10% serum), which can be used as araont/nexpectedly, also in the

experiments where no chemoattractant was adde®, éne few cells showing the tendency to
escape the spheroids; however, they do not exsigmificant movement, as they experience
no appreciable change in their position in the rengxperiment, and show a round

morphology (Figure 6.2.C), in comparison with tilssays in which the cells sense the serum.

Figure 6.2: Images of CT26 spheroids within thelag#n gel, at t=48 h, in chemotaxis assays in
which FBS 100 % (A), 10 % (B) and only culture raedi(C) were used in the chemoattractant
reservoir, and in isotropic conditions (D). Scalkerl= 100 m.

Overall, single cells seem to be sensitive to chawist whereas the stimulus provided by
chemotaxis seem to be a minor effect for cell spider In fact, in the experiments performed
on CT26 spheroids, the major effect to serum sensa the tendency of the cells to migrate
from the spheroids in a random orientation, whislercomes their chemotactic behavior.
Probably, the cells escape the spheroids becaube stimulus arising from the presence of
collagen fibers around the spheroids. Moreoveris ipossible that the steepness of the

chemoattractant gradient is not strong enoughitausdte cell directional movement.



Image analysis of time-lapse sequences will beopadd in order to obtain quantitative
information, allowing a direct comparison betweba tifferent assays. Cell trajectories will
be reconstructed by means of a semi-automated iraagkysis algorithm and the effect of
chemotaxis will be quantitatively characterizedteénms of changes in motility parameters,
such as the velocity of migration and the cell mta¢ion bias as quantified by the chemotactic
index, defined as the ratio between the net movémethe direction of the gradient and the

total curvilinear length of cell trajectory [214].



Chapter 7

Conclusions

A wide range of physiological and pathological ppena, including embryogenesis, tissue
repair, immune responses, tumour growth and invasime strongly dependent on cell
proliferation and migration mechanisms. These pses govern the dynamic evolution of
both individual cells and cell aggregates. The #rauork of cell dynamics has gained impetus
in recent years and numerous ongoing researchtidmschave been performed to develop
novelin vitro assays for studying cell dynamic behavior. Howetrex current understanding
of many mechanisms is still limited and cell dynaiéehavior remains a challenging process
to study under physiopathologically-relevant coiodisin vitro.

This thesis work is based on the quantitative itigadon of active bio-soft matter dynamics,
ranging from single to collective cell dynamic belos, by using ann vitro experimental
approach based on live cell imaging, perforragdime-lapse microscopy, and image analysis
techniques, in order to provide a better understgnof many physiological and pathological
processes. Live cell imaging based on vitro time-lapse microscopy is a powerful
methodological approach to gain insight into cgtamics from a quantitative point of view.
In fact, time-lapse microscopy allows direct viszation of biological systems during their
dynamic evolution. Experiments lasting up to fewek® were performed, while controlling
environmental parameters to ensure cell viabiitptighout the experiments.

Time-lapse microscopy was coupled to sevaraVitro assays, such as single cell random
motility assays to gain quantitative informatioroabthe movement of individual cells on a
planar surface or in a three-dimensional matrix, amlind healing assays to study the
spreading of two cell sheets which dynamically egobne toward the other. Additionally,
collective dynamics of cell aggregates in 2D ande8dironment were investigated. We also
analyzed the movement of single cells and threesdsional cell spheroids in presence of a
chemotactic stimulus; we performed chemotaxis asbgysing a novel methodology for the
experimental investigation of drug efficienay vitro based on a chemotaxis chamber in
which a concentration gradient in a collagen geh@a seeded with cells was generated by
diffusion through a porous membrane.

Furthermore, we performed a direct comparison ob wifferent experimental methods
widely used in the literature for the quantificatioincell motion: single cell random migration
assays and wound healing assays. We found a stibki@greement between independent



quantifications of cell migration based on thesgags. Our experimental observations show
that the result of one assay can be estimatedasat &s order of magnitude, given the result of
the other, proving that the two assays are intimditgked with each other for the fibroblast
populations we considered. To our knowledge thishes first, quantitative comparison of
these two widely used techniques, which are notvatgnt from a biological point of view.
Although cell migration assays are a valuable toajain insight into cell dynamic behavior,
it's really complicated to obtain precise quanit@tinformation on the dynamics of cell
systems. We modeled the mechanisms governing samgleollective cell dynamic evolution
by using mathematical equations based on the trangpenomena approach. In fact, the use
of mathematical models based on transport phenonmmorecepts can simplify the
investigation of the dynamic evolution of activeodsioft matter. For example, a
phenomenological description of cell migration isemp by the Persistent Random Walk
model, inspired by Brownian motion, which is asatedl with two parameters, i.e., the
persistence time between significant changes iacdon and the cell motility coefficient,
analogous of a random walk diffusivity. The spregdof cell sheets in wound healing assays
can be mathematically modeled using the Fisher-iayoroff equation [150], which
describes cell density evolution in space and timéerms of cell motility, modeled by
Fickian diffusion, and proliferation, described d@Yjogistic growth.

Overall, the main goal of this thesis work is topnove the current understanding of the
mechanisms driving cell dynamics by using an insaigiinary approach, based on chemical
engineering core disciplines combined with biolagjicbiotechnological and biomedical
sciences. This is because understanding cell dyisaas an integrated process requires an
appreciation of the chemical and physical mechasigiich almost certainly act in concert
to regulate cell dynamic evolution. A rigorous istigation, based on the application of
transport phenomena concepts, is essential to meeamil movement and proliferation
indices that describe cell dynamics. For this reasbe development of such analyses is
nowadays within the core business of Chemical Eeeging, which can contribute to the
building of mathematical models, based on the parisphenomena approach, useful to
describe and predict the mechanisms driving celbdyics. We believe that our result can be

relevant for future experimental and modelling works
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