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.He found connections everywhere. Nothing, not even the tiniest organism, was looked at on its own. ‘In
this great chain of causes and effects,” Humboldt said, ‘no single fact can be considered in isolation”
With this insight, he invented the web of life, the concept of nature, as we know it today.

-Andrea Wulf, The Invention of Nature.






Abstract

Collective migration is a central event involving coordinated movement of several individuals. One of
the critical events during collective migration is the emergence of leading individuals, who provide
directional guidance for the group movement. While on the move, animals select their leaders by a
collective decision making process, which require active participation of the followers. On the contrary,
the prevalent view on collective cell migration, especially in the context of epithelial cells during wound
healing, assumes a hierarchical leader-follower organization and belittles the contribution of follower
cells in choosing or regulating the leaders. Furthermore, how the dynamics of cells located at the wound
margin evolve as the wound heals, remains illusive. Here, we report and analyse distinct phases of
collective migration during wound closure and demonstrate how cellular-level shared decision-making
process and collective mechanical dynamics influence selection, regulation and kinematics of leader cells
in these phases.

We found that in the preparatory phase, before the initiation of migration (Phase o), the
selection of leader cells at the epithelial wound margin depends on the pre-migratory dynamics of the
follower cells situated immediately behind the future leaders. Long before the prospective leaders
actually start displaying their phenotypic peculiarities, cells behind them manifest stochastic
augmentations in the traction forces and mono]ayer stresses, and disp]ay large perimeter-to-area ratio
indicating a local unjamming in the followers much before the leaders are selected. Further, introducing
an unjammed or fluidic follower at the back stimulates leader cell formation at the margin thereby
indicating the role of collective bulk dynamics in leader cell selection. Interestingly, the length upto
which cells cooperatively join forces, corresponds very well with the distance between the two emerging
leaders and this mechano—bio]ogical control remains preserved even in the presence of\geometric bias or
physiological levels of chemical cue at the interface.

Immcdiatcly after the initiation of migration (Phase 1), leaders show their distinct phcnotypcs
and drive the cellular outgrowthsi In chis phasc, pluriccllular actin belt at the margin rcgulatcs the
fraction of rnarginal leaders, which therefore remains unchanged, while the number of followers per
leader increases with time. As the migration progresses, fraction of leader cells increases while the latter
settles to a stcady level set again by the lcngth scale of cell-cell force transmission (Phase 2). Any
pcrturbations in mechanical forces that modifies the force correlation lcngths, invariably enforces a
changc in the number of followers per leader thcrcby rnodifying the time rcquircd to transit from one
phasc to the other. Furthermore, orientation of focal adhesions and persistence of cellular motions also
display this phasc spccific behaviour. Togcthcr, these findings providc a novel system insight into

collective cell migration and indicate integrative leader-follower interactions during wound closure.



Given the physiological and pathological importance of leader cell formation in epithelial wound
healing, in organogenesis and in metastatic migration of cancer cells, the system-view that the results
offer here is anticipated to have to a long-standing impact on the design and discovery of avant-garde

therapeutic strategies in future.
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/.us ammenfas sung

Kollektive Migration ist ein allgemeiner Prozess der die koordinierte Bewegung mehrerer Individuen
beschreibt. Eines der wichtigsten Ereignisse withrend der kollektiven Migration ist das Auftreten von
fihrenden Individuen, die richtungsweisend fiir die Gruppenbewegung sind. Wihrend Tiere wandern,
bestimmen sie ihr Alphatier durch eine demokratische Entscheidung, welche das aktive Agieren der
nachfolgenden Tiere erfordert. Im Gegensatz dazu ist die vorherrschende Meinung bei kollektiver
Zellmigration, dass eine hierarchische Organisation zwischen den anfithrenden Zellen und den
nachfolgenden Zellen existiert. Damit wird, vor allem in Bezug auf Epithelzellen withrend der
Wundheilung, ein eventueller Einfluss der nachfolgenden Zellen auf die Auswahl und die Regulation der
Anfiithrer vernachlissigt. Dariiber hinaus ist die Dynamik der Zellen am Wundrand withrend der
Heilung noch ungeklire. In dieser Arbeit werden daher spezifische Phasen der kollektiven Migration
withrend der Wundheilung analysiert, um zu untersuchen, wie demokratische Entscheidungsprozesse
und kollektive mechanische Dynamik die Auswahl, Regulation und Kinematik von anfiihrenden Zellen
in diesen Phasen beeinflussen.

In der Vorbereitungsphase, vor Beginn der Migration (Phase o), hingt die Auswahl der
anfithrenden Zellen am Wundrand von der primigratorischen Dynamik der folgenden Zellen, die direke
hinter den zukiinftigen Anfiihrern lokalisiert sind, ab. Lange bevor die zukiinftig anfiihrenden Zellen
ihren einzigartigen Phenotyp ausbilden, offenbaren sich stochastische Zunahmen der Zugkraft und des
Druckes in der Zellschicht hinter den Anfithrern. Gleichzeitig zeigen diese Zellen ein grofles Verhilenis
zwischen Zellumfang zu Zellfliche, was auf eine lokale Enthemmung der nachfolgenden Zellen lange vor
der Ausbildung von anfithrenden Zellen hinweist. Des Weiteren stimuliert eine enthemmre oder niedrig
viskose Folgezelle die Bildung einer anfiihrenden Zelle am Wundrand und bekriiftigt damit die Rolle
kollektiver Dynamik in der Auswahl von anfithrenden Zellen. Interessanter Weise entspricht die
Distanz, tiber die Zellen koopcrativ miteinander arbeiten kénnen, sehr genau dem Abstand von zwei
anfithrenden Zellen am Wundrand. Diese mcchano—biologischc Kontrolle bleibt auch in Anwesenheit
von geometrischen Verzerrungen oder physiologischen Mengen an chemischen Signalmolekiilen an der
Oberfliche erhalten.

Direkt nach einsetzten der Migration (Phase 1), zeigen anfiihrende Zellen ihren einzigartigen
Phcnotyp und treiben so die chlbcwcgung voran. In dieser Phase rcgulicrt ein plurizcllulﬁrcr
Aktingijrtcl am Wundrand die Anzahl an anfihrenden Zellen, die Threrseits von der
.Wahrscheinlichkeit von anftihrenden Zellen* definiert ist. Diese Anzahl an anfithrenden Zellen bleibt
wihrend der Wundheilung konstant, wihrend die Anzahl an folgenden Zellen pro Anfithrer mit der

Zeit zunimmt. Mit fortschreitendem Migrationsprozess, nimmt die Neigung zu anfithrenden Zellen zu,



wihrend die Zahl dieser Zellen sich auf ein konstantes Level einpendelt, das wiederum durch die
Lingenskala der Zell-Zell Kraftiibertragung  bestimmt  wird (Phase 2). Jegliche Storung der
mechanischen Krifte, welche die Kraftiibertragungslinge modifizieren, fithre zu einer Anderung der
Anzahl an Folgezellen pro Anfithrer. Damit wird auch der Zeitrahmen fiir den Ubergang von einer
Phase zur niichsten verindert. Auflerdem zeigen auch die Orientierung der Fokalkontakte und die
Dauer von Zellbewegungen dieses phasenspezifische Verhalten. Zusammenfassend erméglichen diese
Beobachtungen cine neue Einsicht in kollektive Zellmigration und zeigen integrative Anfiihrer-

Folgezellen Interaktionen withrend der Wundheilung,

Schliisselworter
Kollective Zell migration, Epithelzellen, Wundheilung, Wundrand, Anfithrende Zelle, Niche-
Anftihrende Zelle, Nachfolgcrzcllcn, dynamischc Heterogenitit, Kraft—Korrclationslﬁngc, kollektive

Dynamik, gestaute Zellen, fluide Zellen, Verhaeltnis der Anfithrenden Zelle, Bcstacndigkcit der

Migration, Mechano-transduktion, fokale Adhisionen, Mikrostrukturicrung,
Traktionskraﬁmikroskopic, Monolaycr—Bclastung—Mikroskopic, Reflexions-Interferenzkontrast-
Mikroskopic
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Motivation

Migration is ubiquitous among biological entities and can be observed at various levels of nature. In
animal groups, it is usually triggered by an external stimulus such as change in weather conditions or
availability of food. While some species prefer to move alone, others perform collective and cooperative
movement, where members of the group directly or indirectly influence each other while migrating. In
such cases, spectacular arrangements of collective movements can be observed; for example,
synchronized taking off and landing events in birds, schooling of fishes and waggling of honeybees. It is
intriguing how precisely the cooperation, guidance and information transfer is controlled and consensus
to unidirectional migration is quickly achieved in these animal groups. In most species, the mechanisms
orchestrating group movement depend upon how members of the group interact with each other.
Consequently, collective behaviour can either be a dominated by an autocratic leader where decisions
made by a few dictate the behaviour of the entire group™, or may emerge from a shared democratic
process where ecach individual sense the directional cues and play critical role in cooperative group
movement*. To avoid the costs of indecision and for the benefits of group living, some studies suggest
that, democracy in which individuals interact and resolve conflicts before reaching the consensus, is
often less costly as compared to extreme autocracy’. For example, in honeybees, foragers announce their
findings of food source or suitable nest sites by dancing or waggling, hence other bees are informed
about the quality and the direction of their findings®”. The process of shared decision making also
govern collective migration of big animal groups as shown by the GPS (global positioning system)
tracking of wild baboons®. Achieving unanimity however is tricky where social bonds are more
complicated and individual preferences are different such as in humans. Although, also in this case,
history clearly states the benefits of shared democracy and leadership where leaders are selected by
voting, each leader follow a set of rules and have a territory of guidance which has limitations either in
terms of area or number of followers’.

Interestingly, the striking phenomena of collective migration can also be observed at scales
going down up to several microns in case of biological tissues that comprise our body. Collective
migration of cells is not only fascinating burt also essential without which, the embryos won't develop,
the organs won't form and the wound won't heal. While some cells such as those comprising our
immune system move as single entities, many cell types move in diverse interconnected groups during
events such as embryo development, organ development, cancer metastasis and wound healing.
Depending upon the connections these cells experience with each other, a range of collective migratory

behaviors can be observed. They can move as tightly connected two-dimensional sheets such as
Y ghtly
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epidermal cells during wound healing, as loosely connected mesenchymal cohorts during embryogenesis,
as three-dimensional structures during organ development, or as poorly organized mass during cancer
invasion. In all cases, cells need to sense and interpret precise guidance signals, which instruct them to
their designated aims. Do all the cells in a group sense the guidance cues and respond individually or a
few leader cells read the signal and inscruct others to follow? In both cases, how do the cells cooperate
with each other in space and in time? How are the leaders selected and regulated temporally and
spatially during the migration event? These questions are intriguing and are also of great therapeutic
interests because errors in cell-migration may lead to lethal physiological consequences such as immune
dysfunction and tumour progression. In the past few decades, researchers have been studying
biophysical and molecular mechanisms of collective cell migration using variety of in-vitro and in-vivo
models. These studies revealed many interesting aspects and at the same time, opened broad prospects
for further research in the field of collective migration.

This thesis is limited to the studies of two-dimensional sheet like migration of epithelial cells
relevant to wound healing. In the first chapter, we would deal with the basic principles of cell migration
and the available models used to study mechanisms in collective cell migration, especially in the context
of wound healing. Further in the chapter, we would discuss what is known so far about the important
aspects required to orchestrate collective epithe]iai migration. For example, how epirhelial cells sense
and interpret precise guidance signals, how they coordinate and correlate with their neighbours and
with the underlying substrate and what are the open questions and blind spots that require attention.
We would then go to the next chapters, trying to find answers to some of those questions. To this end,
we Cxploit the in-virro scratch-free, wound hcaling assay to study time-resolved epithclial wound hcaling
and use various microscopic and force measurement techniqucs to draw force Cartography of Cpithclial

monoiaycr as thC WOLll’ld hcals.
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1. Introduction

.1 Architecture of Eukaryotic cell

The origin of Eukaryotic cell was a milestone in the evolution of life. The level of organizational
complexity in eukaryotes has permitted the development of all the multicellular organisms. Eukaryotes
are typically 10 to 100 micrometers across and about 10 times the size of a typical prokaryote or bacterial
cell. They mainly differ from prokaryotes in that they have membrane bound organelles and their DNA
is conrained within a nucleus. The eukaryotic DNA contain genetic informartion on the organization
and structure of the cell. The various organelles help the cell to maintain homeostasis, provide energy
and maintain cell shape by providing mechanisms for spatiotemporally controlled protein synthesis.
Cells are embedded in protein and polysaccharide rich extracellular macrix (ECM), which fills the space
between individual cells and between the cell and the substrate. The inside of cell (cytoplasm) is

spanned by the cytoskeleton, a mesh of protein filaments that defines the cell’s shape.
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Figure 1. Eukaryotic cell. (a) Cartographic representation of major membrane bound organelles®.
(b) Cytoskeleton of eukaryotic cells depicting importance of microtubules, microfilaments and

intermediate filaments in maintaining the integrity of cells”

The cytoskeleton consists of three main components, microtubules, actin filaments and intermediate
filaments. All of them are helical structures that are self-assembled by subunits in an end-to-end and
side-to-side fashion giving the three filaments their individual mechanical properties. While
intermediate filaments are flexible rope-like structures, the microtubuli are buile in a tube-like fashion
made of tubulin polymers giving cell its rigidity. The actin filaments are the thinnest and the most

10

fragile of the three but very precisely regulate cell contractility and cell motilicy™.
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1.2 How cells move

Cell migration is a central phenomenon in the development and maintenance of multicellular
organisms. Development of tissues, healing of wound and functioning of immune system, all require the
orchestrated movement of cells in specific directions and locations, errors in which, might lead to lethal
consequences. Understanding cell migration is therefore of great importance for development of novel
therapeutic strategies and for controlling progression of diseases. In the past two decades, researchers
have extensively studied migration at single cell level in response to external stimuli or a gradient. Due
to the highly viscous extra cellular environment, cells are required to produce forces in order to move
forward. While most prokaryotes protrude flagella that help them to propel forward, mechanisms
involving migration of eukaryotic cells is far more complex. In this case, the initial response of a cell to a
migration signa] is to polarize and extend protrusions in the direction of\migration. These protrusions
are driven by actin poiymerization and depending upon the actin poiyrnerization machinery employed
in forming these protrusions, they can be broad lamellipodia or spike-like filopodia. Both lamellipodia
and filopodial protrusions contribute to migration depending upon the situation, for example
lamellipodia can extend to long distances and pull cells along®, while filopodia mainly explore the cell’s
surrounding, and contain receptors that detect diverse signals in the ECM™ ™. Protrusions are further
stabilized by adhering to the ECM via contact points mediated by proteins known as integrins and focal
adhesions. These adhesions serve as traction sites for migration as the cell moves. Concurrently,
adhesions are disassembled at the rear end, allowing the cell to detach from the back and move forward™
(Figureza). Each of these processes i.e. polarization, protrusion, attachment at front end and detachment
at rear end; is complex at the molecular level and must also be synchronized with the others in both
space and time.

Both Lamellipodia and filopodia are actin polymerization driven protrusions, which employ
different machineries of actin regulating proteins to form branched or bundled actin filaments
respectively (Figure 2b). Actin filaments in both cases are intrinsically polarized with fast-growing
“barbed” ends and slow growing “pointed” ends, and this inherent polarity is used to drive membrane
protrusion. Structure of lamellipodia was first reported in 1970 by Michael Abercrombie” who used
elegant electron microscopic images of fibroblasts and showed that lamellipodia contain actin
microfilaments and not microtubules. Lamellipodia was then observed in many different cell types in
vivo such as border cells in Drosophila, muscle precursors in chick embryos and neural crest cells in

Xenopus and in Zebrafish™ *,
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Figure 2. Mechanisms of single cell migration. (a) Schematic representation of the process of cell
migration describing various stages of cell migration. Cells respond to the migration stimulus by
developing membrane protrusion in the direction of migration. The protrusions are furcher
stabilized by adhesion onto the matrix and the cell body move finally forward by disassembling
adhesions at the rear end” (b) formation of protrusive F-actin network at membrane'.
Diagrammatic scheme of effector molecules involved in forming lamellipodial and filopodial

protrusions

Cells respond to the migration signal via Rho GTPases such as Rac and cdcgz, which gets activated by
different guanine exchange factors GEFs at the leading edge. Activation of Rho GTPases is followed by
activation of other downstream effector molecules, that work coordinately to form actin protrusion
machinery, which finally lead to the formation of branched or bundled actin filaments. For instance,
Activated Rac binds to PIR121 in the WAVE complex” thereby inducing a structural rearrangement in

the later to make the WAVE-WCA domain accessible for binding to Arpz/3 which nucleates branched
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actin polymerization to form lamellipodial protrusions®. The Rac target IRSps3 (Insulin Receptor
tyrosine kinase substrate p53) contributes to lamellipodia extension by binding to Rac and WAVE-.
Further, WAVEs can also be activated by tyrosine and serine/threonine phosphorylation, which induce

20

the similar structural change required for binding of Arp2/3 to WCA domain®. For filopodia formation,
activated cdegz binds to IRSps3, which thereby undergoes a scructural change and bring together mDiaz
and N-WASP. Activation of N-WASP in this way leaves its VCA domain accessible to the binding of
Arpz/3 complex; filopodia assembly then emerges from the F actin network nucleated by Arpz/3% 7.
Other actin nucleators have recently been found to contribute to filament extension and regulation,
including cofilin and members of formins and spire family. Cofilin provide barbed ends for nucleation
while Formins protect these barbed ends from capping thereby promoting filament elongation without
branching. The role of formins is therefore more important during filament extension in filopodia. It is
now known that filopodia can even be formed independent of N-WASP and Arpz/3 complex; formins,
in particular mDia proteins can directly bundle filopodia from actin monomers™ (Figure 2b).

Next, for the migration to occur, these protrusions must be stabilized by integrins mediated
attachments to the surroundings. Integrins are transmembrane receptors that link the cellular macrix
with the cytoskeletal elements. They support cell migration by forming cellular adhesions onto the ECM
as well as by linking these adhesions with actin filament network on the inside of the cell”. Two stages
of matrix adhesions have been observed; first, formation of nascent focal adhesions and second,
maturation to stable complexes (Figure 3a). Interactions between transmembrane integrins and
extracellular matrix proteins trigger the dynamic accumulation of protein-dense structures that form
the initial nascent focal adhesions connecting protrusions to the ECM as soon they form (Figure 3a, left),
these nascent focal adhesion either rapidly turn over or develop into mature focal adhesions with
increased size and strength owing to their anchorage to myosin-II mediated actin stress fibers® (Figure
3a, right). Therefore two kinetically, and molecularly distinct F-actin networks are present at the leading
edge of migrating cells, one is highly dynamic branched or bundled network at the lamellipodial or
filopodial protrusions which is continuously remodeled and is linked to the underlying substrate via
dynamic, nascent focal adhesions; While the other F-actin network is more stable and involves myosin-
II mediated actin polymerization at the lamella (right behind the lamellipodium) where contractile
forces generated by extension or contraction of F-actin filaments are coupled to substrate attachments
via mature focal adhesions® (Figure 3b, 3¢). These actin filaments are also referred to as stress fibers and
are responsible for keeping cells into shape with the aid of molecular motors myosin. Polymers of F-
actin serve as a scaffold for myosin II. Myosin- II filaments bind to two actin filaments and drive the
translocation of bound filaments towards their fast growing barbed ends which results in their
contraction or extension depending upon the location of myosin- I with respect to the filaments

(Figure 3d). Myosin-2 activity is further regulated by myosin
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Figure 3. Mechanisms for maintaining tensegrity in cells (a) Formation of nascent and mature
focal adhesions*. Initial nascent focal adhesions are formed by first interactions of membrane
protrusions with underlying matrix; these nascent adhesions connect with acto-myosin
contractility and develop into mature adhesions. (b) Staining images show two distinct F-actin
pools found in migrating cell®. (¢) Diagrammatic representation of the two actin pools showing

fast growing branched actin pool at lamellipodia and slow growing bundled retrograde flow at
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lamella*. (d) Schematic representation of mechanism involved in contraction and extension of of

actin stress fibers during actomyosin contractility®

light chain phosphorylation, which is positively regulated by myosin light chain kinase or Rho kinase or
negatively regulated by MLC phosphatase”. Phosphorylation of myosin light chain activates myosin to
generate more contractile forces while MLC phosphatase deactivates myosin to a relaxed state. Finally,
in order for the cells to displace forward, adhesions must detach at the rear end of the cells, this can

happen via various strategies for example mechanical disruption of adhesions by actomyosin
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contractility, cytosolic disruption via various enzymes like phosphatases and/or kinases or extracellular

disruption via metalloproteases™.

1.3 From Single cell to collective: Increasing level of complexities

Although much is known about how cells sce their surroundings, regulate tensegrity, and migrate as
single entities, most of the tissue remodeling and regeneration events require coordinated migration of
many cells in a group. In such cases, each member of the group not only need spatiotemporal
synchronization of migration events within itself but also require precise orchestration of these events

with other neighbouring cells.
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Figure 4. Collective cell migration in physiological events”. Cartographic representation, (a) Two-
dimensional sheet like migration of epithelial cells during wound healing. (b) Migration of border

cells during oogenesis and (c) 3D sprouting and branching of epithelial cells during angiogenesis
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Collective cell migration can be defined as the movement of cells in a group where individuals maintain
cither transient or stable cell-to-cell contacts, thereby influencing the migration of their neighbours
while they move™. Groups of cells migrate to complete their designated task, and depending upon their
location, and the cell types, they exhibit different migratory behaviours. Some groups are loosely
connected, with occasional contacts that come from single cells following the same track and guidance
cue. The interactions here can be seldom such as in germ cells and immune cells® or frequent such as in
neural crest cells. Other migrating groups are more tightly associated and maintain weak or strong cell-
cell contacts all the time during migracion, such as migration of primordial cells in zebrafish lateral
line®, migration and sprouting of epithelial cells during drosophila tracheal branching and
angiogenesis’ *, migration of drosophila border cells during oogenesis” 3 and migration of epidermal
cells during wound closure?* (Figure 4). In such cases, cells require precise synchronization of sensing
and transmission of migration cues with their neighbours, in both space and time. The mechanisms that
regulate this phenomenal coordination, however, remained elusive until last two decades when advances
in live imaging and development of different model systems for studying collective migration have made
it possible to visualize many group movements, some of them directly in their natural context™ .
Although, the available models have provided answers to many important fundamental questions in the
field of collective cell migration, so far, we only have a fragmentary view of mechanisms that regulate

collective cell migration in various scenarios with many riddles still unresolved.

1.4 Modes and Models to study collective migration

In recent years, the importance of collective migration in orchestrating complex morphogenic events has
been realized. One of the major goals of developmental biology has been to define patterning principles
that govern development of embryo and organs. Embryogenesis starts with fertilization of egg and
sperm, resulting in the formation of zygote. This zygote then undergoes multiple cell division cycles to
form blastula, which is a spherical layer of cells surrounding a fluid filled cavity or yolk. Blastula then
develops and forms blastocyst characterized by an inner cell mass, which is distinct from the
surrounding blastula. This is followed by gascrulation during which single-layered blastula is
reorganized into a trilaminar structure known as the gastrula. During gastrulation, cells migrate to the
interior of the blastula, forming germ layers. The germ layers are referred to as the ectoderm, mesoderm
and endoderm. Each of these layers is responsible for development of different organs. Ectoderm gives
rise to the neural crest and other tissues of nervous system. Mesoderm gives rise to muscles; the cartilage,
blood vessels, bones, and connective tissue. Endoderm gives rise to the epithelium of the digestive
system and respiratory system, and organs associated with the digestive system, such as the liver and

pancreas (Figure 5).
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Figure 5. Mechanism of gastrulation during embryogenesis. A zygote undergoes multiple rounds of
cleavage to form a blastula, Cells in a blastula migrate to form a trilaminar structure called
gastrula, and the three layers of gastrula determine the different organ lineages (Figure curtesy:

Pearson Education Inc.)

Structure of each of these organs is highly complex and three-dimensional and many comprise of
branched tubular networks where branching pattern, size and shape of tubes are critical for the
functioning of organ. How do the cells move and arrange themselves in these precise elaborate 3D
structures? During the process, how do they sense the directional cues and coordinate with their
neighbors? These questions are difficult to address in mammalian systems because of their complex
organization and limited accessibility. During the past decades, studies in the area of developmental
biology has led to the development of in-vivo as well as in-vitro model systems that can be used to various

study mechanisms involved in orchestration of these complex biological events.

4.1  In-Vivo Models

Both vertebrate and invertebrate models have been used to study collective cell migration during
embryogenesis and organogenesis. Typical examples include Drosophila melanogaster, a common fruit fly
that is casy to keep, breeds quickly, and easily genetically modified; and Zebrafish, because of its
suitability for genetics and transparent embryo. Study of Drosophila border cells during oogenesis,
Drosophi]a tracheal cells during branching and sprouting morphogenesis, Zebrafish primordial cells and
Xenopus neural crest cell, has emerged as a paradigm, and atleast begun to provide answers. These
model organisms provide us an understanding of how collective migration is synchronized in various
events during development. Cells involved in such events may exhibit two modes of migration; they can
be tightly connected to each other and show epithelial like behaviour with cells retaining stable

adherens junctions and apicobasal polarity (Figure 6a), or can be loosely connected to each other and
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show mesenchymal like behaviour, with cells having transient adherens junctions'®7(Figure 6b). In both

cases, cells influence each other and are associated strongly with the underlying substrate.
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Figure 6. Morphogenic charateristics of epithelial and mesenchymal cells?. (a) Epithelial cells are
characterized by apical-basal polarity and strong cell-cell junctions while (b) Mesenchymal cells are

connected to each other with transient cell-cell contacts.

During drosophila oogenesis, cohesive border cells, which are essentially of epithelial nature, invade the
germ-line cells and migrate between the giant nurse cells towards the oocyte. These cells migrate using
other cells as substratum and retain their epithelial character with the apical membranes interacting
with the germ-line cells via cadherin mediated contacts®**. Interestingly, during migration, a leader cell
at the front guides the cohort® and the leader-follower is dynamically rearranged and exchanged*. Next,
studying Drosophila tracheal branching reveals that tracheal cells respond to the ligand Bnl in the
adjacent tissue via the receptor Btl and invaginate from epithelial placodes to form tracheal sacs*. Cells
with highest levels of Btl signaling take leader positions by producing lamellipodial protrusions whereas
others behave as followers™ . Lamellipodia formation is inhibited in followers by Delta-Notch
dependent lateral inhibition. Leader cells produce high levels of Delta, which activates Notch in
neighboring cells thereby inhibiting protrusion formation*. Similar mechanisms coordinate sprouting
angiogenesis of vertebrate blood vessels as seen in mouse retinal cells®. Further, in some cases cells
undergo a transition from epithelial to mesenchymal mode of migration. Such a mode of migration in
‘streams’ or loosely adherent groups of cells is common during migration of neural crest cells or in
mesendoderm migration. In such cases, cells exhibit high protrusive behavior, rapidly exchange
neighbors and position of leaders is only transient*. While both epithelial and mesenchymal modes of
migration require cell-cell coordination at different levels, it has been only recently realized that for
efficient and collaborative movement of cells in different occasions, orchestration of events not only in
space but also in time is important. For example, migration of Drosophila border cells during oogenesis

reveal time related distinct phases; where polarized cell behavior dominates in phase-1 and dynamic
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collective behavior dominates the phase-2*. Similarly Dynamic phases involving mitosis and migration

also appear during self-organizing tissue migration in the Zebrafish laceral line®.

4.2  In-Vitro Models

During embryo development there are numerous occasions when stationary epithelial cells undergo
complete or partial transition to mesenchymal cells with high protrusive and migratory behavior. The
fascinating phenomena of EMT, which is one of the central events during embryogenesis, become fatal
when acquired by tumour cells, which invade the surrounding tissues with the help of these migratory
cells. The apparent question here is, how does the collective migration behavior function during cancer
invasion? Organotypic 3D cultures, developed to study cancer invasion® lead to interesting insights
about molecular and biophysical mechanisms involved in collective invasion of cancer cells**°. Invasion
of carcinoma cells can be modeled in vitro by overlaying 3D scaffolds with cells, which then generate
vertical invasions into the tissue matrix,* or by implanting multiple spheroids that generate horizontal
invasions into 3D-ECM culture®. However, role of collective migration is not only limited to
embryogenesis, organogenesis and cancer metastasis but is also significant in maintenance and repair of
organs upon damage caused, for instance, by a wound. Wounds can result not only from accident or
surgery but also from pathological situations such as cancer or infection™ . Abnormal wound repair
may result in inflammation and fibrosis® or may even initiate tumor™. Efficient self-repair is therefore
necessary for maintaining tissues in their functional form.

Animal tissues are grouped into four basic types: Connective, muscle, nervous and epithelial.
Connective tissues are fibrous tissues made up of cells separated by matrix that can be liquid or rigid.
For example, blood contains plasma, as its matrix while bone’s matrix is rigid. Connective tissue such as
blood, bones, tendons, ligaments, adipose and areolar tissues give shape to organs and holds them in
place. Muscle tissues function to produce force and motion and comprise of smooth muscle (found in
inner linings of organs), skeletal muscle (attached to bones) and cardiac muscle (found in heart).
Nervous tissues make up the brain and the spinal cord. Epithelial tissue comprise of cells that cover the
organ surfaces such as the surface of the skin, reproductive tract, inner lining or digestive tract etc.
Epitheiial tissue provides a barrier between external environment and the organ it covers. In the event
of trauma such as a wound, the protective barrier is broken and an orchestrated cascade of biochemical
events is set into motion to repair the damage. This process of heaiing involves highly coordinated
interp]ay among cells, soluble factors and extracellular matrix with a final aim of efficient wound
closure via migration of epithelial cells atop the wound bed. In the past few decades, researchers have
been studying aspects of migrating epithelial cells during wound healing in vitro by using a classical
“wound healing” scratch assay in which a confluent monolayer is scratched with a sharp object such as a

razor blade, so as to mechanically remove a strip of cells. Progression of remaining cells would mimic the
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scenario of wound healing and can be observed under a microscope to study mechanisms involved in
orchestrating collective migration of these cells. The scratching however not only destroys the removed
cells but also is traumatic for the cells on the border. Destroyed cells release intracellular content into
the medium thereby changing the local environment. Also, due to the trauma, border cells become more
permeable to the influx of extracellular components, which might trigger the migration. To uncouple
migration from cell damage and/or cell permeabilization a confinement release assay was developed
where a virgin surface is presented to a confluent epithelium; It has been shown that this sudden release
of confinement or availability of space is sufficient to trigger migration of epithelial cells®. Depending
upon the context and the problem in question, both scratch wound assay and confinement release assays
are used to study various aspects of wound healing in epithelial tissues. Based upon the shape of the cells
and complexity of layers comprising the tissue, epithelial tissues can be classified into different types. By
shape of the cells, epithelia could be Squamous, cuboidal or columnar (Figure 7a). By layer, epithelial
tissue can be simple (single layered) or stratified (multi layered) (Figure 7b). Depending on the function,
different combinations of shape and size comprise epithelial tissues of different organs. For example,
simple squamous epithelium can be found in lining of airways and heart, where the primary function is
diffusion and filteration while stratified squamous epithelium can be found in linings of esophagus, and

in female reproductive organs, where the primary function is to protect against abrasion®®.

1.5  Architecture of Epithelia

The level of complexity goes up in tissues such as skin, the outermost layer covering the human body.
Skin is the primary organ that provides the first physical barrier to any invading microorganism or
toxin”. The skin has multiple layers of ectodermal tissue broadly classified into epidermis, dermis and
hypodermis (figure 7c). Epidermis, the outermost layer, made up of stratified squamous epithelium,
forms a waterproof protective wrap for the skin. Epidermis is divided into several layers, where cells are
formed through mitosis in the innermost layer. The daughter cells move up to the outermost layer
(strata) changing shape and composition as they die due to isolation from their blood source. This
process is called keratinization. The keratinized layer is responsible for homeostasis and act as a barrier
for pathogens. Layer beneath the epidermis is called dermis and is tightly connected to the epidermis by
a basement membrane. Dermis contains lymphatic and blood vessels, which provide nourishment to the
epidermis and also assist in waste removal. It also contains hair follicles, sweat glands and sebaceous
glands along with many nerve endings that provide sense of heat and touch. Hypodermis connects the

skin to the underlying tissue™®
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Figure 7. Organization of epithelial tissues. (a) Classification of epithelial tissues on the basis of
shape of the cells. Epithelia can be Squamous (flat), cuboidal (aspect ratio between height and
width is 1) or columnar (high height to width ratio). (b) Classification of epithelial tissue on the

basis of complexity of layers?. (c) structure of skin epithelia showing different layers of skin tissue

(Figure adapted from NIH, pubmed)

Epithelial wound healing

Epithelial wound healing is a complex physiological process and comprises of dynamic wound closure,

tissue remodelling, and immune response® . The whole process of healing can be divided into four

distinct phases, homeostasis, inflammation, migration and proliferation, and finally tissue remodelling.

For efficient wound closure, each phase must be precisely orchestrated with all the components put

together to work in the exact order as required for the tissue to regain its original shape and integrity.
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1.6.1 Process of healing

Homeostasis- Within the first few minutes of injury, damaged or Stressed cells activate stress signaling
pathways, which lead to phosphorylation of a cascade of signalling molecules, that ultimately lead to
changes such as alterations in gene expression. Most of these cells then release endogencous molecules
DAMPs (Damage associated molecular patterns), which act as chemoractic, signal for activation of other
cells in a similar way. Furthermore, hemorrhage of blood vessels is stopped by platelet activation and
aggregation. Platelets aggregate to the injured site, gets activated, change into amorphous shape and
release chemical signals for clotting. This results in activation of fibrin, which forms a mesh and acts as a
glue to further bind the platelets together. This makes a clot, also called a platelet plug because it plugs

¢ (Figure 8a).

the break in the blood vessels thereby preventing further bleeding
Inflammation- Damaged blood vessels release leukocytes into the wound; this is followed by rapid
activation of immune cells that are already present within the tissue. Activated T cells and Langerhans
release a rapid pulse of chemokines and cytokines. These growth factors attract neutrophils and
macrophages from the nearby vessels. Neutrophils kill the invading microbes by various strategies like
burst of reactive oxygen species while macrophages, as professional phagocytes clear up matrix and cell

debris® (Figure 8b).

Proliferation, contraction and wound closure- In this phase, new blood vessels are formed by

angiogenesis. Network of these blood vessels provide nutrients and oxygen and aids in the formation of
granulation tissue®, which replaces the fibrin clot at the dermis and serve as a martrix onto which
fibroblasts migrate and reconstitute the dermis. Fibroblasts then grow and form a new provisional
extracellular matrix (ECM) by excreting collagen and fibronectin. Migrating fibroblasts form stress
fibers, which enable connective tissue contraction. This contractility is further enhanced when
fibroblasts are driven to differentiate into myofibroblasts by the action of growth factors, and
mechanical stress. Together, fibroblasts and myofibroblasts help to close the wound and contribute to
the synthesis, bundling and alignment of collagen fibers, the primary constituent of scar tissue® .
Simultancously, re-epithelialization of the epidermis occurs, in which epithelial cells proliferate and
crawl on top of the provisional matrix thereby closing the wound (Figure &c).

Remodeling and Maturation- Remodeling is necessary for restoration of full functionality and a normal

appearance of the injured tissue. Migrating and proliferating keratinocytes at the wound edge confront
cach other as the wound seals. Concurrently, the blood vessels within the scar are refined to form a
functional network®. The dense provisional ECM that was deposited during repair is remodeled®, this
happens by a delicate balance of collagen synthesis, bundling and degradation(’(’. Moreover,

myofibroblasts, neutrophils and other unwanted immune cells undergo apoptosis at this stage® (Figure

8¢).

27



1.6.2  Different modes of wound closure

Impaired wound healing leads to the various pathophysiological conditions, such as chronic
inﬂammatory disorders, and autoimmune diseases and in some cases may even result in cancer
development®7*7. One of the pivotal steps of a wound healing response is the collective migration of
epidermal cells into the wounded area, which eventually culminates into wound closure””. In this
respect, smaller wounds are usually sealed through a contraction-mediated ‘purse string-like closure
mediating formation of a supracellular actomyosin ring around the wound margin (Figure 9a). In such
cases, healing require coordinated movement of all the cells at the edge due to ATP dependant
constriction of actomyosin cable”*. Due to the supracellular coordination, purse string like closure is
usually characterized by a very smooth edge. Closure of larger wounds, on the other hand, requires

active migration of the surrounding cells into the wound bed’>7+7 %7 (Figure 9b).
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Figure 8. Process of wound healing *. (a) Homecostasis; initial response of the stressed cells to stop
bleeding lead to clotting, Inflammation and proliferation (b) Inflammation, proliferation and
migration; Immune cells come into action and kills the invading microbes, new blood vessel form,
fibroblasts migrate and produce a provisional matrix, finally epidermal cells proliferate and
migrate to seal the gap. (¢) Remodelling of the matrix and removal of unwanted molecules and cell

debris accumulated in previous steps.

Accordingly, in the latter process, the cellular movement is initiated at the wound margin by the

90 These leaders are known to crawl upon the

formation of a specialized cell type called leader cells
substrate with the aid of large lamellipodial protrusions, and contain the ability to pull along many cells

while they migrate®. Recent studies however reveal that both purse string and cell crawling mechanism
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coexist and can mechanically influence each other®. Cell movement at the gap relies on local curvature
and actin organization. Negative curved regions show tangential alignment of both focal adhesions and
traction forces and are dominated by actomyosin contractility mediated purse string closure while
positive curved regions show high lamellipodial activity with focal adhesions and traction forces
pointing perpendicular to the edge, these regions are therefore dominated mainly by cell crawling,
guided by a motile leader cell (Figure 9c). In both cases, each cell is required to correlate its motion with
that of its neighbors. Remarkably, while migrating, epithelial cells correlate over more than ten cell
diameters in space? . To achieve this long-range correlation, it is intuitive that these cells should be
able to connect with cach other at the molecular level where each individual is able to correlate its
polarization and motility with that of its neighbours. For example, moving cells should have the ability
to coordinate polarized activation of Rho GTPases such as Ract, Cdeg2 and RhoA with their neighbors
in both space and time™?. In addition, cell contractility and polarization of cytoskeleton must also be
synchronized in a similar way. In the last few years, researchers have been trying to put together, the
knowledge obtained from aspects of single cell migration to study the molecular and biophysical aspects

of coordination and directionality in epithelial cells.
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Figure 9. Mechanisms of epithelial wound closure. (a) Immunostaining image demonstrating purse
string mechanism of wound closure”. A smooth wound margin, showing constriction of supra-
cellular acto-myosin cable and coordinated cell migration. (b) Actin staining image demonstrate
cell crawling mediated by a leader cell. Cell crawling is characterized by a rough margin. Leader
cell is seen at the tips of cellular outgrowths and is distinguished by large protruding lamellipodia
(c) Diagrammatic representation (left panel) and staining image (right panel) showing combination

of purse strings and cell crawling”
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1.7 Coordination and Directionality in epithelial cells

Epithelial cells not only adhere onto underlying substrate at the basal side through focal adhesions but
also tightly connect with each other at the lateral side through cell-cell junctions” (Figure 10a). Any
changes in cell-cell or cell-matrix adhesions during pathological situations lead to the initiation of
migration in otherwise stationary epithelia”. Therefore, both cell-cell and cell-substrate adhesions must
play essential roles in maintaining the coordination required to achieve the long-range velocity

correlation seen in epithelial cells”.
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Figure 10. Junctional integrity of epithelial cells. (a) lateral cell-cell actachments. Cells connect
with their neighbours by three types of junctional complexes: tight junctions, adherene junctions
and desmosomes. (b) Linkage of cadherin junctions with actin cytoskeleton®. E-cadherin is
anchored to the cytosolic side of cell via B-catenin. This cadherin-catenin complex is connected to

actin cytoskeleton via force sensing molecule o-catenin.

For cell-cell attachments, epithelial cells mainly contain three types of junctional complexes; tight
junctions, desmosomes and adherens junctions. Tight junctions are the circumferential rings mainly at
the apex of epithelial cells that seals adjacent cells together and function to regulate ion flux between the

cells. Desmosomes anchor cells side to side and are coupled at the cytoplasmic side with intermediate
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filaments. Adherens junctions involve calcium dependent transmembrane proteins called cadherins®.
Depending upon the tissue type, cadherins can be N-cadherin (neural cadherins), P-cadherin (placental
cadherins) or E-cadherin (epithelial cadherins). In the context of wound healing, E cadherin is mainly
responsible for gluing epithelial cells together. The N terminal domain of E-cadherin mediates binding
to cadherins presented on the surface of neighbouring cells. Through their C terminal cytoplasmic tail,
cadherins bind to cytockeletal and signalling proteins, which allow their anchoring to microfilaments,
this interaction is important for stabi]izing the junctions and for regulating cell shape and polarity“"’.
The major binding partners of E cadherins at the cytoplasmic side are the catenins: B-catenin, a-catenin

and p120 catenin. B-catenin binds directly at the distal end of cadherin cytoplasmic tail where it serves
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as an anchor for a-catenin™. Since a-catenin can also bind to actin filaments in vitro', it was widely
accepted that o-catenin bridges cadherin-B-catenin complex to actin cytoskeleton (Figure r1ob).
However, this model was challenged by biochemical analysis, which revealed that purified cadherin-
catenin complex does not bind F-actin'. Rather, a-catenin was found to exist in two conformations, as
a monomer or as a homo-dimer. Monomeric a-catenin binds to E-cadherin-B-catenin whereas dimer
preferentially binds to actin filaments. Interestingly, homodimeric a-catenin directly regulates actin
filament organization by supressing Arpz/3 mediated actin polymerization, likely by competing with
Arpz/3 for binding to F-actin "% The weak affinity of a-catenin for B-catenin (Kq =1pM)'> and its
ability of to supress Arpz/3 mediated lamellipodia formation suggest that cadherins might just be
intermediate diffusional traps to locally concentrate a-catenin in the perijunctional cytosol which then

L 104, 106

serve as an indirect mechanism to stabilize cell-cell junctions (Figure 10b). Few years later it was
shown that the purified cadherin-catenin complex do bind to F-actin, but only under force or
mechanical tension'”. Notably, force exerted on cadherin-catenin complex also recruit vinculin, a major
focal adhesion complex protein to cell-cell junctions . Because vinculin accumulates at mature focal
adhesions upon actomyosin-generated tension (Figure 3a) and also binds to a-catenin, it has been
proposed that o-catenin functions in hormony with vinculin and play essential role in transduction of
mechanical forces via cell-cell junctions™.

Further, in order to maintain junctional integrity, it is important to balance the mechanical
forces that cells exert on each other by the contractile forces that are generated at the junctional
cytoskeleton. Myosin-2 generate contractile forces by contraction and extension of actin filaments at the
junctions*. Notably, two pools of actin at adherens junctions have been observed, the apical rings that
also labelled myosin-2 and cortical pools that marked the site for actin nucleation and also labelled actin
polymerization machinery comprising Arpz/3 and WAVE2 complex. Surprisingly, it was later shown
that WAVE-2-Arpz/3 is a major nucleator of actin assembly, also at zonula adherens and inhibition of

cither Arp2/3 or WAVE2 depleted both cortical and junctional actin pools, reduced junctional tension
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and compromised the ability of cells to buffer cell-cell forces (Figure 11). Since Arpz/3-WAVE2
complex is the major driver of lamellipodial protrusions, it is tempting to speculate that differential
polarization of actin polymerizing machinery towards the front and towards the junctions is probably

essential for leader cell mediated directional guidance during epithelial crawling.
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Figure 1. Arp3-WAVE2 regulates E-cadherin and actin dynamics at the zonula adherens™. (a)
Representative immunofluorescence images showing E-cadherin and WAVE2 (left panel), WAVE2
and F-actin (middle panel), and WAVE2 and Arp3 (right panel) colocalization at ZA (b) WAVE2
knock down (top) reduces apical concentration of E-cadherin into the ZA. Arp3 and WAVE2
knock down (bottom) reduces apical concentrations of F-actin in the ZA. (¢) quantification of

junctional E-cadherin and F-actin by line scan analysis.

In the past few years, considerable efforts have been made to decipher molecular mechanisms that
control leader-follower organization in epithelial cells™ "+ 5. Similar to mechanisms that coordinate
directionality in “in-vivo” models such as sprouting angiogenesis in mouse retinal cells or tracheal
branching in drosophila, it was found that in a migrating epithelium, leader-follower arrangement is
also dynamically regulated via DII4 signaling through Notch-1; Leader cells display high DII4 levels,
which acts upon the neighboring cells to activate Notch-1 in the later, Notch-1 in turn inhibits DII4
thereby preventing lamellipodia formation in followers. This information transmission from leader-to-
follower takes place mechanically by cell-cell pulling forces; increasing mechanical stresses inhibics DII4
expression and leader cell formation while decreasing mechanical stresses dramatically increase the
number of DII4 expressing cells and the number of leader cells". Through different signaling pathways,
several other studies also confirm that mechanism of information transfer between leader and followers
is mediated via junctional sensing mediated by mechanical forces™ ™. With these studies, it seemed

certain that guidance mechanisms in collective migration is regulated in some way by a combined
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influence of extrinsic cues, cell-cell signalling and local mechanical forces, the underlying physical
picture that link biochemical events to physical forces remained unclear. Recent developments in force
measuring techniques such as traction force and monolayer stress microscopy allowed us to map the
cellular forces underlying migrating epithelial monolayer, and revealed many interesting, at the same

time contradictory aspects of leader cell mediated guidance mechanisms™ .

1.8 Visualizing cellular forces

In the context of cell adhesion and migration, the forces that are generated within the actin
cytoskeleton are transmitted through integrin-based focal adhesions as traction forces onto the
extracellular matrix (Figure 12a); these forces are essential for the cellular response to environmental
cues during migration such as matrix stiffness, spatial distribution of ligands, contact inhibition etc.
Forces that cells exert onto the underlying substrate were first visualized as visible wrinkles on a
deformable silicone rubber substrate™. Since then several approaches have been used to measure cellular

tractions forces.
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Figure 12. Traction force microscopy. (a) A cartoon showing cellular tractions due to adhesions
and protrusion formation™®. (b) Different strategies employed to measure cellular tractions, using
beads incorporated in a soft PAA gel substrate or using PDMS micropillars™. Cell tractions can be
calculated from displacement fields of beads or micropillars obtained by subtracting relaxed state

positions from corresponding positions during migration. (¢) 3D traction force microscopy'.

In general, these force measurements techniques rely on measuring the displacement of a calibrated
material when subjected to the force of interest. In the context of cell-matrix tractions, the standard

experimental approach in the last two decades have been the use of soft elastic substrate, into which
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calibrated fluorescent marker beads can be incorporated. Depending upon the elastic properties of the
substrate, it can be deformed by the cells while they migrate thereby displacing the beads within, then
by applying linear elastic theory, the displacements of these beads can be used to estimate traction force
patterns"® ™ * A slightly different approach is to use PDMS micropillars onto which cells are allowed
to grow. Cells deflect the pillars while they move and by calculations similar to the previous, deflection
of pillars can be used to get the traction force pattern of the cells" ™ (Figure 12b). Although,
measurements of cellular traction forces have led to a greater understanding of the processes that
regulate cell-substrate interactions from molecular to multicellular level™® ™, these measurements
only computed horizontal forces and assumed that component of forces perpendicular to the surface is
negligible. However, migrating Dictyostelium cells on soft gel substrate showed that vertical forces in this
case were of similar order as the tangential ones and therefore cannot be completely ignored. Newer 3D
traction force techniques are therefore more precise since they also incorporate the z-force component
by taking a 3D profile of the beads and tracking displacements of the beads in all directions™® (Figure
12¢). Mapping traction forces in a migrating epithelia revealed that traction forces in the monolayer are

strongly heterogencous and fluctuate both in space and time"°

. This heterogeneity in traction force was
termed as dynamic heterogeneity, which mean that traction forces fluctuate dynamically and cannot be
tied to any cell or region or time. Further, these fluctuations are governed by anomalous distribution

implying that force hotspots occur with a high frequency region to region (Figure 13).
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Figure 13. Traction forces in migrating epithelia™. Showing dynamic heterogeneity in cellular

tractions in a migrating epithelial monolayer (left) i.c. traction forces fluctuate frequently in space
and time and cells even several rows behind the leading edge can exhibit hot spots of high traction

stresses (middle and right panel showing T, and T, respectively)

Maps of cellular traction forces in a migrating epithelial monolayer proclaimed conflicting physical
pictures in the context of mechanisms that regulate collective guidance. For example, leader cells were
shown to exhibit traction forces of high magnitude and are therefore known as the drivers that drag the
monolayer along®. Indeed, other observations support this idea, and suggest that leader cells display

structural and biochemical differences from others, which are consistent with a role for pulling. For
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instance, they produce prominent actin rich lamellipodial protrusions®, which are supported by strong

2 (Figure 14). However, it was later argued that

cellular adhesions™ and display cytoskeletal polaricy
importance of leader cells might be overestimated and the high magnitude spots of traction forces
observed in leaders are only a result of dynamic heterogeneity i.e. those hot spots are not limited there
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but extend to several rows behind the leading edge™ (Figure 13). This was supported by other
morphological studies showing cells located many cells behind the leader extend cryptic lamellipodia™.
A completely different picture indicates that leading edge is not at all dragging the followers along but
is being pushed by them. Each of these alternative and mutually exclusive physical pictures correspond

to competing schools of thoughts, leaving the question, “how does the random traction fluctuations lead

to cooperative cellular movement at defined length scales” unresolved.
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Figure 14. Leader cells in epithelial wound healing. (a) Representative phase contrast image
showing leader cells with large lamellipodia appearing at the tips of migrating cellular
outgrowths™. (b) Immunostaining images showing actin filaments in lamellipodia. Follower cells
are characterized by a thin actin cable that prevents them to form membrane protrusions®. (c)
Focal adhesions in the leader cells pointing in the direction of migration. (d) Traction forces

from leading edge to the back show high traction forces in the leader cells

It was clear that in order to get a comprehensive view of cooperation at the level of cellular forces,
knowledge of traction forces is not enough and mapping forces that cells exert on their adjacent

neighbors is highly relevanc™.
Monolayer stress microscopy

Defining comprehensively, the forces at work in a moving epithelia requires knowledge not only of the

forces that cells exert on their substrate but also of the forces that they exert on their neighbors.
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Measurement of forces at the cell-cell boundaries is termed as Monolayer stress microscopy (MSM).
MSM starts with measuring the traction forces at the cell-substrate interface of a monolayer cell sheet
and then uses a straightforward two-dimensional balance of forces to obtain the distribution of physical

forces at every point within the monolayer.
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Figure 15. Monolayer stress microscopy. Sketch explaining the basic principle underlying
monolayer stress microscopy (a) Monolayer of height h and length L where L>>>h exert traction
force (T) on the substrate. From Newton’s law, Traction force at every point in the monolayer
must be balanced by the corresponding stress at that point. (b) Representative image of a
migrating epithelial monolayer where (¢) stress at each point can be resolved into two components:
normal stresses and shear stresses. (d) At each point, stress element can be rotated to an angle 6
where shear stress vanishes and the normal stresses become principal normal stress (Guma and Guin).
Stress ellipses drawn at the orientations of principal normal stress defines stress anisotropy at that

point.

For calculus convenience, the technique works on a few assumptions. First, it assumes that the
monolayer is thin and flat i.e. L>>>h; Second, vertical traction force components is negligible i.c. T,=o;
third, monolayer is homogenecous and elastic i.c. two independent elastic constants, young’s modulus (E)
and Poisson ration (v) are sufficient to describe the material properties of the monolayer and fourtch, the
region of interest is restricted to the optical field of view, and the entire monolayer is a repeatable unit
of that region. Then as demanded by Newton’s law, the traction forces applied by cells onto the
substrate must be balanced by the forces that they exert on their neighbors, mechanical line forces were
calculated everywhere in the monolayer. These line forces (force per unit length) were then converted to
stresses (force per unit area) by using the average monolayer height, h**(Figure 15). Just like maps of
traction forces beneath the cell sheet, the distribution of local normal stresses (6" = (6max + 6min) /2) in

migrating epithelial monolayer was also found to be severely heterogencous both in space and time.
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Mechanical stresses within a monolayer define a rugged stress landscape where normal stresses were
found to be mostly tensile (positive) with values exceeding upto 300 Pa, these regions of high stresses

alternate with regions of week compressive (negative) stresses (Figure 16a).

a b

EETT .
0 100 200 300

Figure 16. Stress maps in epithelial cells™*. (a) Representative stress profile in migrating epithelial
monolayer showing a rugged stress landscape with peaks and basins extending upto multiple cell
diameters. (b) Stress ellipses drawn over a phase contrast image of epithelial monolayer showing
stress anisotropy. Ellipse size, shape and orientation vary from region to region in the monolayer

but exhibit strong local correlations.

However, because intercellular stresses are essentially a spatial integral of underlying traction forces, the
length scale of these fluctuations is longer and span tens of cells in area, also the time scale of these
fluctuations are slower than the fluctuations of traction forces. Similar to the normal stresses, the
distribution of local maximal shear stress was also characterized by a rugged landscape that evolves with
time as the monolayer advances. Finally, the dependence of local stresses on orientation signifies stress
anisotropy. To visualize this stress anisotropy, cell plane was rotated to find the orientations along
which the local normal stress is maximum (g,.) and minimum (g,:,) and shear stress (i) is zero. The
angle of rotation at each point is computed by the equation (oxx — Gyy) tan26 = o. Stress ellipses can then
be drawn at these orientations where shear stress vanishes and normal stresses become principal normal
stresses (Gnax and o) (Figure 15). The eccentricity of the stress ellipses defines the preferred stress
orientations. It was found that in epithelial monolayer, ellipse size, ellipse shape and ellipse orientation
varied extensively from region to region, but with strong local correlations™ "% (Figure 16b).

It was also demonstrated that within this anisotropic stress field, there exist a strong tendency for
epithelial cells to migrate preferentially along the orientation of local maximal principal stress. This
preference however no longer exists if cell-cell junctions are disrupted; implying cell-cell junctions are
remodeled actively so as to minimize shear stress. Moreover, correlation between orientation of maximal
principal stress and cellular velocity is more in the regions where stress anisotropy is strongest. This

collective tendency of cells to steer along the orientation of maximum principal stress is called

37



plithotaxis™ . These findings therefore indicate, that mode of guidance is not a particular property of

any one cell but is rather an emergent phenomenon of a collective system.

1.9  Prevalant notions and blind spots

Although the role of leader cells in collective epithelial guidance is debated and has not been shown
explicitly, one cannot ignore their consistent appearance at the tips of migrating cellular outgrowths.
These leaders are distinguished from the followers by their large forward protruding lamellipodia™,
their cytoskeletal polaricy™ "% and by the high traction forces that they exert”. Further, it has been
shown that an actin cable at the margin, regulated by myosin-mediated contractility, prevents the non-
leader marginal cells to develop leader cell like properties and perturbation of this actin cable by laser
locally increases cellular tractions and generate new leaders at the breaking points®. Such photo-thermal
ablation experiments were also performed to demonstrate the importance of leader cells by killing them,
in such case, a dramatic decrease in the speed of the collective was observed and new leaders quickly
emerged to rescue collectivity™. Owing to the importance, and the morphological and biophysical
characteristics that leader cells possess, it is well accepted that leaders, if not globally, at least locally
provide the directional guidance to the collective. Despite the importance of leaders cells during wound
healing and other physiological relevant events, the biophysical and molecular mechanism(s) underlying
the formation and regulation of leader cells remains poorly understood.

Prevalent view in the field of collective epithelial migration assumes a hierarchical leader-
follower organization and deems the selection of leader to be an interfacial phenomena™. This notion,
however, stands on inadequate experimental evidences since most of the studies till now have focussed
on properties of leader cells hours or even days after they were formed and the biophysical events before
the selection of leader cells have never been captured. Further, previous investigations on collective cell
migration shaping animal development have aptly highlighted the importance of distinct temporal
phases that enable efficient collective guidance during oogenesis and during formation of zebrafist
lateral line* 7. However, the temporal evolution of the dynamics of epithelial cells during wound
healing remains clusive. During the epithelial wound closure, remarkably only a fraction of cells in the
wound margin, develop the leader cell like properties in the beginning, which then migrate at the tips of
cellular outgrowths. These multicellular outgrowths, are known to be behaving as mechanical global
entities or super-cells with single cell like force distribution. Given these facts, it is then natural to ask:
How these super-cells evolve as the migrating front advances? Does the fraction of leader cells at the
margin, remain constant as the migration progresses? What kind of characteristic difference do leaders
and non-leaders show in their movements? Does that exhibit time dependence? In essence, despite our

comprehensive knowledge of the morphological and kinematic qualities of the leader and non-leader
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cells at the wound margin, we know very little about how the leader cells are selected and how the
dynamics of leader and non-leader cells evolve with time, as the wound heals. In the following chapters,
we would take help of the various microscopic and force measurement techniques to draw a time
resolved  biophysical cartography of epithelial wound healing in an attempt to address the

aforementioned questions.
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2. At the onset ofmigration: selection of
leaders

2.1 Preamble

To understand the mechanisms underlying selection of leader cells in an epithelial wound margin, we
attempted to go back in time and exploited force measurement and other biophysical techniques to
examine the physical features of the monolayer much before the leaders actually emerged. We mimicked
the process of re-epitheliazation by using a well-established model wound assay that requires growing
confluent monolayer of epithelial cells within confined areas and then, lifting off the confinement to
trigger collective migration instead of actually injuring the tissue™ . This method not only uncoupled
migration from cell damage and/or cell permeabilization but also provided a smooth interface, which
removed any geometrical interfacial bias. Interestingly, we found out that long before the leaders
actually start displaying their phenotypic peculiarities, the followers behind them manifest stochastic
augmentations in the traction forces and monolayer stresses and display large perimeter-to-area ratios,
indicating a local unjamming™. In fact, it is also possible to spatially bias the leader cell formation by
introducing unjammed followers in the back. Furthermore, the length scale of dynamic fluctuations of
cooperative forces within the monolayer corresponds very well with the separation distance between
adjacent leader cells and this mechano-biological control of leader-cell formation also remains preserved
in the presence interfacial bias provided by geometrical shape, or by physiological levels of chemical
cues. These findings indicate the importance of collective dynamics and demonstrate how dynamic
heterogeneity of cooperative forces in the bulk monolayer determines the fate of cells at the wound
margin. Together, these results provide a novel system-insight into the process of leader cell selection
during epithelial wound healing and challenge the hitherto believed notion, that assumed a hierarchal
leader-follower sclection and ignored the role of follower cell. Furthermore, this system view raises
analogy to the process of selection of leaders in animal groups where shared decision making by

followers determines the selection of leaders.

22 Unjamming in followers precede leader cell formation

We first hypothesized that formation of leader cells require preparatory structural rearrangement at the
wound margin or within the monolayer. To test this hypothesis we examined the biophysical features
exhibited by the cells within the monolayer much before the leaders were selected. Owing to the
mechano-biological integrity of cytoskeletal elements at the multicellular levels, any structural changes

in the monolayer would lead to changes in cell-matrix adhesions and hence would produce detectable
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variations in the cell-matrix traction stresses. Therefore, elucidating cell macrix traction stress landscape
with traction force microscopy would enable us to identify any zone going through high structural
reorganization. To this end, we prepared soft polyacrylamide gel substrates containing fluorescent
beads. We coated the gel with excracellular matrix protein fibronectin, and cultured Madin-Darby
canine kidney (MDCK) epithelial cells within horizontally confined areas created by thin PDMS blocks
on the gel (Figure 33¢). When the cells actained confluency, we released the PDMS confinement, thereby
providing a free martrix surface, and an unbiased monolayer interface for collective cell migration.
Subsequently, we obtained time-lapse phase contrast images (for cells) and fluorescence images (for
beads) during the migration. After two hours of migration, we trypsinized the cells and acquired the
corresponding bead image in the relaxed state. We then used particle image velocimetry (PIV) analysis
between two consecutive images to obtain the velocity fields and determined how far the cells correlate
their motions by computing the correlation length of the lateral velocity component. Correlation length
was determined as the point where the respective correlation function, C(r), when expressed with the

distance, r, became negligib]e in value (Figure 174, top).
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Figure 17. Physical parameters of epithelial monolayer. (a) Average velocity correlation length.
Representative correlation function, C(r), of average velocity as a function of the distance, r, for a
migrating epithelial monolayer (top panel). Scattered dot plot showing statistical distribution of
velocity correlation 1ength averaged over 7 independent experiments. Line represents mean and
error bars represent standard deviation. (b) Representative phase contrast images (top)
immediately (T = -30 min, left panel) and two hours (T = +90 min, right panel) after confinement
release, corresponding velocity (middle) and traction stress maps (bottom) showing very little or no
migratory activity but adequate traction stresses in the followers immediately after confinement

removal. Scale bars, 50 um.
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For a migrating epithelial monolayer, the average velocity correlation length was found to be around 180
um (Figure 17a, bottom). Further, from the displacement of the beads at each time point, we obtained
maps of cellular tractions. Interestingly, much before the cells exhibited any signs of noticeable
migration (Figure 17b, left panel), we observed local increase in the cell-matrix traction forces (Figure
17b, bottom left). Here T = o is the time point when leader cell appear, and T = -30 represent the time

point immediately after releasing the confinement.
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Figure 18. Elevated traction forces and monolayer stresses in the followers. (a) Representative
phase contrast images with highlighted boundaries, corresponding traction force profiles and (c)
corresponding landscape of average normal stress of the migrating collective at designated time
points, T = -30 min and T = +90 min. Here T = o is the time point where leader cell appear. (b)
Scattered dot plot showing statistical distribution of traction stresses in regions behind leader and
non-leader cells respectively. Lines display mean and error bars represent standard deviation.
Regions considered for calculating the distribution of traction stress are defined by velocity

correlation length of cells. Scale bars, 50 pm.
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We further noticed that the increased traction forces right after confinement removal were consistently
more prevalent in the cells behind the future leaders (Figure 18a). For statistical analysis, we defined the
region of computation by drawing a circle of diameter equal to the average velocity correlation length at
that time point, and plotted the cellular tractions in the regions behind the future leaders and the non-
leaders respectively. We found that, right after the confinement was removed, the augmentation in
traction forces were more frequent in the followers within 2-6 cell layers behind the prospective leader
cells than any other randomly chosen location of similar layer depth parallel to the wound margin
(Figure 18b). Further, we applied a force balance algorithm to calculate average monolayer stresses from
the corresponding cellular tractions. The monolayer stress maps revealed that the zones behind the
future leaders also developed elevated tensile stresses (Figure 18¢) and displayed high stress anisotropy
much before the visible phenotype of leader cell developed (Figure 18d). Then, in order to examine the
possible inference of the local increase in cellular tractions and tensile stresses on leader cell formation,
we investigated microscopic structural traics of individual cells inc]uding cell shape and aspect ratio. It
has been previously shown that, a confluent epithelial monolayer can exist in two distinct structural
states: jammed (solid like) and unjammed (fluid like). In the jammed or solid state, cells exhibit low
velocities, move in large packs and rarely exchange neighbors; whereas in the unjammed or fluid like
state, cells may display large movements or rearrangements and can also exchange neighbors™.
Morecover, as elucidated in normal and asthmatic bronchial epithelial cells, an unjammed monolayer
correspond to considerably high cell-matrix traction and cell-cell tensile stresses as compared to a

jammed one™.
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Figure 19. Local unjammng in followers precede leader cell formation. (a) Representative phase
contrast images and corresponding maps of shape indices depicting cell shapes at fixed time points
(T =-30 and T = +90 min). (b) Statistical distribution of shape indices in the regions behind leader
and non-leader cells respectively. Box plots show median and quartiles. Whiskers are maximum
and minimum data points. Regions considered for calculating the distribution of shape index are

defined by velocity correlation length of cells. Scale bars, 50 um.
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Taking this cue and the observed high tractions behind the perspective leaders, we explored the
possibility of local unjamming within a pre-migratory monolayer. To capture the jammed or unjammed
state of the monolayer, we exploited a non-dimensional shape index (p), which is computed by the ratio
of cell perimeter to the square root of projected cross-sectional area (p = P/VA). Computation of shape
indices of the individual cells in the monolayer revealed that follower cells behind the prospective leader
cells display higher shape index than any other cells within the same depth (Figure 19a, 19b).

Taken together, these results revealed a development of augmented traction forces and tensile
stresses in the followers behind the perspective leader attributed to a state of local unjamming in the
pre-migratory monolayer. Since in an epithelial monolayer, the tensile stresses transmitted across the
cell-cell junctions are balanced by the cell-cell adhesions, these resules also implicated a local

reinforcement in the adhesive stresses in the immediate followers.

23 Introducing fluid follower helps to stimulate leader cell formation

Next, we sought to investigate whether, the observed local increase in traction and tensile stresses, and
the unjamming in the follower cells have any casual relationship with the cells ahead of them becoming
the leader cells. Previous studies show that a tcumour suppressor protein, merlin, supports collective cell
migration by regulating the activity of Racr and thereby restricting the cell motility within the
monolayer™. Furthermore, merlin knock down cells lose control over Racr activation, and exhibit low
correlation lengths, and high lamellipodial activity™. Exploiting this property of merlin depletion, we
knocked down merlin from the cells with a small interfering RNA (siRNA); and investigated the
biophysical and morphological features of the cells. As expected, the resultant phenotype in the merlin
knock-down cells (Figure 20, top panel), exhibited a typical unjammed behaviour and displayed high
traction forces (middle left panel), high tensile stresses (middle right panel), and high shape indices (right
panel,), as compared to the control cells (Figure 20, bottom panel, Figure 21a). Taking advantage of
unjammed property of merlin depleted cells; we then mixed fluorescently labelled merlin depleted cells
with unlabelled wild-type cells in 110 ratio. Subsequently, we cultured the cells in confined areas using
ibidi cell culture inserts until a confluent monolayer was obtained and then lifted off the confinement in
order to trigger collective migration (Figure 33a). We then determined the probability of the emergence
of a leader cell in front of any merlin depleted cell groups. The statistics took account of only those cases
where the 2-6 layers behind the wound margin contained at-least two merlin-depleted cells but excluded
any merlin depleted leader cells. For the control case, a scrambled siRNA replaced merlin siRNA while
other conditions remained unchanged. Consequently, the results revealed that the presence of relatively
unjammed merlin depleted cells within the diameter that span the average correlation 1ength behind the

edge, increases the probability of marginal cells in front of them to become leader cells (Figure 21c).
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Figure 20. Merlin depleted cells exhibit unjammed state: Representative phase contrast images of
merlin depleted (top panel) and wild-type (bottom panel) cells, corresponding traction stress
landscapes, average normal stress landscapes and maps of cellular shape indices showing a state of

high fluidity or unjamming in merlin depleted cells as compared to the control.

To further confirm this conclusion, we used an optogenic technique involving a photo-excitable form of
RhoA (Cry2-RhoA) labelled with red fluorescent protein (mCherry) to transiently increase the cellular

traction stresses'’.
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Figure 21. Introducing unjammed followers help to stimulate leader cell formation. (a) Bar graphs
showing statistical distribution of shape indices from merlin depleted and control cells. (b) Merlin
depleted cells were transfected with Lifeact-TagGFP2 plasmid (green) and co-cultured with wild-
type MDCK cells (cop panel). Wild type MDCK cells were transfected with photo-excitable Cry2-
RhoA (bottom panel). Representative images show formation of leader cells triggered by unjammed
followers behind them. Cells were fixed at T= +90 min and stained for actin (red). (¢) Bar graphs
showing statistical distribution of chances of leader cell formation in front of merlin depleted,
Cry2-RhoA transfected and random follower. Scale bars, 50 pm. NS: not significant, **P<<o.01,

student’s T-test.
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Upon excitation with blue light, Cry2-RhoA formed small aggregates, which increased the contractility
and hence cellular tractions. Taking this cue, we transiently transfected MDCK cells with Cry2-RhoA
plasmid by a forward transfection method using Lipofectamine. Owing to the low transfection
efficiency of lipofectamine-mediated transfection (10%) in MDCK cells, we obtained small groups of
cells in the monolayer, which were transfected with the plasmid. Subsequently, cells were imaged while
being irradiated with a 400 us pulse of blue light at 40 seconds interval for 45 minutes. The irradiation
did not cause any visible damage. Cells were then fixed and the probability of emergence of leaders in
front of any Cry2-RhoA transfected cell was determined. Similar to the merlin depleted unjammed
cells; we observed that within the diameter that spanned the average correlation length behind the
margin, presence of Cry2-RhoA containing cells in the following layers also biased the leader cell
formation in front of them (Figure 21c¢).

These results together revealed that local development of contractile stresses and unjamming in
the followers stimulates the leader cell formation during collective migration of epithelial cells. While,
previous reports suggest that and a geometry based cue such as local variation of curvature at the
monolayer interface is sufficient to trigger leader cell formation, and the effect scales up with the
magnitude of the curvature; these results show that the factors influencing leader cell formation are
much more complex than just interfacial bias and also consist of non-interfacial bulk components
involving cells behind the leader. However, whether or not the collective mechanical dynamics in the

cell monolayer, is able to compete with interfacial bias for the selection of leader cells remained unclear.

2.4  Collective dynamics overrides interfacial bias

A homogencous epithelial monolayer, exhibit a rugged stress landscape which is characterized by
stochastic appearance of peaks and basins, extending over several cell diameter (Figure 22a). This
landscape also evolves with time describing a dynamic heterogeneity within the monolayer. Since the
emergence of leader cells was preceded by appearance of high stress zones behind them, we assumed that
the separation between adjacent leaders (Figure 22b) should closely match the separation between
adjacent peaks (Figure 22a). As expected, the peak-to-peak separation distance in the stress landscapes
correlated very well with the leader-to-leader separation distance (Figure 22¢). This also validates back
our hypothesis that mechano-biological stochasticity in the bulk monolayer determines the emergence
of leader cells at the interface.

The next question we asked was; to what extent the contribution from collective dynamics can
prevail when the monolayer interface is perturbed to bias the formation of leader cells? Previous studies
showed that, monolayers containing beak-like interfacial shape exhibited high tractions at the beaks and

formation of leader cells was always biased at these regions™®. Taking this cue, we generated monolayers
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with curved beak-shaped regions using an adapted soft lithography based patterning technique™. Black
transparencies containing holes of desired shapes were used as masks to engrave about 50 pym thick
positive reliefs of a negative photoresist onto silicon wafers when illuminated with UV light.
Polydimethylsiloxane (PDMS) was pressed against the wafers at 65°C for 100 min to produce holes of

the desired pattern in a thin PDMS membrane (Figure 34).
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Figure 22. Collective dynamics overrides the interfacial geometric bias. (a) Characteristic
landscape of average normal stress as measured in bulk monolayer, dpp depicts peak-to-peak
separation distance. (b) Representative phase contrast image of MDCK cells at T = +90 min where
dir mark leader-to-leader separation distance. (¢) Statistical discribution of diw and dpp showing
peak-to-peak and leader-to-leader separation distances. (d) Phase contrast image of a PDMS micro-
stencil, demonstrating beak shape interfacial patterns to bias leader cell formation. (e)
Representative images of migrating Lifeact-MDCK cells right after (T = -30 min) and two hours
after (T = +90 min) confinement removal. (f) Statistical distribution of diL two hours after
confinement removal (T = +9o min) for different micro-patterned and un-patterned (unbiased)

monolayer. Scatter dot plots display maximum and minimum range as error bars. Scale bars, 50

],lm.
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MDCK cells were then seeded into these PDMS microstencils, which confine the cells in defined
patterns in order to obtain monolayers with several beaks distributed at the interface (Figure 22d, 22¢).
By varying the spacing between two consecutive beaks, we controlled the length scale of interfacial bias
in such a way that the beaks are either very close (75 um separation distance) or farther apart (300 um
separation distance) from each other. The confinement was released after the confluent monolayer is
formed and the cell migration was analyzed for two hours. If the interfacial bias were solely able to form
leader cells at the beak-shaped curvatures, we would see leader cells appearing and sustaining at every
beak-point in the patterned monolayers after two hours. On the contrary, we observed that in both
cases, in spite of the interfacial bias, the final distribution of leader cell separation appeared to be very
similar to that in the un-patterned monolayer (d;; for unpatterned: 162¢30.2 pm; 75 um pattern: 143+22.3
um; 300 pm pattern: 166.2¢ 31.8 um, Figure 22¢, 22f).

Together, these results established the importance of cellular dynamics within the epithelial
monolayer in regulating the emergence of leader cells and demonstrated that the mechanical integrity of

the cells can even over-ride any geometrical bias provided at the monolayer interface.

2.5  Effect of chemoractic signalling on collective dynamics

In vivo, the major driving factor for collective cell migration during wound healing is the release of
chemo attractants such as growth factors and cytokines. Since the cells at the wound margin contain
more free basolateral surfaces than the cells inside the monolayer, the chemical cues that are released
during the process predominately affects the marginal cells imparting chemical perturbations to the
interface. Consequently, we investigated the relative influence of this chemotactic signalling on leader
cell formation and whether or not the afore-elucidated mechanobiological control overpowers the
chemical cues. To this end, we designed a spot assay system where we generated a chemical gradient by
entrapping growth factor (EGF) inside an agarose gel (Figure 23a). Previous studies showed that
depending upon the concentration of chemoattractant trapped in the gel, the cells experience a relative
gradient, which is a function of both distance and time. Steepness of this gradient depends on the
concentration of chemo-attractant, the binding constant Kqof the chemoattractant-receptor bond, and
on the diffusion coefficients of chemoattractant'*. Since all these parameters of EGF spot assay are well
characterized, we simulated the spatiotemporal distribution of varying EGF concentrations to obtain
the relevant concentrations required to perform the chemotaxis experiment. In general, eukaryotic cells
require at least 1% relative chemoattractant gradient for the chemotactic migration'. Respectively, the
simulation results showed that, before the initiation of cell migration, the relative gradient remained
much higher (5-10%) than the critical threshold. Further, the resules also revealed that within the time

frame of migration, on average, the marginal cells experienced approximately one-tenth of the loading
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concentration (Figure 23b). Taking this cue, we prepared EGF loaded agarose gels (1.3 mm in radius) and

kept them at a distance, 0.5 mm away from the monolayer edge (Figure 23a).
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Figure 23. Effect of chemotactic signalling on collective dynamics. (a) Graphical representation of
the experimental scheme showing how EGF diffuses out off the gel as a function of distance (x-
axis) and time (colorbar). Gel center is at x = o, radius of gel is approximately 1.3 mm and the gel is
placed 0.5 mm away from the monolayer edge. (b) Relative concentration gradient (left y-axis) and
normalized concentration of EGF (right y-axis) as a function of time. (¢) Fixed images of cell
monolayer at T = +90 min when presented to agarose gel containing 8 uM and 24 uM as compared
to normal conditions (serum containing media) show different leader-cell separation distance at
higher concentrations of EGF in the gel. (d) Statistical distribution of leader-cell separation
distance in monolayers experiencing different concentrations of EGF at the edge as compared to
control (5% serum containing cell culture medium where EGF is present in nM range). Lines
represent mean and error bars represent standard deviation. Scale bars, 50 ym. Data collected from

atleast three independent experiments

We varied EGF concentrations in the gel (8, 24 and 40 uM) to probe the effect of chemical gradient on
leader cell formation. Interestingly, though presence of EGF in itself did not cause any significant
change in the monoiayer stress 1andscape in terms of peak—to—peak separation distance (Figure 24),
increasing EGF concentration significantly decreased leader-to-leader separation distance. At higher

concentrations of EGF (24 or 40 uM), almost all the marginal cells presented to the gel protrude
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lamellipodia (Figure 23c, 23d). Although, It is important to note that even at 8 uM EGF loading
concentration, which correspond to an average of 0.8 uM EGF at the wound margin, and is already
hundred to thousand times higher than the physiological relevant concentration for epithelial wound
healing ', we observed only slight changes in the distribution of leader-to-leader separation (Figure

23¢, 23d).
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Figure 24. Effect of bulk EGF on monolayer stress profile. (a) Average normal stress map of a
monolayer treated with 2.4 uM EGF in bulk solution showing stress profile similar to that of the
control (Figure 2a). 2.4 uM is average concentration of EGF that the cells at monolayer edge
experience when the gel is loaded with 24 pM EGF. (b) Dot plots showing statistical distribution of
peak-to-peak separation distance (dpp) in serum treated (medium containing 5% serum) and 2.4 uM
EGF treated monolayers. Line represents mean and error bars represent standard deviation. NS:

not significant.

These results indicate that extremely high chemical cues are required to overpower the
mechanical integrity of the cells. In other words, similar to imposing interfacial cue, these findings
clearly demonstrate the importance of non-interfacial mechano-biological control of leader cell
formation over any imposed chemical cue. While relative concentration gradient of chemical ateractancs
should provide the cue to directional guidance, the evolution of wound margin is ultimately governed by

the inherent fluctuations of forces within the monolayer.

2.6  Outlook

Together, these resules revealed a hitherto unknown mechanism underlying the emergence of leader
g ying g

cells during epithelial wound healing. The results demonstrate that selection of leader cells is largely
governed by the collective dynamics of inner follower cells and the separation between the two leaders is
determined by the length scale of this collective dynamics, also termed as dynamic heterogeneity, which

Y g Y y 8 Y

is an inherent system property. Owing to the non-interfacial and mechano-biological nature of the
process; this mechanism is fundamentally distinct from the previously accepted biochemical perspective

of interfacial regulation of leader cell selection. Further, these results imply that, the collective
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mechanical dynamics and, the ability of cells to join forces up-to a certain length scale mighe also
influence events, even after the leaders are selected. How do the physical forces that underlie cellular
cooperativity evolve with time? And how does this mechanical integrity of the system influence
regulation of leader cells at the wound margin as the wound heals? In the following chapter, we would
discuss the role of time-dependent phases in regulating efficient wound closure and study, how these
phases are controlled at the level of cellular forces. We would further go on to understand the evolution

of kinematic and biophysical properties of cells located at the wound margin.
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3. Dynamic temporal phases during epithelial
wound healing

3.1 Preamble

Effective wound closure requires coordinated migration of epithelial cells on top of the wound bed.
While smaller wounds can be sealed through contraction-mediated purse-string like closure, healing of
larger wounds requires active migration of surrounding cells mediated by cell crawling. Of special
significance, in this context, are the active leader cells, which are present at the tips of cellular
outgrowths that consist of non-leader marginal cells and passive follower cells. These leader cells exhibit
morphological and biophysical features, which are consistent with their well-accepted role in collective
guidance. In the previous chapter, we demonstrated how collective dynamics play crucial role in the
selection of leader cells. These findings intrigued us to investigate how the aforementioned physical
Coilectivity evolves with time as the wound heals, especiaiiy in the context of‘marginal leader and non-
leader cells. To this end, we studied collective migration of epithe]iai monolayer using the similar
scratch free wound-healing assay used before. We then tracked the temporal evolution of the leading
edge and acquired diverse kinematic, mechanobiological, and structural information associated with
marginal cells- both leaders and non-leaders- in a time dependent manner. With the help of biophysical
techniques such as particle image velocirnetry (PIV), traction force microscopy, mono]ayer stress
microscopy, and reflection interference contrast microscopy, we uniquely characterized distinct
temporai phases of cells located at the epithelial wound margin. The study reveals two distinct temporal
phases of cellular dynamics at wound margin. Initiaiiy, the fraction of leader cells among the marginal
cells remains unchanged while number of follower cells per leader increases with time (Phase 1). As the
migration progresses, however, the leader cell fraction starts increasing while the latter settles to a
steady level, set by the 1ength—scale of cell-cell force transmission (Phase 2). Furthermore, orientation of
the focal adhesion points and the persistence of cellular motions also display this phasc—specific
behaviour. Any pcrturbations in mechanical forces that modifies the force correlation icngths and upset
the collective dynarnics, invariably enforces a changc in the number of followers per leader thcrcby
modifying the time rcquircd to transit from one phasc to the other. Colicctivcly, these results uncover a
unique timc—dcpcndcnt feature of the cpithclial wound hcaling process and indicate the role of
collective mechanical dynamics in rcgulating the interactions between leader, non-leader and the

followers during hcaling.
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3.2 Two distinct phases of cellular dynamics at wound margin

To study the spatiotemporal dynamics of epithelial wound healing, we mimicked the process of
reepitheliazation by using a well-established model wound assay that requires growing confluent
monolayer of epithelial cells within confined areas and then lifting off the confinement to trigger
collective migration instead of actually injuring the tissue™ ™ (Figure). We then monitored the
expansion of monolayer in both space and time by using time-lapse phase contrast imaging where T =0
is the time point right after removing the confinement. Approximately 30-45 minutes after the
confinement release, leader cells with prominent lamellipodial protrusions emerged at the wound
margin and as the migration progressed these leader cells occupied positions at the tips of migrating
cohorts. With apparent hierarchy, the evolving outgrowth contained three distinct types of cells: a

leader, the marginal followers (or non-leaders), and the bulk followers (Figure 25).

Leader

[ ]
Non leaders

*
Followers

Figure 25: Cartographic representation of a typical cellular outgrowth consisting of a leader cell at

the tip followed by marginal followers (non-leader) and bulk followers

Importantly, as mapped by PIV, the leader cells exhibited high instantancous speeds than the non-leader
follower as well as the bulk follower cells within the outgrowth (Figure 26a). Next, to determine the
temporal dynamics of leader cell generation, ratio of leader cells to the total number of marginal cells
was computed at defined time points. This ratio, also defined as the propensity of leader cell formation
revealed a very interesting biphasic behavior in terms of emergence of leader cells (Figure 26b). During
the first phase, which lasted for about three hours after migracion initiation, the fraction of leader cells
among the marginal cells remained constant. However, as soon as the monolayer entered phase-2, leader
cell propensity started to gradually increase with time (Figure 26b). In addition to the quantitative
difference demonstrated by the propensity of leader cells, the two phases were also distinct in
qualitative cellular dynamics. In the first phase, each outgrowth comprised of one leader cell exclusively
while the size of outgrowth increased with time (Figure 26a, top panels and Figure 26¢). On the contrary,
in the second phase, immediately after the transition point, new leaders started emerging besides the
already existing ones (Figure 26a, botctom panels, Figure 26¢) while the outgrowths continued to expand.

Interestingly, the newly emerged leaders also showed high speed comparable to the initial leaders
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(Figure 26a, bottom panels). Subsequently, counting the number of followers per leader within ecach
outgrowth revealed another interesting trend. For a typical outgrowth, this quantity approached a stable

value with time, getting offset by a fraction as a new leader emerged (Figure 26d).
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Figure 26. Distinct temporal phases of cellular dynamics at wound margin. (a) Representative
phase contrast images (left) and velocity maps (right) of the migrating collective at four different
time points (0, 60, 180 and 300 minutes) after the confinement removal. Arrows indicate the
leaders while star mark the follower cells. Yellow lines demarcate the outgrowth boundary. Scale
bars, 100 um. (b) Changes in propensity of leaders with time reveals two dynamic phases, namely
phase-1 (Ph 1) and phase-2 (Ph 2). (¢) Number of leader cells (N) per outgrowth shows similar
behavior as propensity. (d) Typical temporal variation in a single outgrowth and (e) statistical
distribution of all the outgrowths, of the number of followers per leader. Statistically this quantity
increases in phase-1 but becomes stable in phase-2. (f) Emergence of new leaders with time as

depicted by the staining of actin filaments. Arrows indicate leader cells. Scale bars, 25 pm.

On average, however, the resultant quantity, which is average number of followers per leader steadily
increased in Phase-1 but settled to a steady level in Phase-2 (Figure 26¢). These results therefore,
uniquely described a previously unknown feature of the temporal control of leader cell formation in the

wound margin, in which the number of follower cells gradually increased to a target level, which then
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become stable and nearly time invariant. Together, these resules implied a systemic control of leader-
follower interaction during collective migration analogous to the dynamic temporal phases observed
during collective migration of Drosophila border cells* thereby indicating a broader applicability of the

highlighted observations in collective migration of cells in general.

3.3 Mechanobiological control of leader-follower ratio

Leader cells formed during epithelial wound closure are known to generate high traction as well as cell-
cell pulling forces mediated by actomyosin contractility™. This force polarization then through the cell-
cell junctions perturbs the cell behaviour deep within the monolayer, thereby influencing the movement
of non-leaders and the immediate follower cells. The force landscape as determined by the monolayer
stress microscopy presented a rugged landscape featuring many peaks and basins that extended over
multiple cell diameters™. This feature indicated the emergence of collective force transmission to a
distance much larger than the individual cell diameter, this distance can be obtained by the
characteristic 1ength scale of the spatia] autocorrelation function of the average normal stresses and is

termed as the force correlation length™ (Figure 27b).
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Figure 27. Perturbation of contractile forces modifies length scale of force transmission (a)
Representative landscapes of average normal stress from control (top), blebbistatin-treated
(middle) and calyculin A treated (bottom) collecives as measured in bulk. Scale bars, 200 um. (b)
Representative correlation function, C(r), of the average normal stress as a function of distance, r,
for control (green), blebbistatin (blue) and calyculin A (red)-treated collectives. (c) Force
correlation 1ength in terms of cell number from control, blebbistatin, and Calyculin A-treated

t

samples. In a box plot, central mark is the median, and the edges of the box are the 1™ and 3

quartiles.

56



Extending this notion further, this length also represent the average number of cells that can collectively
integrate the forces through cell-cell junctions thereby giving rise to the observed ruggedness in the
stress landscape (Figure 27a, top panel). Remarkably, the mean value of this length scale, when divided
by the average cell diameter (20 pm) and thus expressed in terms of the number of cells, becomes
identical to the steady level of average number of followers per leader (approximately 9 followers per
leader, Figure 23¢). This leader-follower ratio also represents the maximum allowable follower cells that
can be recruited in a single outgrowth without requiring the emergence of additional leader and thus
specifies the transition between Phase-1 and Phase-2 thereby indicating that the force correlation length

might determine the average follower per leader in a migrating outgrowth.
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Figure 28. Propensity of leader cells upon modifications of cellular forces. (a) Representative
images of collectives treated with varying concentrations of blebbistatin demonstrating increasing
propensity of leader cells upon increasing drug concentrations. (b) and (¢) Statistical distribution
of propensity of leaders in collectives treated with increasing concentrations of blebbistatin and

calyculin A

To test this hypothesis, we exploited the widely used pharmacological means of controlling the
actomyosin contractility by treating the cells with drugs that perturb or enhance contractile forces in an
attempt to tune force correlation length of the cells. For that, we treated the cells with non-muscle

myosin-II inhibitor, blebbistatin, or a myosin-light chain phosphatase inhibitor, calyculin-A.
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Blebbistatin reduced the contractile forces while calyculin-A increased it*%. As showed by previous
studies, treatment of cells with high concentrations of blebbistatin reduced cellular contractility to an
extent where all the cells produce lamellipodial protrusions and display leader-like characteristics™.
Conversely, treatment of cells with high concentrations of calyculin-A increased cellular contractility to
an extent where cells can no longer maintain cell-cell junctions and start extruding out of the
monolayer. To this end, We treated the cells with varying concentrations of these force modifying
drugs and adjusted the drug concentration to a point where effect would be perceivable yet we would
have measurable traction forces in case of blebbistatin and negligible cell extrusion in case of calyculin
A treatment (Figure 28). As expected, blebbistatin treatment enhanced the ruggedness of the stress
landscape (Figure 27a, middle panel) and lowered the force correlation length (Figure 27¢) while calyculin
treatment regularized the stress landscape (Figure 27a, bottom panel) and increased the force correlation
length (Figure 27¢). In each case, the force correlation in terms of cell number (Figure 27¢)) matched the
corresponding average number of followers per leader cells (Figure 29b) which agrees with our

hypothesis that force correlation length determines the average follower per leader.
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Figure 29. Force correlation length determines transition time between the two phases. (a)
Representative images of control (left), blebbistatin- (middle) and calyculin A- treated collectives,
as stained for actin shows diferent propensity of leader cells as well as different number of
followers per leader cell. Scale bars, 1ooum. (b) Number of followers per leader in control (green),
blebbistatin (blue), and calyculin A (red)-treated collectives and (c) Propensity of leader cells in
control (green), blebbustatin-(blue), and calyculin A (red)-treated collectives at two different tine

points, 120 and 300 minutes, marking phase 1 (Ph 1) and phase 2 (Ph 2), respectively.

Moreover, extrapolating this notion further, the force correlation length should also determine the time
required for the collective to undergo the transition between Ph-1 and Ph-2, which was indeed observed

in our experiments. Blebbistatin treated cells required significantly less time and calyculin-A treated
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cells required more time to transit from Ph-1 to Ph-2 as compared to the control case (Figure 29b). As
expected, we also observed changes in propensity of leader cells in response to change in acto-myosin
contractility i.c. blebbistatin and calyculin-A treated monolayers showed higher and lower propensity of
leader cells, respectively, at the margin, than the control (Figure 29a, 29¢).

Together, these results confirmed mechanoniological regulation of temporal phases of leader
cell generation during collective migration of epithelial cells in wound closure. Single leader cells could
sustain the extension of the outgrowth as long as the follower cell number remained lower than the
typical range of stress propagation. However, crossing this limit promptly compelled emergence of new

leaders in order to maintain the mechanical integrity of the outgrowth.

3.4  Time-dependent reorientations of focal adhesions at the leading edge

Effective cell migration crucially depends on the cellular ability to assemble and disassemble focal
adhesions onto the underlying substrate. These focal adhesions function to transmit the forces generated
within the actin cytoskeleton as traction forces on the matrix. For mechanical force mediated regulation
of cell migration, precise control of these focal adhesion complexes in terms of their assembly,
disassembly, size, shape and orientation is required ™.
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Figure 30. Detection of focal adhesions by RICM. (a) Representative phase contrast images
showing overlap between RICM detected adhesion points (depicted in inverted color, top left) and
paxillin (cop right) localization. Scale bars, 25um. Pearson correlation coefficient between two
detection methods plotted as a function of pixel shift demonstrating excellent overlap. (b)
Orientation of focal adhesion points along the wound margin with respect to average migration
direction as a function of distance from the nearest leader cells shows focal adhesion points of non-

leader cells pointing towards the nearest leader.

In this context, we attempted to study dynamic features of cellular adhesions with time. By conventional

means, such a study would require stable expression of a fluorescent protein-tagged focal adhesion
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protein such as paxillin or vinculin in all the cells. However, this manipulation might perturb the system
and the inherent genetic noise would cause local variability in the expression level, further distorting the
traction field. To avoid the effect of genetic modifications, we used a non-invasive optical technique
called reflection interference contrast microscopy® ', which present cell-substrate adhesion points as

dark spots.
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Figure 31. Orientation of focal adhesions in marginal cells. (a) Representative RICM images (left)
and cell-substrate adhesion points after thresholding and background subtraction (Right) at four
different time points (o, 60, 280 and 400 minutes) after the confinement removal. Scale bars, 20um
(b) Orientation of cell-substrate adhesion points in marginal cells shown as the angle between the
direction of migration and adhesion points. (¢) Distribution of the orientation, as given as Cosine
of angle, for leader (orange dots) and non-leader (blue dots) cells at two different time points, 120
and 300 minutes, marking phase 1 and 2 respectively. (d) Time evolution of average orientation of

adhesion points accounting for all the marginal cells.

Monochromatic, polarized light was used to visualize the interference pattern of unstained live MDCK
cells on a planer glass surface coated with fibronectin. The image consists of the interference pattern of
light reflected from the surface of the glass and the interface of cells. Due to negative interference at the
points of close contacts the cellular adhesions appeared darker than the background intensity. The
average value of background intensity (Ib) and standard deviation (6) was determined and all areas of at
least 4 x4 pixels with an intensity less than (Ib- 6/2) were defined as adhesion points. To validate the
fidelity of the RICM-based detection of focal adhesion points, marginal cells were fixed and stained

with paxi]lin, an important component of focal adhesion complexes. Paxillin displayed excellent
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correspondence and high correlation with RICM cellular adhesions (Figure 30). Next, on analysing the
relative orientation of focal adhesions with respect to the migration direction of monolayer at any point
of time (Figure 31b), we observed two important trends. First, the focal adhesions of the leader cells
displayed a high bias in orientation towards the migration direction and this remained consistent in
both the phases (Figure 31a, 31c). On the contrary, the remaining non-leader cells had their focal
adhesions inclined towards the nearest leader (Figure 31a, middle panel) and hence, the relative angle
showed much broader distribution as compared to the leader cells (Figure 31c). However, in the second
phase, as propensity of leader cells increases, this distribution became narrower (Figure 31c) with
average angular orientation of focal adhesions in marginal cells orienting towards the direction of
migration (Figure 31d). Taken together, these resules further elaborated the significance of dynamic
temporal phases during wound healing and revealed an important time dependent distinction between

the orientations of focal adhesions in the cells at the wound margin in the two phases.

3.5  Phase-dependent kinematic distinction between leader and non-

1eader C€HS

During the process of collective migration, forces operating through cell-cell junctions and focal
adhesions ultimately functions to provide coordinated cellular movements. Although collective cell
movements have been studied and modelled in past®™ "* 5 how their movements evolve with time
remains unknown. We therefore, looked into the kinematic distinction between leader and non-leader
cells at the margin. We distinguished the leader cells from non-leaders by the broken actin belt and their
forward protruding lamellipodia. To study the temporal evolution of kinematic parameters of the
marginal cells, we individually marked and tracked the cells at the margin and followed their
movements starting from the confinement removal (T = o) until the wound is healed (Figure 32a). From
the individual cell tracks, we obtained x,y coordinates at each time point, which we then used to
compute individual cell speed and directional persistence of motion. For a given cell track, at a given
instant of time, directional persistence is defined as the ratio of end-to-end distance and tortal
accumulated distance of the track (Figure 32¢). Remarkably, leader cells always acquired a higher speed
than the non-leader cells (Figure 32b). Interestingly, non-leaders in phase-1 who would become leaders in
the phase-2, migrated faster than the non-leaders which did not undergo this transition (Figure 32b)
Considering that the former did not express any leader-like characteristics in phase—i, these results
appeared very non-intuitive and suggested that the newly emerged leaders in phase-2 had already been
primed in phase—i. Further, the difference in speed between leaders and non-leaders decreases in phase—z.
Similarly, the leader cells always moved with higher directional persistence, than the non-leaders and

this difference also decreases in phase—z (Figure 32c).
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Figure 32. Time dependent kinematic differences among the marginal cells. Representative tracks
of leaders (orange), non-leaders (blue), and phase-2 leader (green) cells over 10 hours after the
confinement removal. Temporal variation in (b) instantaneous speed and (c) persistence of leaders
(orange), non-leaders (blue), and phase-2 leader (green) cells. Persistence is ratio between the end-

to-end displacement and the total distance migrated.

3.6 Outlook

Together, these results reveal existence of dynamic temporal phases during wound healing, and distinct
mechanobiological and kinematic behaviours of leader and non-leader cells in each phase. Once the
leaders are selected, they migrate at the tips of the cellular outgrowths that contain cells, which follow
them. These cellular outgrowths behave as mechanical global entities and collective dynamics regulace
the mechanics of the outgrowth. During Phase-1, the number of leader cells remain steady while the
outgrowth continue to expand thereby recruiting more number of followers within. This goes on until a
transition point (Phase-2) where another leader cell appear besides the existing one in the same
outgrowth. This phenomena is controlled by the mechanical dynamics or the force correlation length,
i.c. a single leader cell is able to sustain the extension of the outgrowth as long as the number of
followers remain lower than the number of cells that cooperate to join forces together. Furthermore, the

orientations of focal adhesions and kinematics of marginal cells also display this phase specific
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behaviour. These results demonstrate how cellular level cooperativity is important in efficient wound
healing mediated by cell crawling. While, these studies clearly draw the biophysical parameters that are
of critical importance in controlling guidance mechanisms during wound healing, how this process is

controlled at the bio-molecular level is still not clear.
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4. Concluding remarks

The healing ability of epithelial tissue plays an important role in maintaining integrity of the organs. In
this context, effective wound healing requires collective and cooperative migration of underlying cells to
cover the denuded area. Depending upon the size and the shape of the wound, the mechanisms that
regulate closure can be purse-string like i.e. mediated by the contraction of actomyosin cable that spans
the wound edge, or can be active crawling like i.c. mediated by formation of large cellular outgrowths
guided by leader cells. While purse string like closure usually operates in very small wounds; In this
work, we focussed our attention on more common, larger wounds, that are mainly closed by the later
mechanism, which involves crawling of several cells in outgrowths, guided by leader cells at the tips. We
mimicked re-epithelialization by designing a custom-made, scratch-free wound-healing assay that
uncoupled migration from other parameters such as cell damage and/or cell permeabilization. We then
performed time-lapse studies and followed the entire process of healing. With the help of various
microscopy and force measurement techniques, we obtained biophysical cartography of the monolayer
during different time points in order to explain fundamentally relevant, yet unresolved riddles in wound
healing such as, the mechanism(s) behind selection of leader cells and the temporal evolution of the
wound margin.

Due to lack of experimental evidences, the mechanism underlying collective guidance in wound
healing was in fact, misunderstood. The leaders were assumed to be selected autonomously, where
geomertry of the interface played critical role in biasing leader cell formation. In cthis study, we
challenged this prevalent notion of leader-follower hierarchy and studied hiophysical events in the
monolayer much before the leaders were selected and until the wound is healed. We found out that
efficient wound healing requires orchestration of cellular forces, from the very heginning, and that
selection of leaders require local unjamming and pile up of cellular stresses in the followers right behind
the prospective leader cells (Figure 18, Figure 19). This local increase in physical forces is a result of
dynamic heterogeneity of the monolayer and the length scale of this dynamie hcterogcneity determines
the distance between the emerging leaders. We then eompeted the collective dynamics with interfacial
bias hy changing geometry of the interface in such a way that if interfacial bias were stronger than
collective dynamics, the leaders would emerge much closer or much farther than the length scale of
dynamic hcterogcneity of the system. On the contrary, and as predicted, we observed that cellular
dynamics overrode the interfacial bias and the distance between the two leaders closely matched the
length scale of dynamie hcterogcneity in both cases (Figure 22). Since most of the migration events in
Vivo are triggcred by chemical cues sensed by the cells at the interface, we then placed a strong chemical

gradient in front of the monolayer to determine if the collective dynamics can compete with increasing

65



relative steepness of the gradient. Interestingly, the distribution of leader cells at the margin did not
change even in the presence of strong chemical gradient of EGF (0.8 uM as sensed by the cells while the
physiological concentrations of EGF is in the range of nanomolar). Only when the chemical gradient
increased upto 2.4 uM, we saw a change in the leader cell spacing (Figure 23). These findings confirmed
that collective mechanical dynamics of inner follower cells is responsible for the selection of leader cells
at the wound margin.

Next, we asked how does this collective dynamics influence events, after the leaders are
selected? i.e. how do the physical forces that underlie cellular cooperativity regulate cells at the margin
as the wound heals? And how does the cellular outgrowths, which are previously known to behave as
independent mechanical global entities®, evolve with time? In this context, we obtained time-lapse
phase contrast images of the monolayer during the entire process of wound closure and then computed
various physical parameters such as velocity profile, propensity of marginal leader cells, speed and
persistence of migration, and dynamics of cellular adhesions. Interestingly, these results uncovered a
unique time specific, biphasic behaviour of the cells at the wound margin. Furthermore, these temporal
phases are regulated by the mechanical dynamics or the force correlation length of the cells and can be
modified by modifying the length scale of force cooperativity.

During Phase-1, the propensity of leader cells remains steady, while the outgrowth continues to
expand, hence recruiting more number of followers within ie. the number of followers per leader
increases in this phase. This goes on until a transition point (Phase-2) where another leader cell appear
besides the existing one in the same outgrowth and hence the propensity of marginal leader cells starts
to increase. Interestingly in this phase, the number of followers per leader settled to a steady level
(Figure 26). Monoiayer stress microscopy, together with pharmacoiogicai perturbation of the
actomyosin contractility revealed that this level was remarkably identical to the typical number of cells
that could join forces togethen enabling iong—ranged correlated force transmission (Figure 27, Figure
28). More importantly, the observation that a new leader emerges immediateiy after the number of
followers per leader exceeds the mechanobio]ogicaiiy fixed threshold, indicates a mechanical integrity of
the outgrowth as a super—cell, not only in terms of directionaily consistent multicellular force
poiarization but also with respect to a presumably bidirectional systemic interaction between leader and
follower cells.

Furthermore, the elucidated mechanical integrity of the outgrowths offer further piausibie
explanations for many previous observations such as emergence of a new leader cell after the ablation of
an existing one and the existence of a typical icngth scale of auto—rcgulatory mechanism"™. Our results
also confirm many previously untested predictions of various theoretical endeavours that looked into
the dynamics of the wound edge from the perspective of instability’'. Both our experimental resules and

previous modelling suggest that the migration length scale at which new leaders emerge must depend on
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the length scale of force transmission, and in higher force correlation length, it would take longer for the
leaders to appear at the tips of cellular outgrowths™. However, none of the previous theories have
predicted the priming of non-leader cells, which would become leaders in phase-2, as observed in our
experiments. The non-leaders, which would undergo such a transition, displayed higher velocity and
persistence as compared to the ones that did not (Figure 32). These temporal phases furcher raise
analogy with the mode of collective guidance observed in, in-vivo studies such as during collective
migration of Drosophila border cells, where two dynamically distinct phases of leader cell formation
enable efficient information processing'.

Together, these findings provide a novel system insight into collective cell migration and

indicate the importance of integrative cellular interactions during epithelial wound closure.
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5. To be continued...

Although, our findings provide a comprehensive biophysical picture to the mechanism underlying
collective guidance during epithelial wound healing, the physical forces are only a mode of information
transfer from one cell to the other and the mechanism by which cells read these physical signals are
much more complex. Epithelial cells communicate with each other through cell-cell junctions and
with the underlying substrate through cell-substrate adhesions, which means any changes in cell-cell or
cell-matrix adhesions should lead to detectable changes in the cell migratory behaviour. Further, owing
to the long-range velocity correlation, observed in the epithelial cells, it is intuitive that each cell is able
to correlate its polarization and motility with that of its neighbours. For example, they should be able to
coordinate, cell Contractility, as well as po]arized activation of Rho GTPases and other downstream
effector molecules with their neighbours, in both space and time. However, the understanding behind
the molecular mechanisms that help the cells to respond to the physical forces during collective
migration is very fragmentary. It is not clear, for example, how, at the molecular level, cells sense and
transmit the operating physical forces to the neighbours in order to precisely regulate the leader-
follower arrangement and the length scale of dynamic heterogeneity.

Furthermore, various studies suggest that the mechanical microenvironment of the substrate
such as stiffness, also has a direct influence on the cellular migratory behavior and the information
about matrix stiffness is transmitcted to the cells through coupling of contractile forces between
neighboring cells'®. However, how matrix stiffness regulates the length scale of cellular cooperativity,

and influences the leader cells at the wound margin remain unclear.

5.1 Molecular Mechanisms

Previous studies show the importance of cell-cell junctions in mechano-transduction during collective
migration and that disrupting cellular junctions by knocking down E-cadherin significantly reduced the
collectivity and direction-sensing ability in Drosophila border cells™. Further, maintenance and
remodeling of cell-cell junctions critically depends on the interaction of cadherin-catenin complex with
the actomyosin contractilicy™. Notably, two pools of actin at the adheren junctions have been observed,
the apical rings that also labelled myosin-2 and the cortical pools that marked the site for actin
nucleation and also labelled actin polymerization machinery comprising Arpz2/3 and WAVE2 complex.
Interestingly, it was shown by some studies that WAVE-2-Arp2/3 is a major nucleator of actin assembly,
also at adheren junctions and inhibition of either Arpz/3 or WAVE2 depleted both cortical and
junctional actin pools, reduced junctional tension and compromised the ability of cells to buffer cell-cell

forces™ ™. Since Arpz2/3-WAVE2 complex is the major driver of lamellipodial protrusions, it is tempting

69



to speculate that differential polarization of actin polymerizing machinery towards the front and
towards the junctions is probably essential for leader cell mediated directional guidance during
epithelial crawling.

In order to test this hypothesis, we first looked into the localization of WAVE2. We allowed the
cells to migrate for about two hours before fixing and staining them for WAVE2. Owing to its role in
Arpz/3-mediated actin polymerization machinery, WAVE2 displayed clear localization in lamellipodia
of the leading cell. Interestingly, in the non-leader cells, we observed WAVE2 localization in cell-cell
junctions (Figure 33a), which indicate the role of WAVE-2-Arp2/3 in maintaining junctional integrity in
non-leader cells. To ascertain the role of differential WAVE2 localization in leader and non-leader cells,
and to determine if WAVE2-mediated actin nucleation occurs at the junctions, we studied dynamic
incorporation of G-actin at the barbed ends of actin polymers in live cells™*. We used saponin-mediated
cell-permeabilization assay that allows small molecules such as fluorescently tagged G-actin to cross the
cell membrane while the cells are still active. We found high actin dynamics at the cell-cell junctions of
non-leader cells (Figure 33b, left) and at the lamellipodia of the leader cells (Figure 33b, righo).
Furthermore, since lamellipodia formation starts with polarized activation of RhoGTPases, such as
Racr, we used a FRET sensor to study the activation of Racr in leader and non-leader cells. As expected,

leader cells showed high Racr activation as compared to the non-leaders (Figure 33¢, bottom).

Figure 33. Molecular mechanisms involved in leader-follower organization. (a) Localization of
WAVE2 in leader, non-leader and follower cells (b) Actin dynamics in non-leader (left) and leader

(right) cells. (¢) Racr activation dynamics by FRET sensor.
However, these findings does not confirm, but at least support our hypothesis that the cellular forces are
transduced through differential polarization of Racr and actin polymerization machinery in leader and
non-leader cells which finally dictate the leader-follower arrangement at the wound margin. Detailed

molecular analysis by modulating each of the factors one by one with respect to the other is necessary to

further validate the hypothesis.
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5.2 Effect of Matrix Stiffness

Next, in order to determine the effect of matrix stiffness on the length scale of force cooperativity and
hence the leader cell formation, we prepared polyacrylamide gels of varying stiffness (4 KPa, 11 KPa, 23
KPa, 35 KPa and 9o KPa), coated with 0.5 mg/ml fibronectin, and seeded cells under confined
conditions, as before (Figure 35). After obtaining a confluent monolayer, the confinement was released
to trigger collective cell migration. We then fixed the cells after 2 hours of migration and determined

the propensity of leader cells at the wound margin.
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Figure 34. Effect of matrix stiffness on leader cell propensity. (a) Representative images of Life-Act
MDCK cells on PAA gels of varying matrix stiffness. (b) Propensity of leader cells as a function of

stiffness show decreasing number of leader cells with increasing stiffness (Performed by J.D. Russo)

Interestingly, decreasing stiffness decreased the leader cell separation distance (dis), and increasing
stiffness increased the leader cell separation distance at the wound margin (Figure 34).

This implies, that with increasing matrix stiffness the length scale of force cooperation should
also increase. Furthermore, the observation of similar length scale of leader cell separation distance (d..)
on glass (highly stiff) and soft PAA gel substrate (11-23KPa) implies, either a different mode of cell-ECM
talk, or a different mode of ECM binding, on glass and on PAA gel. These findings therefore open a

multitude of questions that require thorough investigation.
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6. Materials and Methods

6.1 Cell culture and migration experiments

Madin-Darby canine kidney cells (MDCKII, Health Protection Agency) were cultured in minimal
essential medium (MEM, Sigma) supplemented with 2mM L-glutamine (Invitrogen), 10 U ml” penicillin
& 10 pg ml” strepromycin (Pen Strep, Invitrogen) and 5% fetal bovine serum (FBS, Invitrogen). Cell were
maintained in a standard cell-culture incubator at 37°C, 5% CO, environment and high humidity. Cells

were passaged regularly when they reached 80-90% confluency.
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Figure 35. Collective cell migration in vitro. (a) Schematic diagram of commercially available Ibidi
culture inserts for creating monolayers with unbiased interface (b) Customized PDMS micro-
stencils for creating monolayers with defined patterns (¢) Thin PDMS blocks for creating confined

monlayers on PAA gel.

For performing collective cell migration, a confined space was created onto glass bottom dishes coated
with 10 pg ml” fibronectin using ibidi cell culture inserts (Ibidi, 80209, Figure 33a), or using custom-
made PDMS micro-patterned stencils (Figure 33b). For traction force experiments, the confinement was
created in a similar way onto polyacrylamide gel (PAA gel) coated with 0.5 mg ml™ fibronectin, by thin
horizontal PDMS blocks (Figure 33¢). Cells were then seeded into the dishes and incubated in a cell-
culture incubator for 1 hour until they adhere onto the fibronectin coated substrate accessible through
the holes of the micro-confinements. Any unattached cells were removed by replacing the media. The
set up was incubated again overnight or until a confluent cell monolayer is obtained after which, the

confinement was removed to trigger collective migration (Figure 33d)
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6.2 Micro-patterning

Micro-patterning is a soft-lithography based technique that uses relief structures of photoresist as
templates for a master Polydimethylsiloxane (PDMS) stamp to form desired patterns of cellular

monolayers (Figure 36).
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Figure 36. Production of PDMS micro-stencils. (a) Schematic representation demonstrating
fabrication of patterned micro-stencils. Black transparencies containing holes of desired shapes are
used as masks to engrave about 50 um thick structures of a negative photoresist onto a silicon
wafer when illuminated with UV light (top). A developer removes the unexposed photoresist from
the wafer but retains the cured structures (bottom left). (b) PDMS pressed against the finished
wafer in a customized mechanical press at 65°C for 100 min to produce holes of desired pattern in
a thin PDMS membrane.

Stepr: Creating photomasks. Desired shapes of monolayers were designed in a QCAD program (Figure

34a) and transferred on transparencies using a high-resolution printer (JD Phototools).

Stepz: Preparing the template. In a clean room facility, SU-8/25 negative photoresist (MicroChem,

Newton, MA, USA) was spin-coated on a 2° silicon wafer to a final thickness of about 50 um. The wafer
was then baked on a hot plate for 5 min at 65° C followed by a second baking for 15 min at 95° C. The
transparencies containing, the “photographic negative” of the pattern to be transferred were used as
masks to illuminate the wafer with UV light for 12 sec in Mask Aligner MBJ4 (Suess MicroTec
Lithography, Munich, Germany). To remove the unexposed photoresist, wafers were immersed in SU-8
Developer mr-Dev6oo (Microresist Technology, Berlin, Germany). The prepared wafers containing the

desired geometric pattern were then treated with 1H,1H 2H,2H-Perfluorooctyl-trichlorosilane to reduce
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surface adhesiveness.

Step3: Creating PDMS microstencils. Uncured PDMS and curing agent (10:1) were mixed well and

degassed by centrifugation at 1.5 rpm for 10 minutes. A sandwich consisting of the patterned wafer, 0.5
mL of PDMS-catalyst mix, a piece of parafilm, a piece of paper and a glass slide was put into a custom
made molding press to obtain uniform pressure distribution. PDMS was pressed against the wafer in a
customized mechanical press (Figure 34b) at uniform pressure in order to create thin PDMS membrane
containing holes of desired shapes. The assembly was put into a compartment dryer at 65°C for 100 min
to allow PDMS polymerization. Subsequently, PDMS-catalyst mix was applied at the rims of the thin
membrane and the set up was allowed to polymerize again at 65"C for 100 min to create micro-stencils
with a depth, that is enough for cell culture and medium supply. To prevent cell adhesion, prepared
stencil masks were incubated in a solution of Pluronic F-127 (Sigma Aldrich, 2% w/v in deionized water)
for 30 minutes prior to use. These micro-stencils were then used to confine MDCK-II cells in the desired

patterns onto glass surfaces coated with ropg/ml fibronectin.

6.3  Velocimetry and Cell tracking

PIV is a widely used technique and gained importance from the field of hydrodynamics where it was
used to map flow of a fluid'®. It soon became versatile and has been used recently for nonhydrodynamic
problems such as motion of bacteria or cells”. Time-lapse images were obtained using an inverted phase
contrast microscope. PIV analysis was carried out using the PIV algorithm from Image]"°. Briefly, the
images were divided into sub-windows also known as interrogation windows and the correlation within
cach of these windows was calculated thereby yielding a displacement field between two successive
images. From the displacement fields, velocity vectors and hence the velocity was calculated. The
velocity field was expressed in micrometers per hour.

PIV analysis in this way, yielded two components of velocity at each center point (i. j), of the
interrogation window, namely lateral component (Ui,-, perpendicular to the direction of group
movement) and axial component (Vj, parallel to the direction of group movement). From these
components, velocity fluctuations (uj, and vij) and hence respective correlation functions were

determined™.

Ujj = Uij - Umean (1)

Vij=Vij — Vmean (2)

where Upean and Vipegn are the mean lateral and axial velocity components respectively. From the

velocity fluctuations (Eq. 1 and Eq. 2), lateral and axial correlation functions were computed as

75



C(r)r = C(r) = {u(r)x u(r'+n}/[{u(r)?} x {u(r'+r)?31"2 (3)
C(r)a = v(r) X V(r'+0)}/[{V(r)*} x {v(r'+r)°}1" (4)

Here {....} represents the average; r is the vector of coordinates (i,j). Correlation length was determined
as the point where the respective correlation function becomes negligible. Velocity fluctuations (uij or
vij) were preferred over absolute velocities to obtain the correct normalization of correlation
functions”. Further because only lateral velocity components could distinguish between passive and
active collective migration, only lateral correlation length was computed. For time dependent kinematic
studies, nuclei of individual cells were tracked to obtain (x,y) coordinates at each time point using
Mtrack] plugin of FIJI'7 (Figure 34). Instantancous speed and directional persistence of cach cell at each
time point was then calculated from the respective cell tracks using Microsoft Excel. Directional
persistence for a particular track was defined as the ratio of end-to-end distance to the total

accumulated distance at that particular instance in time.

325 min

Figure 37. A snapshot of cell tracks obtained from FIJI Mtrack] tracking. Representative phase
contrast image of epithelial monolayer and the corresponding cell tracks showing movements of

cells in xy plane

6.4  Traction force and Monolayer stress microscopy

Traction force microscopy relies on measurement of local magnitude of substrate deformation induced
by cellular movements. Briefly, cells are seceded on an optically transparent 3D substrate, embedded with
fluorescent beads ranging from o.2-rum in size. A variety of hydrogels can be used as substrates, with a
prerequisite that the mechanical behaviour of the hydrogel is characterized, and, that it is able to

maintain cellular viability. The cells exert forces and deform the substrate as they move, thereby
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displacing the underlying beads. Fluorescence microscopy is used to capture the positions of the beads as
the cells migrate. Finally, the cells are trypsinized and the corresponding bead position in relaxed state is
acquired. Bead displacement vectors can then be obtained by subtracting the bead positions in
undeformed (relaxed) state with the corresponding deformed positions during cell migration. These

displacement vectors were then used to compute the forces that cells exert on the substrate™®.

6.41  Preparation of traction force substrate

Glass bottom dishes (35 mm, MatTek) were treated with 0.1 M sodium hydroxide solution for 5 min,
treated with 4% APTS (3-aminopropyl-triethoxysilane, Sigma Aldrich, Germany) in iso-propanol for 5
min and finally with 1% glutaraldehyde solution in water for 30 min. The dish was washed with
deionized water three times and dried between each step. A second set (I1) of cleaned glass coverslips (18
mm diameter) were dipped in RainX solution for 5 min, wiped with a laboratory cloth soaked with
RainX and dried in a stream of nitrogen. Polyacrylamide gel was prepared from Acrylamide (40% in
PBS), Bis-Acrylamide (2%) and PBS. Carboxylated polystyrene micro beads with soonm diameter (2,65%
solids in water) were added to the PAA mixture along with Tetramethylethylenediamine (TEMED) and
Ammonium persulphate (APS) and immediately vortexed to allow complete mixing.

Table 5.4.1: Preparation of traction force substrates

Total Solution (15 ml) | 11 kPa Stiffness 23 kPa Stiffness
Water/ PBS 10.63 ml 9.937 ml

40% Acrylamide 3.75 ml 2.812 ml

2% BIS acrylamide 525 pl .5 ml

Red beads (0.5 pm) 8o pl 300 pl

APS 50 ul 50 ul

TEMED 5 ul 5 ul

200 ul of this mixcure was pipcttcd onto the activated glass bottom dishes and a covcrslip from the
second set (I1) was carcfuﬂy placcd on top with the rainX treated side facing towards the PAA. The set
up was then inverted to allow the beads to settle ac the surface while the gcl polymcrizcd. Gels with

different stiffness can be prcparcd using different combinations ofcomponcnt mixcures.

6.4.2  Traction force microscopy
The gel surfaces were functionalized with 2mg/ml sulphosuccinimidyl-6-(4-azido-2"-nitcrophenylamino)
hexanoate (Sulfo-SANPAH, Thermo Scientific) for 1o mins under UV light and then covalently coated

with 0.5 mg ml" fibronectin (Sigma) to ensure cell attachment. A horizontal confinement was created
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on the functionalized PAA gels using thin PDMS blocks (Figure 33¢). Cells were seeded in the confined
arcas and were then grown until a confluent monolayer is obtained. Subsequently, confinement was
released by lifting oft the PDMS block and images were acquired- in phase contrast channel for cells,
and in red channel for beads- as the cells migrated. After experiment, cells were trypsinized and
resulting bead positions were obtained. The bead position in relaxed state (after trypsinization) was
then subtracted from the corresponding position recorded during migration to obtain bead
displacement vectors. From these vectors, traction force vectors were calculated using an
Image] plugin'®.

6.43  Monolayer stress microscopy

MSM starts with measuring the traction forces at the cell-substrate interface of a monolayer cell sheet
and then uses a straightforward two-dimensional balance of forces to obtain the distribution of physical
forces at every point within the monolayer. This algorithm was implemented in a set of functions
written in MATLAB (MathWorks)™. The technique works on a few assumptions, first, monolayer is
thin and flat i.c. lateral length chat spans the monolayer (L) is much greater than the monolayer height
(h). Second, stresses within the monolayer and traction forces at the cell-substrate interface are assumed
= 0,, =T, = 0) Then applying the force

to be planar with zero out-of-plane contribution (0,, = 0y,

balance assumption, we arrive at:

80 xx Sny _ 60yx SUyy _
6x+6x_Tx’6y+5y_Ty (1)

Where oxx and oyy are the components of average normal stresses and oxy and oyx are the
components of shear stresses in the x and y directions respectively. Next, if monolayer is considered
elastic and homogenecous then the two independent elastic constants, E (Young’s modulus) and v

(Poisson’s ratio) are able to describe the material properties and the stress strain relationship can be

drawn as
1 1 1
Exx = (0ux — vayy), Eyy = E(UW —V0y,), €xy = ¢ (1 +v)oy, (2)

Where exx, yy, exy are strains in xy plane. To ensure that displacements can be integrated from strains,
Saint-Venant's compatibility relation has to be satisfied. Then, from the force balance equation and the
stress strain relationships, we obtain the Beltrami-Michell compatibility equation.
(é + %) (0xx +0yy) = (1 +0) (% + %) ()
For the boundary conditions, we assumed two kinds of boundary, namely the cell free boundary at the
leading edge of the cell monolayer and optical edge boundaries at the other edges of the image. The cell
free edge was specified by zero monolayer stresses whereas the optical edge was specified by
un;= o and Giniti = 0

where, u is the displacement, n and ¢ are the normal and tangent unit vectors at the optical edge. Solving
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the aforementioned equilibrium equations with respect to the boundary conditions, determine stresses

everywhere within the monolayer.
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Figure 38. Balance of forces considered in monolayer stress microscopy™. (a) The cell monolayer is

considered as a thin sheet where lateral length, L is much greater than heighe, h of the monolayer.
Each cell exerts traction, T on the surface. These tractions are balanced by local monolayer stresses,
s. (b) The force balance is ensured on xy plane and the out of plane contributions are neglected. (c)
The optical field of view has three optical adges and a free edge. For boundary conditions, shear
stresses at all the edges are zero and the normal stress at the free edge is zero. The monolayer is

assumed to be containing a repeatable unit of this optical field of view.

6.5  Reflection interference contrast microscopy (RICM)

RICM works on the principal of interferometry and utilizes monochromatic polarized light to form
image of an object on a glass surface. Intensity of the signal is a measure of proximity of the object to the
surface. It was first used in the field of cell biology to study mechanisms of fibroblast adhesions on
glass™. The technique requires no genetic modifications and therefore is widely used for studying
dynamic cell actachments™ .

A monochromatic light is circularly polarized by a polarizer and is then reflected by a beam
splitter towards the objective, which focuses the light onto the specimen (Figure 39a). Some of the light
is reflected back from the glass surface while the rest travels into the cell and is reflected from the cell
membrane. In this context, different situations can occur; first, when the cell membrane is too close, the
light reflected from the membrane is shifted to half of a wavelength as compared to the light reflected
from the glass thereby cancelling cach other out and the interference between them would be negative
(dark spot). When the membrane is not attached to the glass, the light reflected from the membrane will
have a smaller phase shift as compared to the light reflected from the glass therefore they will not cancel
cach other and the interference is not negative (light grey spots) (Figure 39b). In this case the brightness

of the spot depends upon the phase shift between the two reflected light rays.
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Figure 39. Reflection Interference contrast microscopy. (a) RICM setup, A monochromatic light is
circularly polarized by a polarizer and is then reflected by a beam splitter to the specimen. (b) An
interference between the light reflected back from the surface and the specimen is recorded to

obtain an image that display cellular adhesions as negative interference or black spots on the image

5 Time

When there is no specimen, only the light reflected from the glass is detected as bright spots
1apse imaging was carried out in both phase contrast and in RICM mode on an inverted microscope
(Zeiss) equipped with an incubator capable of maintaining 37°C temperature, 95% relative humidity and
5% CO, concentration. An RICM filter cube, a beam splitter (50R/50T VIS), two polarization filters
(AHF, Tubingen, Germany), and a LED light source (Zeiss, Gottingen, Germany) were used in order to
produce coherent, monochromatic light. Images were taken with a defined focus option using a 63xPlan
Neofluar Antiflex oil immersion objective (NA 1.25) (Zeiss, Gottingen, Germany). In order to obtain a
large field of view, advanced tiles set up of the Zen software (Zen 2012) was used. For thresholding
interference images, average value of background intensity (I,) and standard deviation (o) were

determined and all arcas of at least 4 x4 pixels with an intensity less than (Ib-6/2) were defined as

adhesion points'. The thresholding was done using MATLAB.

6.6 Agarose spot assay

Agarose spot assay is a simple technique used to perform chemotaxis or directed cell motion, it has

160

recently been used and intensively characterized® for chemotaxis of mammalian cells. This assay is
inexpensive, simple to set up, and amenable to multiplexing, making it a valuable complement to more
expensive and laborious methods such as microfluidic assays. It works by entrapping a chemoattractant
inside a gel drop, which is then presented to the cells for directed migration.

MDCK-ITI cells were seeded in confined conditions using Ibidi cell-culture-inserts in MEM
medium supplemented with 5% FBS, 2mM L-glutamine, 10 U ml-1 penicillin & topg ml-1 strepromycin

and left to grow overnight to attain a confluent monolayer of cells. Subsequently, 0.5% Agarose solution

in PBS was prepared, heated on a hot plate until boiling and swirled to facilitate complete dissolution.
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When the temperature was cooled to 40°C, small volumes of agarose gel containing varying
concentrations of chemo-attractant (EGF) was prepared. 10 pL spots of cach of this gel solution
containing EGF was pipetted rapidly, 0.5 mm away from the confined, confluent monolayer and were
allowed to polymerize for 5 min at 4°C. The confinement was then released and media was replaced by
MEM medium supplemented with 2mM L-glutamine, 10 U ml-1 penicillin and 10 pg ml-1 strepromycin
but without serum. After 2 hours of migration, cells were fixed and permeabilized before adding Alexa

fluor-488 labeled phalloidin (Thermo Fisher Scientific) for visualization of the actin cytoskeleton.

6.6a1  Calculation of relative chemo-attractant gradient

A major disadvantage to Agarose spot assay is that it can only sustain gradients that cells can sense for a
limited duration. Additionally, the concentration profile is non-linear and varies over distance as well as
time. Quantitative analysis of the agarose spot assay has therefore been done to clarify which
concentrations of chemoattractant should be used and how far the gel should be placed from the cells so
that the cells can sense the gradient in the required experimental time frame™°. For doing the numerical
calculations, the spot was assumed to be large and volume of the dish was assumed to be 200 times larger

than the spot. Then the concentration gradient can be formulated in a simple diffusion equation;

oc 6 [bc
5= "5 e M

Where ¢ is the concentration of chemo-attractant, x is the distance from the centre of the spot, t is the
time when the media was added or when the chemo-attractant is expected to start diffusing out of the
gel and D is the diffusion coefficient. Since the pore size of the 0.5 % agarose gel (around 1 um) is much
larger than the size of the EGF, agarose is not expected to hinder the diffusion of EGF.

Further, a major determinant of chemiattractant response is the relative gradient, iec. the
steepness of the chemoattractant gradient normalized by the local concentration gradient. For a cell to
sense and respond to chemotaxis, the relative gradient must be above a threshold value, which varies
with the chemoattractant concentration and the Kyof the chemoattractant-receptor bond. In general,
cukaryotic cells require at least 1% of the relative chemoattractant gradient for the chemotactic
migration. Because there is no explicit solution of equation (1), finite element method was used and
boundary values were applied to obtain the laplacian

8 [dc
g[a
By using the boundary conditions, such that when x > (10x7), ¢ = 0, we obtained the distribution of

concentration gradient over the distance.

6.7  Plasmids, siRNAs, transfection and FRET

Transfection is a method of introducing negatively charged genetic material (e.g., phosphate backbones
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of DNA and RNA) into cells through their negatively charged membrane. To overcome the electrostatic
repulsion of the cell membrane, cationic liposome formulation such as lipofectamine is used.
Lipofectamine contain cationic lipid head, which binds to the DNA to form liposomes, and a neutral
co-lipid, which helps the DNA containing liposome to fuse with the plasma membrane thereby allowing
the nucleic acid to cross into the cytoplasm and the genetic material to be available to the cell for
replication or expression. Mammalian cells can be transfected by ecither a forward or a reverse
transfection methods.

Plasmid pCry2PHR-mCh-RhoA was a gift from David Schaffer (Addgene plasmid # 42958)"7
and was purified with a Midiprep plasmid purification kit (Invitrogen). Merlin siRNA was purchased
from Qiagen (catalog number). Plasmid and siRNA were transfected by the forward and reverse
transfection methods, respectively, using Lipofectamine 2000 (Invitrogen), as instructed by the
manufacturer. The scrambled siRNA was purchased from Qiagen.

Fluorescence resonance energy transfer (FRET), experiment was carried out in a Leica SPs
confocal laser scanning microscope using a 63x, 1.4—numerica]—aperture oil immersion objective in a 37
and 5% CO2 environment. MDCK cells were plated in eight-well glass Lab-Tek Chamber Slides (Nunc)
and cransfected as described above. After 24 h, cells were rinsed, and the old medium was replaced with
fresh medium. Cells were then imaged with the confocal laser—scanning microscope. The exposure times
for donor, acceptor and FRET channels were always kept constant. Each field yielded three 512512 pixel

images, representing the donor, acceptor and FRET channels.

6.8  Inhibition studies and Immunostainings

Blebbistatin, an inhibitor of myosin II, and calyculin A, a phosphatase inhibitor, were obtained from
Sigma. Powders of these drugs were dissolved in DMSO (Sigma) to make the stock. Before removing the
confinement, cells were treated with 1, 5, 10 and 20 pM blebbistatin and 0.5, 1 and 2 nM calyculin A
respectively in Opti-MEM reduced serum medium for th at 37°C in a 5% CO2 humidified incubator.
During migration, Opti-MEM was replaced by MEM containing 5% FBS, 2mM L-glutamine and the
respective inhibitor. For actin stainings, cells were fixed and permeabilized before adding Alexa fluor-
488 labeled phalloidin (Thermo Fisher Scientific) for visualization of the actin cytoskeleton. For
studying dynamic G-actin incorporation, monolayers were permealibized with saponin—media
(0.2mg/ml saponin in permeabilization buffer, containing 138mM KCI, 4mM MgCl,, 20mM HEPES, pH
7.4) for 7 min in the presence of 0.45 uM Alexa-488-tagged-G-actin to favour barbed end incorporation.
Cells were then fixed in 4% paraformaldehyde in cytoskeletal stabilization buffer containing 0.2% triton-

X-100 in PBS and alexa-594-phalloidin (1:500).
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