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Abstract

Epithelial tissues respond strongly to the mechanical stress caused by collective cell migration and are able to regu-
late it, which is important for biological processes such as morphogenesis, wound healing, and suppression

of the spread of cancer. Compressive, tensional, and shear stress components are produced in cells when epithelial
monolayers on substrate matrices are actively or passively wetted or de-wetted. Increased compressive stress on cells
leads to enhanced cell-cell interactions by increasing the frequency of change the cell-cell distances, triggering vari-
ous signalling pathways within the cells. This can ultimately lead either to cell jamming or to the extrusion of live cells.
Despite extensive research in this field, it remains unclear how cells decide whether to jam, or to extrude a cell or cells,
and how cells can reduce the compressive mechanical stress. Live cell extrusion from the overcrowded regions

of the monolayers is associated with the presence of topological defects of cell alignment, induced by an interplay
between the cell compressive and shear stress components. These topological defects stimulate cell re-alignment,

as a part of the cells'tendency to re-establish an ordered trend of cell migration, by intensifying the glancing interac-
tions in overcrowded regions. In addition to individual cell extrusion, collective cell extrusion has also been docu-
mented during monolayer active de-wetting, depending on the cell type, matrix stiffness, and boundary conditions.
Cell jamming has been discussed in the context of the cells'contact inhibition of locomotion caused by cell head-on
interactions. Since cell-cell interactions play a crucial role in cell rearrangement in an overcrowded environment, this
review is focused on physical aspects of these interactions in order to stimulate further biological research in the field.

Keywords Cell-cell interactions, Overcrowded environment, Collective cell migration, The Marangoni effects,
Viscoelasticity

Introduction

Epithelial tissues respond strongly to internal and exter-
nal mechanical stresses via dynamic cellular rearrange-
ments [1-3]. During such processes, cells are able to
self-regulate the magnitude of mechanical stress and
the corresponding cell packing density [3-5]. Move-
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cell compressive stress causes an increase in cell pack-
ing density by influencing the cell-cell interactions. Cell
shear stress has no impact on cell packing density, but
influences the strength of cell-cell and cell-matrix adhe-
sion contacts [8]. All stress components, generated dur-
ing collective migration of epithelial monolayers, have
been experimentally confirmed [1, 2, 6]. The anisotropic
nature of collective cell migration implies that cell mon-
olayer extension in one direction, caused by cell move-
ment, induces compression in the other in order to
maintain tissue structural integrity [1, 9, 10].

The concept of active wetting, caused by collective cell
migration [11], can be interpreted as active extension in
the direction of cell movement and passive compression
in the perpendicular direction. Pérez-Gonzalez et al. [11]
pointed out that active wetting results from the com-
petition between traction forces and contractile inter-
cellular forces. The opposite case, in the form of active
de-wetting, has been observed [11]. Both processes,
active wetting/de-wetting, show oscillatory behaviour
caused by interplay between physical parameters such
as: mechanical stress, epithelial surface tension, matrix
surface tension, and epithelial-matrix interfacial tension
[1, 12]. The epithelial surface tension represents the sur-
face tension between multicellular surface and surround-
ing liquid medium. Whether epithelial tissue undergoes
active wetting or de-wetting depends on the inter-rela-
tion between specific adhesion and cohesion energies
[12]. The cohesion energy of cell monolayers depends on
the strength of cell-cell adhesion contacts and cell con-
tractility and correlates with epithelial surface tension
[13]. The cell-matrix adhesion energy depends on the
strength of cell-matrix adhesion contact, i.e. focal adhe-
sions (FAs) [14]. A special interest here is to discuss the
cell response to compressive stress within migrating epi-
thelial monolayers.

An increase in the cell compressive mechanical
stress, caused by collective cell migration, can trig-
ger the cell jamming state transition and/or live cell
extrusion. Both processes (cell jamming/unjamming
transitions and cell extrusion) provide ways by which
epithelium regulates the cell compressive stress cor-
responding to the cell packing density [3-5]. Despite
the fact that both cellular processes have been widely
studied, it is not clear which of them is preferred in
an overcrowded environment caused by higher com-
pressive mechanical stress. An increase in the com-
pressive stress, due to tighter cell packing, stimulates
cell-cell orientational interactions, of which two types
need to be taken into consideration: (1) cell head-on
interactions and (2) cell glancing interactions. The
head-on interactions cause contact inhibition of loco-
motion, i.e. cell re-polarisation by inducing weakening
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of cell-cell and cell-matrix adhesion (focal adhesions
FAs) contacts and a change in the direction of cell
movement [15, 16]. This type of cell-cell interaction
has been recognised as a possible cause of the cell jam-
ming state transition [15-17]. Cell jamming occurs
when the time between two head-on interactions is
shorter than the cell re-polarisation time [18]. In this
case, cells undergo a contractile-to-non contractile
cell state transition by reinforcing the strength of FAs
[19]. It would be interesting to discuss the underlying
mechanism by which jamming multicellular domains
induce a decrease in the cell packing density. The other
cellular process that can be activated under higher cell
packing density is live cell extrusion.

In contrast to cells jamming, cells retain their con-
tractile state during live cell extrusion. The targeted cell
(or cells) lose their FAs. Cell extrusion actively regu-
lates development and facilitates homeostasis by expel-
ling cells from overcrowded regions [4]. Although many
of the molecular factors involved in cell extrusion are
known, little is known about the mechanical basis of
cell extrusion, and it is not clear which physical factor is
directly responsive to the cell’s loss of FAs. Saw et al. [5]
pointed out that the generation of topological defects in
cell alignment within cell monolayers is a prerequisite of
cell extrusion. These topological defects could be related
to cell glancing interactions. Glancing interactions are a
form of cell orientational interaction that occurs when
cells adjust their alignment towards the direction of col-
lective cell migration. Perturbation of cell alignment
leads to an imbalance of the intercellular forces respon-
sible for cell realignment ultimately resulting in the re-
establishment of force balance [5, 20]. These interactions
are not strong enough as head-on interactions and can-
not induce cell re-polarisation and consequently weak-
ening of cell-cell adhesion contacts, but they can cause
weakening of FAs similarly to cell head-on interactions.
While cell head-on interactions have been widely stud-
ied in the context of the inhibition of locomotion by cell
contact [15, 16], the role of cell glancing interactions in
the weakening of FAs leading to cell extrusion has not yet
been examined.

The main goal of this theoretical consideration is to
discuss the role of cell shear and compressive stress com-
ponents in the generation of topological defects within
epithelial monolayers and to identify the physical factors
responsible for: (1) the cell jamming/unjamming transi-
tions; (2) live cell extrusion; and (3) epithelial de-wetting,
which leads to the formation of a 3D rim-like cellular
structure which can be considered as collective live cell
extrusion. The physical mechanisms underlying cell-cell
interactions will also be discussed in the context of the
phenomena considered.
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Active wetting/de-wetting of epithelial monolayers
Epithelial monolayers undergo active/passive wetting/
de-wetting, depending on whether the monolayer dis-
placement occurs via collective cell migration, or not.
The wetting or de-wetting that occurs through collec-
tive cell migration is considered as an active process.
However, cell displacement can be driven by the gra-
dient of the epithelial-matrix interfacial tension in the
direction perpendicular to cell movement correspond-
ing to the passive process. Another example of passive
de-wetting is the rearrangement of epithelial monolay-
ers on non-adhesive substrate matrix, which suppresses
cell movement [21]. Epithelial wetting/de-wetting
depends on the interplay between specific adhesion
and cohesion energies in the form of the spreading fac-
tor S¢(r,7) = w, — w, where r is the local coordinate,
7 is the long-time of hours, w 4(r, T ) is the specific cell-
matrix adhesion energy, and w .(r, T ) is the specific cohe-
sion energy. The cell-matrix adhesion energy depends
on the strength of cell-matrix adhesion contacts and has
been expressed as: w 4(r,7) = p aszA| [7 m| where p ,
is the surface density of cell-substrate adhesion contacts,
kra is the elastic constant of single cell-substrate adhe-
sion contacts (FA), and 7 ,, is the matrix displacement
field [14]. The strength of the cell-matrix adhesion con-
tacts depends on: changes in cytoskeletal tension [22],
conformational changes of vinculin (a cytoplasmic actin-
binding protein) [23], rearrangement of microtubules
[24], and inter- and intra-chain interactions of integrin
filaments within the FA [25]. The rearrangement of FA
depends on the rheological behaviour of the matrix and
its stiffness [26]. The cohesion energy can be expressed
as: @ ((r,7) =2y ,(r,t) where y ,(r,7) is the epithelial
surface tension. Epithelial cells undergo wetting when
the spreading factor S°(r,7) > 0 and de-wetting when
S¢(r,7) < 0. Specific cohesion energy is the energy
required to separate a multicellular system into two parts
by creating two homotypic multicellular surfaces.

The epithelial surface tension y , represents the change
in surface energy of a single multicellular surface Eg
by changlng the surface area, and can be expressed as:
Ye= 54 (where A is the surface area). The surface
energy can be expressed as: Es =) ; 12<( ceffi — Ao) +
i ;A L+ > T”‘"”L 2 (where Acefi is the effective sur-
face area of the i- th cell, K is the effective modulus of the
cell around its preferred surface area A, /;; is the interface
length between the i-the and j-th cells, A is the line ten-
sion per unit interface length between two cells, T¢y,; is
the contractility coefficient, and L; is the perimeter of the
i-th cell) [27]. Epithelial surface tension depends on the
strength of mediated cell-cell adhesion contacts, cell con-
tractility, and monolayer extension/compression [13, 27,
28]. During their collective migration, cells use Adherens
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Junctions (AJs) to couple mechanically and as an impor-
tant source of signalling that coordinates collective behav-
iour [29]. Ones of the main components of AJs are proteins
from the cadherin family. Cadherins are transmembrane
glycoproteins containing an extracellular domain that
mediates cell-cell adhesion via homophilic or heterophilic
interactions and an intracellular domain that controls sig-
nalling cascades involved in a variety of cellular processes,
including polarity, gene expression, etc. Cell contractility
enhances the strength of E-cadherin-mediated cell-cell
adhesion contacts [13]. Consequently, the surface tension
of active, contractile cells is higher than the surface tension
of non-contractile ones, i.e., y ! > y 7, wherey " and y
are the epithelial surface tensions of contractile (migrating)
and non-contractile (resting) cells, respectively. Extension
of cell monolayers, caused by cell wetting or an externally-
induced force, also causes an increase in the epithelial sur-
face tension [10, 27]. However, compression can induce
weakening of the cell-cell adhesion contacts caused by cell-
cell interactions [15]. These interactions can lead to the
contact inhibition of locomotion, resulting in a decrease
of the epithelial surface tension [28, 29]. This decrease,
accompanied by the cohesion energy of monolayers, stim-
ulates the cell wetting.

The main characteristics of migrating epithelial mon-
olayers are their inhomogeneous distribution and long-
term oscillations of the following physical parameters:
the cell packing density, the cell velocity, the correspond-
ing strain, the cell mechanical stress, the epithelial surface
tension, and the cell-matrix adhesion energy, resulting in
an inhomogeneous distribution of the epithelial spread-
ing factor [1, 2, 30]. The inhomogeneous distributions of
cell packing density, cell velocity, and stress-strain have
been confirmed experimentally by Serra-Picamal et al.
[1], Notbohm et al. [2], and Tlili et al. [30]. The inhomo-
geneous distribution of the strength of cell-cell adhesion
contacts, which causes the inhomogeneous distribu-
tion of epithelial surface tension, has been measured by
Pérez-Gonzdlez et al. [11]. An inhomogeneous distribu-
tion of the concentration of collagen fibers caused by cell
tractions, pointing to the inhomogeneous matrix surface
tension, has been measured by Clark et al. [26]. Notbohm
et al. [2] discussed the anisotropic nature of cell mechani-
cal stress caused by collective cell migration. Moreover,
the epithelial monolayer can be treated as an ensemble
of multicellular domains characterised by a constant epi-
thelial spreading factor within each domain. The domain
represents a group of cells described by homogeneous
distributions of: (1) cell speed [31], (2) cell packing den-
sity [29, 32], (3) properties of movement such as coordi-
nation and cooperation [33], and (4) the corresponding
viscoelastic behavior [18]. The coordination of a cell
group is identified with directional alignment, while the
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cooperation between cells within the group depends on
the properties of cell-cell interconnectivity. These multi-
cellular domains are formed as a result of the cells’ ten-
dency to establish an ordered trend of cell migration.
They persist for some period of time before disappearing
again as a consequence of cell-cell interactions. The inho-
mogeneity of the spreading factor induces various sce-
narios of cell wetting/de-wetting.

Douezan and Brochard-Wyart [21] considered pas-
sive de-wetting of murine sarcoma (S-180) cell monolay-
ers on a non-adhesive substrate matrix. This cell line is
transfected to express E-cadherin molecules at their sur-
face and form cohesive multicellular systems with a sur-
face tension similar to that of epithelial collectives. The
spreading factor, in this case, is S®(r,7 ) ® —w ., while
the cell-matrix adhesion energy is @, = 0. These cell
monolayers perform inhomogeneous passive de-wetting
by leaving cell-free areas on the surface and by forming
three-dimensional cellular structures. The passive de-
wetting is induced by work of the epithelial surface ten-
sion in decreasing in the monolayer surface area, while
cells cannot establish focal adhesions and consequently,
cannot migrate. Frictional effects between the cell mon-
olayer and substrate matrix, which depend on the matrix
rigidity, have a feedback impact on the rate of the mon-
olayer compression caused by the de-wetting. This, in
turn affects the monolayer cohesiveness and viscoelas-
ticity. An increase in the monolayer cohesiveness and
the rigidity of the substrate matrix reduces the forma-
tion of holes [21]. An increase in the concentration of
E-cadherin molecules per unit area of cell surface and
the rigidity of the matrix cause: (1) an increase in the
epithelial surface tension and (2) the establishment of a
more homogeneous distribution of epithelial surface ten-
sion, which consequently reduces the formation of holes.
In contrast to the previous scenario where cells undergo
de-wetting on a non-adhesive substrate, the migration of
cells on an adhesive substrate leads to the formation of
focal adhesions with the matrix. In this particular case,
cells can diminish the frictional effects between the cell
and the matrix by remodelling the focal adhesions and
subsequent attachment and detachment. In this case, the
matrix stiffness has an impact on both cell-cell and cell-
matrix adhesion contacts [33].

While cell monolayers undergo passive de-wetting
on non-adhesive substrates, these monolayers undergo
active wetting/de-wetting on adhesive substrates. Pérez-
Gonzdlez et al. [11] considered active wetting/de-wetting
of human breast adenocarcinoma cells (MDA-MB-231)
forming monolayers on a collagen-coated substrate. The
MDA-MB-231 cells were transfected with a dexametha-
sone-inducible vector containing the human E-cadherin
coding sequence. Cell monolayers performed active
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wetting within 24 h and then underwent active de-wet-
ting within the next 36 h by forming a 3D rim-like cell
structure. The wetting (extension) of cell monolay-
ers causes an increase in the epithelial surface tension,
resulting in a decrease in the spreading factor. When the
spreading factor became S¢(r, 7 ) < 0 cells underwent de-
wetting. The epithelial surface tension and the concen-
tration of E-cadherin, oscillates around the equilibrium
value during de-wetting [11]. An increase in cell packing
density within the peripheral region of cell monolayers
during wetting induces the formation of 3D cell structure
in the form of a rim during de-wetting [11]. Similar 3D
cell structure was observed during rearrangement of con-
fluent epithelial Madin Darby Canine Kidney (MDCK)
cell monolayers within a circularly bounded adhesive
substrate [34]. The phenomenon has been discussed in
the context of collective live cell extrusion [11, 34]. Pérez-
Gonzélez et al. [11] measured 2D tensional stress dur-
ing the monolayer de-wetting. However, tension in one
direction induces compression in the other in order to
maintain the monolayer’s structural integrity. The inter-
relation between compressive and extensional strains
responsible for the generation of the corresponding nor-
mal stress components ¢ ., and o cyy iS: €y = —V € yy
(where v is the Poisson’s ratio which satisfies the condi-
tion v # 0.5). It is consistent with multicellular systems
being compressible. The fusion of two confluent skin
fibroblast cell aggregates caused a decrease in the vol-
ume of two-aggregate systems by a factor of 2.38x within
140 h [35]. A cancer cell spheroid of CT26 cells lost 15%
of its volume under an osmotic stress of 5 kPa, while
the cell volumes were approximately constant [36]. The
change of cell packing density during uni-axial exten-
sion depends on the magnitude of the Poisson’s ratio v.
The cell packing density can: (1) decrease forv < 0.5, (2)
stay constant for v = 0.5 (an isotropic behaviour), or (3)
increase forv > 0.5. Moisdon et al. [37] revealed that the
experimental value of the Poisson’s ratio of MDCK epi-
thelial monolayers is 0.77 £ 0.01. Tambe et al. [6] ana-
lyzed the impact of change in the Poisson’s ratio on cell
stress distribution caused by collective cell migration for
v < 0.5 without measuring this parameter.
Serra-Picamal et al. [1] considered the active wetting
of MDCK cell monolayers on a collagen-coated sub-
strate matrix over an interval of 7 h. These cells undergo
inhomogeneous wetting, such that those located in
the central region of the monolayers were less active
in comparison with those located in the peripheral
region. Only locally active de-wetting was observed,
taking the form of local cell backwards flows. Colli-
sions of forwards and backwards flows can induce the
accumulation of compressive stress. Serra-Picamal et al.
[1] observed oscillations of the tensional stress in the
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x-direction o (. The stress change in the y-direction
0 ¢yy was not measured. However, extension of the mon-
olayer in the x-direction has to induce compression in
y-direction, to some extent, in order to maintain the
monolayer’s structural integrity. Shear stress o ¢y is also
generated during the wetting of MDCK cell monolayers
[1]. Global de-wetting was not observed within 7 h. This
left open the question: Can the de-wetting occur within
a longer time-period, or not? Pérez-Gonzalez et al. [11]
observed the occurrence of de-wetting 24 h after the
extension (wetting) of cell monolayers. Tlili et al. [30]
pointed out that free expansion (i.e. active wetting) of
MDCK monolayers caused an inhomogeneous distribu-
tion of cell packing density. Some multicellular domains
reached confluence, while others underwent cell jam-
ming. The main characteristic of cell rearrangement
within confluent cell domains is long-term oscillations
of cell compressive stress [2].

In the next section, the generation of mechanical stress
and its impact on the formation of topological defects
during epithelial monolayer wetting/de-wetting will be
discussed.

Cell mechanical stress generation caused by cell
wetting/de-wetting

The cell normal (tensional/compressive) stress is respon-
sible for changes in the cell packing density, while the
shear stress has no impact on the cell packing density.
Cell tensional stress causes a decrease in the cell pack-
ing density, while compressive stress induces an increase
in the cell packing density over a time-scale of hours.
An increase in cell packing density intensifies cell-cell
interactions, which have a feedback impact on cell cohe-
sion and adhesion energies. The probability of a cell-cell
interaction is proportional to the cell volume fraction ¢.
Cell mechanical stress is caused by in-plane cell strain
generated during epithelial monolayer inhomogeneous
wetting/de-wetting. The in-plane cell strain can be uni-
axial or biaxial depending on cell-cell interactions. Con-
sequently, cell compressive, tensional, and shear stress
components are generated during cell rearrangement as
follows:

+ When a cell monolayer undergoes anisotropic active
wetting, then extension in the direction of cell move-
ment (i.e., active wetting) leads to compression in the
direction perpendicular to cell movement (i.e., pas-
sive de-wetting) in order to maintain the monolayer’s
structural integrity.

+ Anisotropic compression in the direction of cell
movement (i.e., active de-wetting) results in a gener-
ation of cell tensional stress in the direction perpen-
dicular to the cell movement (i.e., passive wetting).
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+ Some multicellular domains perform more inten-
sive wetting than surrounding domains and com-
press them. Pérez-Gonzalez et al. [11] confirmed this
experimentally. The wetting of the monolayer’s cen-
tral region was more intensive than the wetting of its
peripheral region, caused by the radial distribution of
epithelial surface tension accompanied by a concen-
tration of E-cadherin [11].

+ Some multicellular domains undergo active wetting,
while others undergo active de-wetting. The conse-
quence of the existence of the wetting and de-wetting
domains can be the generation of forwards and back-
wards flows [1]. Collisions between these flows can
generate additional compressive stress.

+ Some multicellular domains undergo inhomogeneous
de-wetting, which causes an inhomogeneous accu-
mulation of the cell compressive stress and can induce
the formation of holes within the monolayer [21].

+ Cell shear stress can be generated along the borders
between multicellular domains depending on their
velocities. When the cell packing density is lower
than or equal to ngy,r (Where 7y, is the cell packing
density in the confluent state), local cell shear stress
generation has been recorded within wetting MDCK
cell monolayers [1, 6].

These scenarios demonstrate that cell compressive
stress can be accumulated locally even when the epithe-
lial monolayers undergo wetting, while the de-wetting
of the monolayers results in an intense accumulation of
compressive stress. It is consistent with the experimental
observation of cell jamming domains as an indicator of
cell compressive stress, by Serra-Picamal et al. [1], Nnetu
et al. [32], Tlili et al. [30], and by many others who have
considered active wetting of epithelial monolayers. The
maximum compressive stress generated during the rear-
rangement of confluent MDCK cell monolayers, and
the maximum tensional stress caused by the wetting of
MDCK cell monolayers, were 300 Pa [1, 2]. The cell shear
stress generated during the wetting of MDCK epithelial
monolayers is a few tens of Pa [1, 6]. In the next section,
the cell mechanical stress will be discussed depending on
the viscoelasticity of multicellular systems and the cell-
matrix interfacial tension.

Cell mechanical stress generation caused by collective cell
migration

The cell mechanical stress generated during collective
cell migration is influenced by the viscoelasticity of
epithelial monolayers and by the cell-matrix interfacial
tension [38]. The viscoelasticity of epithelial monolay-
ers and cell-matrix interfacial tension depend on the
strength of cell-cell and cell-matrix adhesion contacts,
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and cell contractility. Both types of adhesion contacts
are influenced by the stiffness of the substrate matrix.
The cell-matrix interfacial tension depends on the
epithelial surface tension, matrix surface tension, and
cell-matrix adhesion energy. This physical parameter is
time-dependent and can be expressed as:

Vem(r:f)=)’e(r:f)+}’m(r»f)—0)a(r;f) (1)

where the cell-matrix adhesion energy w , is released
when two surfaces come into contact. The interfacial ten-
sion decreases with the strength of FAs. The equilibrium
(static) tissue surface tension measured after uni-axial
compression of cell aggregates is: (1) 4.5 %N for F9 WT
cell aggregates [39]; (2) 1.6+ 0.6 %N to 4.0 &+ 1.Om?N
within 9 days for embryonic neural retina aggregates
[40]; and (3) 22.8 4+ 3 %N for aggregates of CHO cells
[41]. The static surface tension of collagen I matrix
decreases from 62 %N to 57 %N at 21 °C when the con-
centration of collagen increases from 1 % to 4 % (in
experiments without cells) [42]. The inhomogeneous
distribution of the strength of cell-cell and cell-matrix
adhesion contacts, as well as the surface rearrangement
of the substrate matrix, caused by cell tractions, lead to
an inhomogeneous distribution of the interfacial ten-
sion. An inhomogeneous distribution of the epithelial
surface tension causes hole formation during passive
de-wetting of murine sarcoma (S-180) cell monolayers
on a non-adhesive substrate matrix [21]. Pérez-Gonzdalez
et al. [11] observed a radial distribution of E-cadherin
concentration, and consequently, the epithelial surface
tension within the monolayers. An inhomogeneous dis-
tribution of the matrix surface tension can be induced
by rearrangement of the polymer matrix caused by cell
tractions [38]. Clark et al. [26] considered the move-
ment of A431 cell clusters on the collagen I matrix and
revealed that the distribution of collagen concentration
around the cell cluster is asymmetric, such that the col-
lagen concentration near the front of the cluster is ~30%
lower than that near its rear. The change in collagen in-
plane concentration causes the establishment of a matrix
surface tension gradient, which has a feedback impact
on the directional migration of the cell cluster [38]. The
strength of the cell FAs, as well as cell traction forces var-
ies along the cell monolayers [43]. Strong cell-cell adhe-
sion contacts within keratinocyte monolayers localize
the traction forces to the colony periphery [43]. The main
characteristic of migrating epithelial collectives is the
inhomogeneous distribution of cell tractions, cell packing
density, velocity, and accumulated stress [1, 30, 32]. From
Eq. 1 the interfacial tension gradient can be expressed as:
— — — —
VYeu=Vv.,+Vy ., — Vo,

Consequently, both the interfacial tension and its gra-
dient influence the generation of the cell residual stress,
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i.e., the stress, that remains in the cellular systems dur-
ing collective cell migration and changes on a time scale
of hours [7]. The cell residual stress can have both nor-
mal (tensional/compressive) and shear components.
All components of the cell stress have been measured
within migrating epithelial monolayers [1, 2, 6]. The
cell normal residual stress includes isotropic and devia-
toric parts. The isotropic part of the cell normal residual
stress is induced by the work of the epithelial-matrix
interfacial tension in decreasing the biointerface area
expressed by the Young-Laplace equation. The devia-
toric part of the cell normal stress is the viscoelastic
normal stress attributed to collective cell migration. It is
in accordance with fact that migrating cell groups per-
form directional migration which can be perturbed dur-
ing inhomogeneous wetting/de-wetting. Consequently,
the cumulative effects of cell-matrix interactions lead to
generation of the isotropic part of the cell normal resid-
ual stress, while the deviatoric part the normal residual
stress is generated internally within multicellular sys-
tems. Consequently, the cell normal residual stress can
be expressed as:

~ ~ ~ CCM
oav=2ApcsmI +0 v (2)

where (;c,v is the cell normal residual stress part,
which includes o ¢xx and o ¢y components,  is the
unity tensor, A p._, » is the isotropic part of the cell
v =)\ =

normal stress equalto Apes yy = =y |V - # ), # is

the normal vector of the cell-matrix biointerface, and
CcCCM

O oV is the deviatoric part of the cell normal resid-
ual stress with the components o o CM and ¢ C,yyCCM .
The positive and negative signs of the isotropic stress
part indicate tension and compression, respectively. The
deviatoric part of normal stress depends on the viscoe-
lasticity of epithelial monolayers. While passive wet-
ting/de-wetting generates an isotropic contribution to
the cell normal residual stress (caused by effects along
the epithelial-matrix biointerface), collective cell migra-
tion during active wetting/de-wetting generates an ani-
sotropic (i.e., deviatoric) contribution to the normal
residual stress. The viscoelasticity further depends on
the cell packing density and the strength of the cell-cell
adhesion contacts, which will be discussed in more
detail.

The inhomogeneous distribution of the cell normal
stress components, generated during collective cell
migration, causes an inhomogeneous distribution of cell
packing density within monolayers. Three subpopula-
tions can be distinguished:

1. A migratory, proliferative subpopulation with the cell
packing density n, < ny, (where ny, is the cell packing
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density at homeostasis and #, is the epithelial packing
density);

2. A homeostatic cell subpopulation with cell packing
density n, ~ ny, which satisfies the condition that
proliferation is inhibited; and

3. A jamming cell subpopulation with cell packing den-
sity n, ~ nj, (where #; is the cell packing density at
the jamming state), which satisfies the condition that
proliferation and locomotion are inhibited.

The existence of subpopulations 2 and 3 is related pri-
marily to the accumulation of cell compressive stress
[44]. The cell packing density of the jamming sub-
population is lower than that of the migratory and
homeostatic subpopulations, i.e. ; < nj, [44]. This phe-
nomenon, observed by Kaliman et al. [44], has not yet
been explained. We will offer an explanation from the
standpoint of physics in the next section. The cell pack-
ing densities, characteristic for subpopulations 2 and
3, depend on the cell type and matrix stiffness [44]. The
dynamical interrelation between subpopulations is pre-
sented schematically in Fig. 1:

An increase in compressive stress drives the forwards
transition from subpopulation 1 to subpopulation 2,
while cell extrusion induces the transition backwards
from subpopulation 2 to subpopulation 1. The transition
from subpopulation 2 is also possible to subpopulation 3
and vice versa during cell jamming/unjamming. A special
interest here is to understand the main properties of the
cell-cell interactions, which lead to the transition from
subpopulation 2 to subpopulations 1 and 3.

Tlili et al. [30] considered the active wetting of MDCK
epithelial monolayers and revealed that cell packing den-
sity varies from 1 x 10° %“25 to 5 x 10° %“25 An increase

in cell packing density from 1 x 10° %H; to 5 x 10° %”25

resulted in a decrease in cell velocity from 0.8 L= to

An increase in cell
compressive stress,
accompanied by cell
packing density

Subpopulation 1

Subpopulation 2
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zero [30]. Nnetu et al. [32] pointed out that the velocity
of epithelial MCF-10 A cells drops to zero at a cell pack-
ing density of ~ 3.5 x 10° %“25, corresponding to the cell
jamming. Petitjean et al. [45] revealed that the MDCK
cell monolayers reached the confluence for a cell pack-
ing density of 15, ~ 2.5x10° %“25 and a cell velocity of
~0.14 LM,

External compression of confluent MDCK cell mon-
olayers with 28% strain caused an increase in cell pack-
ing density to 1.39x71,r, which stimulated the extrusion
of live cells [4]. In this case, the corresponding fraction
of extruded cells reached 6% [4]. Consequently, the cell
packing density under jamming is higher than or equal to
the cell packing density for the cell extrusion. A detailed
description of the underlying physical mechanisms will
be discussed in the next two sections.

The cell shear residual stress includes two parts. One
part is generated by natural convection as a consequence
of the existence of the interfacial tension gradient Vy ,,,,
while the other part is generated by forced convection
(i.e., by collective cell migration). The cell active/passive
extension from the multicellular domains of lower inter-
facial tension towards the domains of higher interfacial
tension is part of the Marangoni effect [46]. The phe-
nomenon of cell movement along multicellular surfaces
caused by the surface tension gradient has been con-
firmed experimentally by Gsell et al. [47]. The Marangoni
effect has also been recognized in various soft matter sys-
tems under temperature or concentration gradients [48].

Consequently, the cell shear residual stress can be
expressed as:

— — - o~
H - O erS - t

cCCM —
+ M - 0O ers S

(3)

where & ers is the cell shear residual stress component,
which is symmetric and satisfies the condition that the

- =
t =Vy

em ’

Cell jamming

Subpopulation 3

n, <np X X n.~np n.~n;
Live cell extrusion Cell unjamming
migratory, migratory, non- non-migratory,

proliferative
subpopulation

proliferative
subpopulation

non-proliferative
subpopulation

Fig. 1 Schematic presentation of the interrelation between the three types of subpopulations within migrating epithelial monolayers
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. ~ CCM ,
corresponding components are o crxy = 0 cryxs 0 ers is

the cell shear residual stress generated by collectlve cell
migration with the component o myCC , and t is the
tangent vector of the cell-matrix biointerface. The gradi-
ent of interfacial tension can be expressed as = Ay 7 (where
Ay . is the interfacial tension difference and A L is the
distance in which this gradient exist). If it is supposed
that the interfacial tension difference corresponds to only
Ay ju=1 mN and the distance is A L ~ 100 0 m (i.e.,
an order of magmtude larger than the size of single cell),
this gradient of the interfacial tension corresponds to a
cell shear stress part of ~ 10 Pa. This is a relatively large
value, bearing in mind that a cell shear stress of a few tens
of Pa can induce inflammation of epithelial cells [49].

The cell shear/normal residual stress caused by col-
lective cell migration depends on the mechanism of
cell migration, and on that basis, it depends on the cell
packing density. Epithelial cell migration occurs via: (1)
the convective mechanism for the cell packing density
e < Heonf, (2) the diffusion mechanism for the cell pack-
ing density nc,r < n, < np, and (3) the sub-diffusion
mechanism for the cell packing density n. ~ ny, [3, 50].
Constitutive models proposed for various modes of epi-
thelial cell migration are shown in Table 1.
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Serra-Picamal et al. [1] and Notbohm et al. [2] consid-
ered the rearrangement of MDCK cell monolayers with
the cell packing density 7, < 1.y, and revealed that the
long-term cell stress (i.e., the cell residual stress) correlates
with the corresponding strain, pointing out the viscoelastic
solid behaviour. It is in accordance with the fact that epi-
thelial cells establish strong E-cadherin mediated cell-cell
adhesion contacts. Another important behaviour of epithe-
lial monolayers, characteristic for this regime of cell pack-
ing density, is the ability of cell stress to relax towards the
cell residual stress. Khalilgharibi et al. [52] reported that
the stress relaxation time corresponds to a time-scale of
minutes, while the cell residual stress accumulation occurs
on a time-scale of hours [7]. The stress relaxation abil-
ity caused by uni-axial compression of cell aggregates was
observed by Marmottant et al. [53]. Based on these find-
ings, Pajic-Lijakovic and Milivojevic [7] concluded that
cell stress change occurs through many short-time stress
relaxation cycles, while cell strain (induced by cell move-
ment) and corresponding cell residual stress change over a
time scale of hours. A suitable constitutive model, satisfy-
ing the conditions (1) that the stress relaxes exponentially
on a time scale of minutes and (2) that the cell residual
stress correlates with the corresponding strain, pointing
to long-term elastic behaviour, could be the Zener model

Table 1 Some constitutive models proposed for various modes of epithelial cell migration

Modes of epithelial cell migration

Constitutive models for viscoelasticity of epithelial tissues

Convective cell migration mode
Ne = nconf ~

- m o
0.1 <|\ve||<~1‘;mn ek

cam

(RtT) + TRk O ek
Stress relaxation under constant strain condition € ¢k per single short-time relaxation cycle:

The Zener model for viscoelastic solids:

LM - o
= Eck€ ek (1, T) + 1 k€ ek

~ M ~ __t ~ M __t
Oek (N4,T)=0ek€ "Fk +0 ek (7)1 —€ Thk

Cell residual stress is elastic.

~ ™ ~

O rek = Lck € ek

Diffusion cell migration mode
nh_>> Ne > Nconf ~ "
IV ell ~ 107 — 10720 7

The Kelvm -Voigt model forwscoelastlc solids:

(ff)—Eckeek‘i‘nckeek

The stress cannot relax.

~ M ~
O ek = 0 rek

Sub-diffusion cell migration mode
Ne ~ N ~ M
IVell - 0

ForO<a <1/2

om

The fraction model for viscoelastic solids:

O ek (r:T):nakDa<gek)

The stress cannot relax.
M ccm

O ek = 0 rek

where the subscriptk = S, V, Sis shear,V is volumetric, T g is the cell stress relaxation tlme Eck is the elastic modulus M k is the cell V|sc05|ty (shear or bulk), r is the

space coordinate, t is a short-time scale (i.e. minutes), T is a long-time-scale (i.e. hours),|| V eHIS the cell speed, v e is the cell velocity equal to v e = ‘lj,—", u(r,t)is
M

cam
the cell local displacement field, I ek

—
relaxation, € ckis the cell strain such that the volumetric strain is equal to € ev (T ) = (V

eS(’rT)—j +Vu

(r,t, T )is the cell stress (normal orshear) o ek isthe rate ofstress changea ek =

ekIS the corresponding strain rate equaltoe ek = dr Lk 1 o k is the effective modulus, D* € (rt)=

LM ~ CCM

caused by the stress
o ) I I is the unit tensor, and the shear strain

% is the

fractional derivative, and o gives the order of fractional derivatives (the damping coefficient). Caputo’s definition of the fractional derivative of a function e (r,T)is

1 d gt e@a))

used and expressed as: D% GN: ra

= E.j 0 mdr / (where T(1 — & ) is a gamma function) [51]
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presented in Table 1 [18]. In this case, energy dissipation,
characteristic of the viscoelastic behaviour of multicel-
lular systems, occurs on a time scale of minutes as a con-
sequence of the remodelling of cell-cell adhesion contacts
[3]. The cell stress relaxes towards the elastic cell residual
stress. Cell residual stress, cell velocity and correspond-
ing strain, oscillate on a time scale of hours, which has
been discussed in the context of mechanical waves [1, 2,
7]. In this case, the cell actual stregsc can be expressed as:

(rt,T)
i = V,S§ is the subscript in Eqgs. 2 and 3, which indicates

normal and shear stress components, o ¢;(r, ) is the cell
residual %té(]e&s (normal and shear) expressed by Egs. 2 and

3,Aq ei is an increment of the actual cell stress change
during a single short-time stress relaxation cycle equal to
ccM M

0 ei(rt,T) =0 eri(r,T) + AT o (where

AGo  (ntT)=0e  (ntT) =0 eni(r, ) and
~ CCM .
O ei (r,t, 7 ) is the part of actual stress caused by col-

lective cell migration, which is expressed by the Zener
model and presented in Table 1 for the cell packing density
ne < nconf)‘

Further increase in the cell packing density, in the
range of #.y,f < 1, < ny, results in suppression of the
cell stress relaxation. Cell-cell frictional effects, charac-
teristic of higher cell packing densities, lead to a long
term dissipation of energy during cell rearrangement.
In accordance with the fact that a linear, diffusion
mechanism underlies cell movement, the correspond-
ing constitutive model should also be linear. Pajic-Lija-
kovic and Milivojevic [18] proposed the Kelvin-Voigt
constitutive model for this regime (Table 1). Corre-
sponding long-term changes in cell stress account for
both the elastic and viscous contributions. In this case,
cell actual stress is equal to cell residual stress.

While the viscoelasticity of epithelial monolay-
ers shows linear behaviour for cell packing densities
ne < ny, the damped cell movement, described by the
sub-diffusion mechanism, induces nonlinearity in the
viscoelastic behaviour. For describing the damped
movement of cells at homeostasis, it is necessary to use
fractional derivatives. Pajic-Lijakovic and Milivojevic
[50] proposed the fractional stress-strain model for this
regime of viscoelasticity (Table 1). In this case too, cell
actual stress is equal to cell residual stress.

Cell actomyosin contractility has two main effects
on cellular behaviour. First, it enhances the strength of
E-cadherin adhesion contacts, which in turn affects the
surface tension of the epithelial monolayer. Secondly, it
induces cell tractions, which then influence the surface
tension of the extracellular matrix and the energy of
epithelial-matrix adhesion. As a result, cell contractility
plays a crucial role in determining the interfacial tension
between the epithelial monolayer and the matrix, as well
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as the gradient of this tension. This, in turn, affects the
cell mechanical stress. The impact of cell contractil-
ity on the strength of cell-cell adhesion contacts also
has implications for the viscoelasticity of the epithelial
monolayer. Active (contractile) cells exhibit greater stiff-
ness compared to non-contractile cells, primarily due
to the accumulation of contractile energy. Research by
Schulze et al. [54] has shown that the Young’s modulus
of contractile MDCK cell monolayers is approximately
33.0+3.0 kPa, while non-contractile cells have a modu-
lus that is roughly half of this value. Furthermore, active
wetting and de-wetting processes lead to the generation
of higher cell residual stress compared to passive wet-
ting and de-wetting under the same strain conditions.
It is important to note that cell contractility affects all
physical parameters involved in the generation of cell
mechanical stress, making it impossible to separate the
stress into active and passive contributions.

In summary, cell actomyosin contractility plays a sig-
nificant role in modulating the behaviour of epithelial
cells. Its effects on adhesion contacts, surface tension,
and mechanical stress have important implications for the
overall mechanical properties and behaviour of epithelial
monolayers. Cell mechanical stress, generated during cell
active wetting/de-wetting, can induce the formation of
the topological defects in cell alignment which, has a feed-
back impact on cell rearrangement.

The generation of topological defects in cell
alignment occurred in an overcrowded
environment: cell-cell interactions
Topological defects arise as a perturbation of cell flow-
polarity alignment caused by cell-cell interactions within
an overcrowded environment [5] as was shown in Fig. 2:
Saw et al. [5] identified the isotropic part of the cell
compressive stress, while Ohsawa et al. [55] proposed the
cell crowding stress, as the main physical factor responsi-
ble for the generation of defects. However, the cell crowd-
ing stress was not clearly connected with the isotropic
part of the cell compressive stress. We emphasize that
the isotropic and anisotropic (i.e., deviatoric) parts of cell
compressive stress both contribute to the generation of
topological defects. An increase of the compressive stress
causes an increase in cell packing density leading to the
formation of overcrowded regions. Besides the cell com-
pressive stress, it would be necessary to include the cell
shear stress in the formation of the topological defects.
While compressive stress stimulates cell-cell interactions,
the gradient of interfacial tension (as a part of the cell
shear stress) can perturb cell alignment by inducing pas-
sive cell movement from the region of lower, to higher,
cell-matrix interfacial tension [38].
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Topological defects of cell alignment lead to single-cell extrusion
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Fig. 2 Atopological defect in cell alignment occur in an overcrowded environment, leads to single-cell extrusion. These defects are induced

by the interplay between cell compressive and shear stress components

Cell-cell interactions in an overcrowded environment
Cell-cell mechanical interactions in overcrowded regions
trigger various signalling cascades to prevent cell overlap
and reduce collisions (i.e., a decrease in cell-cell distance).
The decrease in collisions between cells can be achieved
by either inhibiting cell movement under constant cell
packing density or by reducing the density of packed
cells while maintaining their ability to migrate. Contact
inhibition of locomotion, resulting from head-on interac-
tions, can restrict cell movement [15-17]. On the other
hand, live cell extrusion, caused by cell glancing interac-
tions, contributes to a reduction in cell packing density
[4]. A more detailed description of induced cell signalling
caused by cell interactions will be provided in Sect. 5.1
and 5.2. In this line, two types of cell-cell interactions will
be considered: (1) cell head-on interactions and (2) cell
glancing interactions.

The head-on interactions induce cell re-polarisation
and weakening of cell-cell and cell-matrix adhesion con-
tacts, resulting in a change in the direction of cell move-
ment [16]. While cell head-on interactions have been
widely studied in the context of cell contact inhibition of
locomotion [15, 16], the role of cell glancing interactions
in cell rearrangement has started to be elucidated. Glanc-
ing interactions are a form of cell orientational interac-
tion that occurs as cells align themselves in the direction
of collective cell migration. Cadherin-mediated cell-cell
adhesion contacts play a crucial role in this alignment
process and directional cell migration [56]. Weakening of
cell-cell adhesion contacts results in a decrease in the size
of the region of topological defects of cell alignment [5].
Perturbation of cell alignment leads to the imbalance of
intercellular forces responsible for cell realignment caus-
ing the re-establishment of the force balance [20]. In

accordance with fact that intercellular force acts through
cell-cell adhesion contacts, this force imbalance can be
connected with an inhomogeneous distribution of the
strength of adherens junctions [57]. In this line, it is evi-
dent that some cell-cell adhesion contacts are more
stretched, and stronger, while others are less stretched or
even compressed, and weaker. Guevorkian et al. [27]
demonstrated experimentally that stretching of epithelial
cells leads to an increase in the strength of cell-cell adhe-
sion contacts and consequently, an increase in epithelial
surface tension. The inhomogeneous dlstrlbutlon of
intercellular forces generates a torque A T This torque,

responsible for cell re-alignment, is A T=F X7

—_
where F . is the resultant force generated by the exten-

sion/compression of the E-cadherin bonds per single cell
?c = 25\2’1 ?,-, Nj, is the number of bonds per single

adherens junction AJ which depends on the stretching/
compression of AJ, 7,' is the force per single bond, and 7c
is the radius of cell rotation, which is approximately equal
to the cell radius. The number of established E- cadherin
bonds between neighbouring cells and expressed per sin-
gle cell is in the range of 10 — 103% [39]. The intra-cel-

lular tugging force is in the range 20 nN < ?C < 100 nN,
while the required force for breakage of a single
E-cadherin bond is ~200 nN [58]. The size of single
adherens junction AJ is 20 u m? < A, < 100 p m? [58].
The work done per unit time by the torque A 7, which
induces single -cell rotation in order to re-align the cell, is
W = A T wcwherewc—ii
and @ is the angle of cell rotation. Moreover, cell glancing

interactions can induce inhomogeneity of the epithelial
surface tension and cell-matrix interfacial tension on a

is the angular velocity
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Cell head-on
interactions

Cell glancing
interactions
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E-cadherin mediated
adherens junction

Integrin mediated

B 4o 8

rotation

focal adhesion

Fig. 3 Cell-cell interactions: head-on interactions and glancing interactions. Purple arrows represent the direction of cell movement; the red arrow
represents a single-cell rotation. Cell glancing interactions, caused by perturbation of cell alignment, can induce live cell extrusion. Cell head-on

interactions have been discussed in the context of cell jamming

cellular level. The epithelial surface tension gradient
and the interfacial tension gradient can be correlated
with the crowding stress proposed by Ohsawa et al. [55].
Both types of interactions are shown in Fig. 3.

This cell rotation generates torsional stress on the cell-
matrix focal adhesions (FAs) by stimulating the detach-
ment of FAs. The torsional shear strain can be expressed
as €y = '%0 + where r; is the radius of the FA domain, L
is the thickness of the FA, and 6 ; is the torsion angle. FAs
are flat, elongated structures 1-5 pm long, 300-500 nm
wide and, on average, 50 nm thick [59]. Consequently
the corresponding torsional shear strain on an FA, cal-
culated for r =2pum, L =50nm, and the angle of
0 = 0.5° (0.00872 rad) is € ,,;y = 0.35. A shear strain of
~ 0.2 applied on 1 mg/ml collagen I matrix without cells
causes an increase in the shear stress within the matrix to
18 Pa and then relaxes towards the matrix residual stress
of 4 Pa within 5 min [60]. Paddillaya et al. [61] revealed
that the cell-matrix interfacial shear stress of 4—6 Pa is
enough to cause the detachment of an FA. These cell-cell
interactions trigger cells to activate mechanisms for regu-
lation of the compressive stress accompanying increased
cell packing density.

The main characteristics of both types of cell-cell inter-
actions are summarised in Table 2:

Table 2 The main characteristics of cell head-on and glancing
interactions

Head-on
interactions

Type of cell-cell interactions Glancing

interactions

Cell re-polarisation yes no
Weakening of cell-cell adhesion contacts  yes no
Weakening of cell-matrix adhesion con-  yes yes

tacts (i.e, focal adhesions)
Generation of cell torque no yes

Cell head-on interactions are more efficient than cell
glancing interactions at inducing cell re-polarisation
[16]. Re-polarisation is a complex process in which a
cell exchanges its front-rear polarity. This cell reorgani-
sation leads to weakening of cell-cell and cell matrix
adhesion contacts. Intensive cell-cell interactions in an
overcrowded environment can extend the time needed
for cell re-polarisation or even block it [18]. Notbohm
et al. [2] pointed out that the average repolarization
time during the rearrangement of confluent MDCK cell
monolayers is 1.28 h. In contrast to cell head-on inter-
actions, cell glancing interactions cannot induce cell
re-polarisation leading weakening of cell-cell adhesion
contacts. The weakening of FAs, in this case, can be
induced mechanically by the generation of cell torque.
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Cell re-polarisation .
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the strength of cell-cell adhesion contacts

Weakening/loss of cell-matrix adhesion contacts
Live cell extrusion

Collective cell extrusion caused by
cell monolayers wetting/de-wetting

Fig. 4 The interrelationships between various types of cell-cell interactions and cell processes such as cell jamming and live cell extrusion

Cell response under compressive stress: the cell
jamming or live cell extrusion

The mechanisms of cell response under compres-
sive stress are connected with the interplay between
various cellular processes, such as: (1) cell signalling
associated with stretch-activated ion channels, (2)
remodelling of cell-cell and cell-matrix adhesion con-
tacts, (3) change in cell contractility, and (4) a result-
ant decrease in the cell packing density. The physical
mechanism of the compressive stress reduction will be
discussed in the context of cell jamming/unjamming
transitions and live cell extrusion. The interrelation-
ships between various types of cell-cell interactions
and cell processes such as cell jamming and live cell
extrusion are shown in Fig. 4:

Cell response to mechanical stress is a multi-time pro-
cess. A timescale of about a minute corresponds to the
cadherin turnover time [62] and the shape relaxation of
active cells [63], while several tens of minutes correspond
to the cell polarisation time [2, 64] and focal adhesion
lifetime [65]. Gene expression occurs over a time scale
of hours and can induce delays in the cell’s response to
mechanical and biochemical stimuli. Post-translational
modification of membrane proteins, such as phosphoryl-
ation and glycosylation, may only require a few minutes,
whereas synthesis of proteins and their transport can
take tens of minutes [66]. In our further consideration,
it is necessary to discuss how various types of cell-cell

interaction, pronounced in an overcrowded environ-
ment, influence biological processes such as: cell jam-
ming and live cell extrusion.

An increase in isotropic and anisotropic parts of cell
compressive stress, caused by active wetting/de-wetting
of epithelial monolayers, can trigger two cell processes:
cell jamming and live cell extrusion. It is well known
that an increase in compressive stress intensifies cell-
cell interactions. While both cell processes are exten-
sively studied, it is not clear how cells make a decision
about which of them will be favoured. The cell jamming
state transition has been discussed in the context of the
contact inhibition of locomotion [15, 18], while the live
cell extrusion has been discussed in the context of the
generation of the topological defects of cell alignment
[5, 54]. Both processes result in a decrease in the unde-
sirable compressive stress. It would be interesting to
discuss both processes in the context of cell-cell interac-
tions and to point out the physical mechanisms of cell
compressive stress reduction.

The cell jamming-to-unjamming transition and its inverse

The cell jamming state transition is caused by the con-
tact inhibition (CIL) of locomotion, which occurs under
higher cell compressive stress [15, 17, 18]. The CIL is
caused by head-on cell-cell interactions resulting in cell
re-polarisation and down-regulation of their propul-
sion forces, accompanied by weakening of cell-cell and
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cell matrix adhesion contacts [15—17]. The cell head-on
interactions can occur during the collision of forwards
and backwards flows caused by inhomogeneous wetting
[18]. During a interaction, a switch in the activity of the
RhoGTPases occurs at the contact site. RhoA generates
contraction through the regulation of actomyosin and
activation of ROCK, while Racl drives the formation of
lamellipodia by mediating actin polymerisation. Under
head-on cell interaction, RhoA is activated and Racl is
inhibited, driving paralysis in the membrane and loss
of protrusions [16]. Canales-Coutifio and Mayor [67]
pointed to the role of Piezo 1 by cooperating with sema-
phorins in the regulation of Racl during the migration
of neural crest cells. An increase in cell packing density,
in this regime, results in a decrease in the average time
between cell interactions. The average re-polarization
time during the rearrangement of confluent MDCK cell
monolayers is 1.28 h [2].

When the time between two cell head-on interactions
is shorter than the cell re-polarization time, cells do not
have enough time to adapt to the changed micro-envi-
ronmental conditions [18]. In this case, cells undergo
a transition from the active (contractile) to the passive
(non-contractile) state, i.e., the jamming state transi-
tion, and the cell velocity drops to zero [18]. Cells are
trapped in the jamming state for a period of time and
then undergo unjamming. Even though cell jamming has
been well investigated, our understanding of how jam-
ming cells control compressive stress is still in its early
stages. This is linked to the interrelation between epithe-
lial cohesion and adhesion energies.

Cell jamming leads to a decrease in the cell compressive
stress

Active, contractile cells store more elastic energy than
non-contractile ones. The contractility of epithelial cells
enhances the strength of cell-cell adhesion contacts [13].
Consequently, the surface tension of active contrac-
tile cells and the cell cohesion energy, is higher than the
surface tension of non-contractile (jammed) cells, i.e.,
y 7 > y 7 [13]. However, the cell-cell adhesion energy of
non-contractile (jammed) cells is higher than the cell-cell
adhesion energy of contractile cells [19]. This is in accord
with the fact that dynamical focal adhesions are needed
for cell migration: too little adhesion does not provide
sufficient traction, whereas too much adhesion renders
the cells immobile [17, 19]. If the cell-matrix adhesion
energy ., is higher than the cohesion energy w., ie.,
® 4 > o ¢, and consequently the spreading factor S¢ > 0,
the jamming cell domains undergo passive extension
(wetting) towards surrounding migrating cells, leading to
an increase in the cell packing density of the surround-
ing multicellular domains. Kaliman et al. [44] reported
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an increase in the cell packing density in homeostatic
cell domains compared to jamming domains, providing
experimental confirmation of this scenario. The passive
extension (wetting) of jamming multicellular domains
leads to a decrease in cell packing density and a decrease
in cell compressive stress. Then cells undergo an unjam-
ming transition and start migration again. The main
question arising is: can cells prevent the jamming and
retain active contractile states through live cell extrusion
under higher cell compressive stress?

Extrusion of live cells

Extrusion is a cellular way of reducing the cell pack-
ing density by reduced compressive stress, through the
removal of a particular cell. A few conditions should be
satisfied for cell exclusion to succeed: (1) the target cell
must lose contact with the substrate matrix and retain
its active (contractile) state and (2) the target cell must
be surrounded by contractile cells, forming contractile
actin rings [4]. Eisenhoffer et al. [4] and Franco et al.
[68] considered live cell extrusion in MDCK monolay-
ers and zebrafish epidermis and pointed out that stretch-
activated ion channels Piezol influence Rho kinase
(ROCK)-mediated actomyosin contractions, which are
involved in the underlying mechanism of cell extrusion.
Levayer et al. [69] studied live cell extrusion in the mid-
line region of the Drosophila pupal notum and revealed
that caspase 3 activation is required for cell delamination.
The extruded cell stays alive for 2—4 h and then under-
goes programmed death, i.e., anoikis [4]. The anoikis is
caused by the loss of contact with the extracellular matrix
(ECM) and exhibits some unique features in terms of cell
signalling. It involves several major signalling pathways,
including integrin signalling, PI3K-AKT signalling, and
FAs signalling [4].

Eisenhoffer et al. [4] triggered the extrusion of live
MDCK cells from the monolayer by externally induced
in-plane compression of a substrate matrix. In this case,
the breaking of FAs is caused by externally generated
compressive stress. Saw et al. [5] revealed that the prereq-
uisite for cell extrusion in an overcrowded environment
is the formation of topological defect in cell alignment
within the monolayer.

Perturbation of cell alignment can induce an inhomo-
geneous distribution in the strength of cell-cell adhesion
contacts per single cell caused by cell glancing interac-
tions, while cells retain their polarisation. Along this line,
some cell-cell adhesion contacts are more stretched than
others, leading to single-cell partial rotation in order to
re-align again. This rotation causes the generation of
torsional stress on cell-matrix FAs by stimulating the
detachment of FAs. Consequently, we can conclude that
the cell glancing interactions cause weakening of FAs,
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and on that basis, trigger live cell extrusion, while cell-cell
head-on interactions lead to cell jamming.

Live cell extrusion frequently represents a single-cell
event. However, Deforet et al. [34] and Pérez-Gonzalez
et al. [11] discussed the formation of 3D cell structure
in the form of rim-like structure during rearrangement
of epithelial monolayers in the context of collective
extrusion.

De-wetting and formation of tri-dimensional

peripheral rim: the role of topological defects

Pérez-Gonzdalez et al. [11] observed an inhomogene-
ous wetting of cell monolayers such that the exten-
sion of central region is more pronounced compared
to the extension of peripheral region of the monolay-
ers. The phenomenon was discussed in the context of
cell contractility. It was found that the cell contractility
in the peripheral region is higher than that in the cen-
tral region [11]. The increased contractility contributes
to the reinforcement of E-cadherin mediated cell-cell
adhesion interactions [13]. As a result, the strength of
cell-cell adhesion contacts, and consequently, the epi-
thelial surface tension, are greater in the peripheral
region, while the epithelial spreading factor is lower in
the central region. Intensive spreading of cells from the
central region towards the peripheral region causes an
increase in the cell packing density and cell compres-
sive stress in the peripheral region [11]. The estab_lish-
ment of the epithelial surface tension gradient V y,
influences the generation of an interfacial tension gra-
dient V y ., (Eq. 1) and cell shear stress o ¢s (Eq. 3).
Cell shear stress could be the main physical factor
responsible for the generation of the topological defects
in cell alignment in the peripheral region. The exist-
ence of partially circular cell trajectories, as observed
by Deforet et al. [33], can be a certain indicator of the
presence of the cell shear stress. Cell shear stress was
observed during the wetting of epithelial monolayers
[1]. Despite a significant increase in cell packing den-
sity in the peripheral region of the monolayer, cells
retain strong cell-cell adhesion contacts and maintain
their active, contractile state [11]. The concentration
of E-cadherin and consequently, the average epithe-
lial surface tension, oscillates about some maximum
value during de-wetting [11]. It means that cell glanc-
ing interactions, rather than cell head-on interactions
influence the cell rearrangement in this region. As
mentioned above, the cell head-on interactions would
trigger the contact inhibition of locomotion associated
with weakening of cell-cell and cell matrix adhesion
contact and a decrease in the epithelial surface tension.
However, cell glancing interactions can cause some cells
to lose their FAs within the peripheral region and retain
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strong cell-cell adhesion contacts, resulting in their col-
lective extrusion. It appears that dividing cells are more
vulnerable to interactions between neighbouring cells
and lose their FAs more quickly [34]. However, the cell
divisions were significantly suppressed by the cell pack-
ing density n, > 10° %5 [30, 34].

The epithelial surface tension does work on reducing
the surface of the peripheral region of the monolayer,

Wa(t ) given by:

AWu(r,t) dA

it = Ve (4)

where Wy (r, T ) is the work of epithelial surface tension
on cells within the peripheral region which already lost
their FAs and A(r, 7 ) is the surface area of the peripheral
region. The work Wy (r, 7 ) is responsible for collective
cell extrusion. Collective cell extrusion in the form of 3D
rim-like structure is shown in Fig. 5:

Cells within the extruded 3D rim-like structure retain
their active contractile state and their polarities, in con-
trast to individual extrusion [34]. The phenomenon of
formation of the rim-like cellular structure has also been
observed for human umbilical vein endothelial cells on
adherent stripes under in vivo conditions [70].

Conclusion

This theoretical review considered physical aspects of
epithelial response under high compressive stress caused
by collective cell migration. Higher cell compressive
stress (a few hundreds of Pa) characteristic for high cell
packing density (> 10° %HZS) causes intensive cell-cell
interactions, which can perturb cell alignment. Two sce-
narios can arise as a result of these interactions: (1) the
cell jamming state transition and (2) live cell extrusion.
However, it has not been clear how cells make a decision
about whether to undergo jamming or live cell extrusion.
Both phenomena have been observed experimentally
during the wetting/de-wetting of epithelial monolay-
ers. The main results were obtained by discussing the
dynamics of epithelial monolayer wetting/de-wetting by
emphasizing the physical aspects of cell-cell interactions
obtained on various cell monolayers. We can summarize
them as follows:

+ The main characteristics of cell rearrangement during
epithelial wetting/de-wetting are: (1) the anisotropic
nature of collective cell migration; and (2) the inho-
mogeneous distribution of physical parameters such
as cell packing density, cell velocity, cell mechanical
stress, cell tractions, epithelial surface tension, epi-
thelial-matrix interfacial tension, and their oscillatory
changes over a time scale of hours. Consequently, the
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Cell monolayer wetting

epithelial monolayers can be treated as ensembles of
multicellular domains characterized by homogeneous
distributions of these physical parameters per domain.
The cell compressive stress component, as well as
tensional and shear stress components, are generated
locally during wetting and de-wetting and influences
the active and passive displacement of multicellular
domains.

In addition to the cell compressive stress, the cell
alignment perturbation is affected by the gradient of
cell-matrix interfacial tension, which is a component
of the cell shear stress and is addressed in relation to
topological defects.

Two types of cell-cell interactions can be distin-
guished: cell head-on interactions and glancing inter-
actions. While cell head-on interactions are induced
primarily by the collision of cell forwards and back-
wards flows, glancing interactions can be induced by
the interplay between compressive and shear stress
components.

The cell head-on interactions cause cell re-polarisa-
tion leading weakening of cell-cell and cell-matrix
adhesion contacts. When the time between two-cell
head-on interactions is shorter than the cell re-polar-
isation time, cells undergo the jamming state transi-
tion (i.e., the contractile-to-non contractile cell state
transition).

The cell glancing interactions are not strong enough
to induce cell re-polarisation, but can perturb cell
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Fig. 5 Formation of 3D rim-like structure during cell monolayer de-wetting. Blue arrows represent wetting (extension) and red arrows represent
de-wetting (compression) of the monolayer, while green arrows indicate the formation of 3D rim-like structure (i.e,, collective cell extrusion)

alignment. Consequently, cells retain their polarisa-
tion accompanied by strong E-cadherin-mediated
adhesion contacts. The altered perturbation of
cell alignment causes an inhomogeneous distribu-
tion of the strength of cell-cell adhesion contacts
per individual cell. It is in accord with the fact that
some adhesion contacts are stretched while oth-
ers are compressed. This inhomogeneous distribu-
tion of the strengths of cell-cell adhesion contacts
can induce single-cell rotation, resulting in the
generation of torsional shear strain on focal adhe-
sions, which leading to their detachment from the
substrate matrix. This particular cell can then be
extruded from the monolayer.

+ Live cell extrusion from overcrowded regions of the
cell monolayer can be a collective phenomenon,
inducing the formation of a 3D cell rim-like cell
structure on the monolayer.

Additional experiments are needed to examine the
impact of cell glancing interactions on the state of cell-
matrix focal adhesions.
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