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We use a computational phase-field model together with analytical analysis to study how intercellular
active forces can mediate individual cell morphology and collective motion in a confluent cell monolayer.
We explore the regime where intercellular forces dominate the tissue dynamics, and polar forces are
negligible. Contractile intercellular interactions lead to cell elongation, nematic ordering, and active
turbulence characterized by motile topological defects. Extensile interactions result in frustration, and
perpendicular cell orientations become more prevalent. Furthermore, we show that contractile behavior can
change to extensile behavior if anisotropic fluctuations in cell shape are considered.
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Introduction.—Asking how cells move collectively is a
fascinating and important problem that encompasses both
the concepts of forces and flows traditional to physics [1,2]
and the molecular signaling which drives many biological
phenomena [3]. Generic descriptions of cell motility, such
as the phase-field model [4—11] and vertex models [12—16],
have recently contributed to understanding several aspects
of cell motility.

The forces driving single cells across a flat surface are
well understood. The cell is controlled by directional actin
filaments, which can continuously polymerize and depoly-
merize to produce lamellopodia, protrusions that push the
cell forward [17,18]. To advance, the cell needs to push
against the substrate, and to do this effectively it creates
focal adhesions, which are mechanical links between
internal actin bundles and the external surface [19]. As it
moves, the cell tends to polarize and elongate in the
direction of motion [20]. Contractile forces mediated by
myosin motors interacting with the actin network within the
cell tend to restore it to circular [21]. Thus, a minimal
physical model of single cell motility comprises a net force
in the direction of the cell polarity, together with contrac-
tile, balanced forces restoring the cell to a circular shape.
[We will refer to forces that tend to return an elongated cell
to circular, or to extend it further, as contractile and
extensile, respectively; Fig. 1(a)].

Much less is understood about the dynamics of confluent
cell layers. The cells can be jammed with local fluctua-
tions [13,22] or form liquidlike states where the motion
has localized, correlated bursts of velocity or vorticity.
Moreover, motile topological defects, regions where the
long axes of the cells take comet or trefoil-like configu-
rations [Figs. 1(b) and 1(c)], have been identified in several
confluent cell layers [23-26]. This is reminiscent of
active turbulence, which is the dynamical behavior of
many active nematic materials, such as suspensions
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of microswimmers [27,28] or microtubules driven by motor
proteins [27]. However, the appearance of active turbulence
requires elongated particles [29], and therefore, it is some-
what surprising to identify topological defects even in
assemblies of, e.g., Madin-Darby canine kidney cells that
are on average isotropic in shape [25]. Moreover, the comet
defects can move toward their head, corresponding to
extensile driving [30], even though individual cells are
contractile [24]. Indeed, experiments and simulations have
shown that the defect motion changes direction—indicating
a change from extensile to contractile behavior—as the
cell-cell adhesion is varied. Other theoretical work has
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FIG. 1. (a) Self-deformation activity. (b) Schematic of +1/2
defect. (c¢) Schematic of —1/2 defect. (d) Intercellular contractile
forces act on the central cell as a self-extensile force. (¢) Nematic
ordering in tissue with contractile intercellular forces [@ = 0.5,
Cinter = —0.6 for (d) and (e)]. (f) “Capped line” structures
(distinguished as red and green regions) in tissue with extensile
intercellular forces. Red bars indicate cell elongation axes.
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shown that fluctuating polar (unbalanced) forces can result
in extensile or contractile defects [31-33].

These observations raise questions about the identity of
the physical forces governing collective cell motility. It has
been argued that the formation of lamellopodia is sup-
pressed in confluent cell layers, a phenomenon termed
contact inhibition of locomotion, suggesting a reduction
in the strength of any persistent, unbalanced (polar)
force [34,35], although it is not yet clear whether fluctuat-
ing polar forces are also suppressed [1]. Here we assume
that we can ignore any polar contributions in which case
balanced forces must be acting to drive the cellular
dynamics and, because the cells continue moving, these
must be active, i.e., continuously fueled by chemical
energy. The most likely physical origin for these are the
forces between cells which act through adherens junctions
between a cell and its neighbors [2]. Therefore, we present
analytical arguments and simulations based on a two-
dimensional, coarse-grained, phase-field model of cell mo-
tility to show that active, contractile interactions between
cells, mediated through cell junctions, lead to the cells
elongating and lining up to give nematic ordering.
Decreasing cell-cell adhesion leads to flows which desta-
bilize the nematic order, resulting in active turbulence and
contractile topological defects. We further show that
anisotropic fluctuations of the intercellular forces can
change the direction in which the defects move.

Model.—The phase-field approach describing the dy-
namics of a confluent cell layer resolves individual cells
and their interactions but not the internal cell machinery
[4,7,36,37]. Each cell i is represented by an individual
phase field, ¢!)(x). The motion of each phase field is
governed by a local velocity field v(i)(x) according to the
equation of motion

) . ) OF
0,0 (x) + v (x) - Vol (x) = ~Jo 5 (1)
5\ (x)

where F is a free energy. —J,[(6F)/(5¢"))] describes the
relaxation dynamics of the cells to a free-energy minimum
at a rate J. Assuming overdamped dynamics, the velocity
vi)(x) of a cell is determined by the local force density
acting on the cell,

eV (x) = i e (%) + £ (%), (2)

where ¢ is a friction coefficient. _

The passive force density ffgssive(x) =[(6F)/
(8¢1)]Vg) includes a Cahn-Hilliard term that encourages
¢ to take values 1, which we choose to correspond to the
inside of the cell i, or 0, which denotes the region outside
the cell, a soft constraint, restricting the area of each cell, a
repulsion energy that penalizes overlap between cells and,
of particular relevance here, a cell-cell adhesion energy

with strength parametrized by . See Supplemental
Material [38] and Refs. [4,6,8,40] for more details.

To formulate the active contribution to the force density
fi?tive(x), we first calculate the deformation tensor that

quantifies the shape of a cell [4,41],
. . , 1 . .
i) — / dx{vq,mv(p(z)’ _ ETr(Vgo(’)VQO(’)T)}

= /@2 + @007 (af'a)" -ala?"). )

where d|(|i) and dﬁ) are the orthonormal eigenvectors

of the D, along and perpendicular to the elongation
axis of the cell, respectively, normalized so that

d’d" +dfal" =1.
We next define a director n'?) associated with each cell i

and assume that ') relaxes toward d‘(‘i) through a stochastic

relaxation process,

dn(i) . . .

g I <d|(|l) - n(t)) +7(x). (4)
J, controls the timescale of relaxation. We assume aniso-
tropic, Gaussian noise uncorrelated between cells, with

(1) =0,
())<= (e-r) (D, af" + D1aPal"). (5)

The variance of the noise couples to the shape of the cell

and can take different values for fluctuations along d‘(‘i>

or di).
In the absence of any unbalanced active forces, the
leading order contribution to the active stress acting on cell

i is related to the director field by [42]

O-gﬂ) (X> = _gselngg'¢(i)(X> - é’interZQgﬂ)(/’(j) (X), (6)
J#F

where

i i) (i |"(i>\2
Q&ﬂ):{(n((,)né)— 5 Sap ¢ - (7)

We distinguish between the stress acting on cell i due to
internal forces, of strength { ., and that due to other cells,
of strength {pier- Cserr and $ineer are not necessarily the same.
They both rely on actomyosin contractility, but the former
is mediated by linker proteins such as ezrin, radixin and
moesin proteins connecting a cell’s actomyosin networks to
its membrane [43,44], whereas the latter relies upon force
transmission between cells mediated by cadherin-based
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FIG. 2. Cell and defect dynamics driven by intercellular forces. Left column: contractile intercellular forces {per = —0.6, @ = 0.

Right column: extensile intercellular forces iy = +0.4, @ = 0. (a),(e) Simulation snapshots. Red lines indicate the coarse-grained
field of elongation axes. Green dots and blue triangles indicate +1/2 cometlike and —1/2 trefoil-like defects. The subframe of (e¢) shows
the capped line cell configuration. (b) and (f) Cell configuration around a +1/2 defect with imposed velocity field (blue arrows) at
successive times. (¢) and (g) Corresponding images showing the elongation axes field and the defect motion. The defect moves toward
its tail (head) in the contractile (extensile) system. (d) and (h) Averaged cell elongation axes (left) and velocity (right) fields in the
vicinity of a defect [86 and 325 +1/2 defects are averaged for (d) and (h), respectively]. Note the scale change between the contractile
and extensile cases. Similar results for —1/2 defects are given in Fig. S2 of the Supplemental Material [38].

junctions [2]. Our arguments are not changed qualitatively by
a self-contractility that is small compared to the intercellular
term, and therefore, we choose { ;s = O to study the effect
of the intercellular forces alone [compare Fig. S1 in the

Supplemental Material [38] and Figs. 2(a) and 2(e)].
The force density arising from the active stress is then
Frane(®) = V61 = Ly QU - Vgl (x). (8)

JF#L

Intercellular contractile forces.—Individual cells are
contractile, so a plausible physical picture is that a cell
feels the contractile forces from its neighbors, transmitted

through cell-cell junctions. Therefore, we first investigate
contractile, intercellular forces ({jper < 0), assuming
instantaneous relaxation of the director to the elongation
axis of the cell (n() = d‘(")). Figure 1(d) shows the typical
force density acting on a given cell due to its contractile
neighbors. Surprisingly, the cell is stretched.

This can be explained by considering Eq. (8). The
gradient of a phase-field V() points perpendicular to a
cell boundary toward the cell center. In addition, in a
confluent monolayer with strong cell-cell adhesion, cells
nestle closely sharing common interfaces. These properties
allow us to approximate Vo) & —V¢() at cell-cell overlap
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(measured by ¢()¢p\)) for the dominant contributions in
Eq. (8), so the active intercellular force can be written

£01e (%) ~ e QUlt - Vo) (x) 9)

in terms of an effective Q-tensor field lef)f =
@Y. QVgl). The change in sign shows that a cell
with contractile neighbors will be subject to an extensile-
like, self-deformation force density [Fig. 1(a)] which
stretches the cell [Fig. 1(d)]. Moreover, Eq. (9) shows that
each cell tends to align along the average elongation
direction of its neighbors which, following the usual
mean-field argument, is expected to result in nematic
ordering.

We check and extend this argument by solving the phase-
field model numerically for 360 cells (see Supplemental
Material for details [38]). For strong cell-cell adhesion
o = 0.5, the cells are extended and aligned and become
jammed in the configuration shown in Fig. 1(e). Decreasing
the cell-cell adhesion to zero weakens the alignment and
allows the cells to move collectively. We observe the well-
known splay instability that characterizes contractile active
nematics, and which leads to active turbulence. Topological
defects are continually created and destroyed. These move
toward their tail confirming that they result from contractile
forces [Figs. 2(a)-2(d) and Supplemental Material,
Video 1 [38] ].

Intercellular extensile forces.—Although a contractile,
intercellular force is more physical, it is interesting to
compare extensile forcing ({iper > 0). In this case, the
alignment due to effective self-interactions is frustrated and
there is no long-range ordering. Instead, cells tend to align
locally, at the scale of a few cells, in a capped line structure
[Figs. 1(f), 2(e), and Supplemental Material, Video 2 [38] ].
Measuring the average velocity field around defects con-
firms that they move tail to head as expected in an extensile
system [Figs. 2(e)-2(h)]. Defects form more easily, and are
more localized and less persistent than in the contractile
case [note the different scales of Figs. 2(d) and 2(h)].

It is of interest that similar capped line structures are seen
in simulations of hard rods driven by a polar force [45,46].

Fluctuations.—We next model the strong fluctuations in
cell shape that are observed in many epithelial cell layers by
including the anisotropic noise term defined in Eq. (5), in
the equation governing the relaxation of a cell director
Eq. (4). This leads to anisotropic fluctuations of the
intercellular forces. If the relaxation of the director to
the long axis of a cell is rapid compared to the timescale of
cell reorientation, Eq. (4) can be integrated to give

) . . t
nl) = n(()'>e‘1"’ + dfll)(l — eIl + / dsn(s)e/n(=9),
0

(10)
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FIG. 3. (a) Velocity of the +1/2 defects along their tail to head
direction v as the magnitude of the fluctuations along the short
axis of the cells D, is varied. The red line is the average velocity,
and the light blue background denotes the standard error.
(b) Histogram of »™ for 201 (red), 401 (green), 305 (blue)
defects corresponding to framed points in (a). Vertical dashed
lines: mean value. Black triangles: maximum of the smoothed
histogram. {iper = —0.6, D) = 0.2, w = 0.0.

where nf)i) is the director of cell i at t = 0. Note that (n()) ~
d‘(‘l) for times longer than the relaxation timescale. Thus,

n(? is not of unit length (this is only true for its mean value)

but fluctuates around d‘(‘i), the unit vector along the

elongation axis. Using this expression in Eqs. (7) and
(8) the averaged intercellular force follows as

| DD

, | =Dy

(Freie (%)) & ~Ciner (1 - T)

« 3 (a7a0" - 11} vpix). (1)
[

J#i

Hence, fluctuations in cell shape along d; tend to change
the sign of the activity.

This is confirmed in Fig. 3 where we plot the defect
velocity against D, — Dy, showing a change from con-
tractile to extensile behavior (see also Fig. S3 and Videos 3
and 4 in the Supplemental Material [38]). Further evidence
for a crossover is presented in Supplemental Material,
Fig. S4 [38] where the distribution of the angles between
the long axes of neighboring cells is plotted. With increas-
ing D there is a crossover from a peak at 0° signaling
nematic ordering to two weaker peaks at 0° and 90°
indicating the capped line state. Note that anisotropic
fluctuations can also allow the reverse process, a change
from extensile behavior to contractile behavior. When
extensile and contractile influences balance (green square
in Fig. 3), a jammed phase emerges where the shape of cells
is round on average, but fluctuates strongly (Supplemental
Material, Video 5 [38]).

Our work gives an explanation for why cells that are, on
average, circular can exhibit nematic ordering and active
turbulence in terms of fundamental, active, interactions
between the cells. It also shows that the direction of motion
of active defects can vary. We argue that intercellular forces
mediated through cell-cell junctions can lead to contractile
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behavior. Anisotropic fluctuations in these forces
(perpendicular to the long axis of the cell) can then drive
the system extensile. By contrast, work in Refs. [31-33]
has shown that fluctuating polar forces can result in
extensile or contractile stresses.

Our prediction that the activity of confluent cell layers
depends on anisotropic fluctuations of intercellular forces
and hence on cell shape could be tested experimentally by
analyzing the dynamical evolution of monolayers.
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