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Emergence of collective propulsion through cell-cell adhesion
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The mechanisms driving the collective movement of cells remain poorly understood. To contribute toward
resolving this mystery, a model was formulated to theoretically explore the possible functions of polarized
cell-cell adhesion in collective cell migration. The model consists of an amoeba cell with polarized cell-cell
adhesion, which is controlled by positive feedback with cell motion. This model cell has no persistent propulsion
and therefore exhibits a simple random walk when in isolation. However, at high density, these cells acquire
collective propulsion and form ordered movement. This result suggests that cell-cell adhesion has a potential
function, which induces collective propulsion with persistence.
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The ordering of movement is commonly observed in active
matter systems. Since this ordering of the movement of these
systems largely differs from standard ordering in equilibrium
systems, it is of increasing interest to physicists [1]. The
understanding of this ordering has grown based on investi-
gations in physical models, including in active particles [2]
and fluids [3], and has been applied to collective movement in
biological systems, providing comprehensive insight into their
mechanisms [4,5]. Herein I focus on collective cell migration
[6], which is such an ordering movement and is expected to be
successfully understood by further applications of physics.

Collective cell migration is an indispensable element for
various developmental, physiological, and pathological pro-
cesses [7-9]. However, the guiding mechanisms driving the
movement of cells during migration are not sufficiently under-
stood. Various biological hypotheses have been proposed to
elucidate these mechanisms [10], which have been examined
in the field of physics [11-19]. One of the most widely inves-
tigated hypotheses is based on the concept of a leader cell that
differentiates to lead other cells [20]. Another major hypothesis
is extracellular matrix (ECM) leading, including durotaxis [21]
and haptotaxis [22]. Along with these models, various other
hypothetical guiding mechanisms can qualitatively reproduce
many aspects of collective cell migration.

Among these mechanisms, the simplest guiding principle
is one in which homogeneous cells mutually lead themselves
independently of the ECM, which is referred to here as the
“mutual leading mechanism.” In spite of the simplicity of
this type of guiding, it induces rich collective behavior [6]. In
these behaviors, leading is based on cell-cell communication.
Chemotaxis is a major communication tool used for cellular in-
teractions [23] as observed in the aggregation of Dictyostelium
discoideum [24] and in contact inhibition of the locomotion
of neural crest cells [19,25]. Therefore, investigations of the
mutual leading mechanism conducted to date have mainly
focused on the chemotactic response of cells [26].

Another possible communication tool is cell-cell adhesion
[27]. In contrast to the in-depth understanding of the functions
of chemotaxis in collective cell migration, knowledge of the
role of cell-cell adhesion is limited. In particular, although
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the role of cell-cell adhesion in the leader cell mechanism
has been recently clarified [20,28,29], its role in the mutual
leading mechanism remains largely unclear. Cell-cell adhesion
can possibly act as a driving force for collective behavior [30],
including the alignments of Dictyostelium discoideum [31,32]
and the neural crest [33]. To intuitively consider the functions
of cell-cell adhesion in these types of cells, I begin with a
thought experiment using a model amoeba cell population that
exhibits cell-cell adhesion, as shown in Fig. 1(a). When a cell
leads other cells to align their directions of movement via
cell-cell adhesion, single-side polarization in cell-cell adhesion
is necessary. This is because cells cannot indicate a certain di-
rection of movement through isotropic cell-cell adhesion. This
type of polarized cell-cell adhesion promotes the protrusion
of other cells toward the direction of adhesive polarization
in collision processes, as shown in Fig. 1(b). The directed
protrusion then synchronizes the movement of gathered cells
and is ultimately expected to bring about collective migration.

To test this expectation, the potential of polarized cell-cell
adhesion as a communication tool in collective cell migration
is theoretically explored. Indeed, such polarization does appear
to result in the gathering of model cells while further providing
them with collective propulsion with persistence, even when a
cell in isolation exhibits only random-walk movement without
persistence. Through this propulsion, the model cells switch
their motion from random to collective with a sufficient
strength of polarized cell-cell adhesion.

Let us first consider the case of cells with the unit vector
of polarity direction p in cell-cell adhesion. To properly lead
other cells, a cell should adjust p using the information of
movement. As a candidate, we consider the adjustment that p
simply follows the protrusion or its inducing motion of a cell,
as shown in Fig. 1(c). This is formulated by

dp dR 0
_— = = X X — 1.
dt np 4 dt

Here ¢ is time and R is the position of the cell. This adjustment
is realized by the accumulation of cell-cell adhesion molecules
on the pseudopod, and such accumulation is observed in
Dictyostelium discoideum [34] and cultured rat cardiac cells
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FIG. 1. (a) Schematic view of a model cell with polarized cell-
cell adhesion. The shaded region represents a high-strength region
of cell-cell adhesion. (b) The collision process of two cells. The
arrows represent cell movement. d R/dt represents the direction of
cell motion. The saw-tooth shape of the bottom cell represents the
protrusion that induces cell movement. The two cells collide and are
then bound through cell-cell adhesion. As a result, the cells move in
essentially the same direction. (c) Dynamics of polarized cell-cell
adhesion. The arrow of p represents the direction of single-side
polarized cell-cell adhesion, and the curved arrow represents d p/dt
according to Eq. (1). The dotted line indicates the direction of d R /dt.
(d) Schematic relation between p and dR/dt.

[35]. By this equation, p turns to the direction of d R /dt. Thus,
in association with the fact that p leads the surrounding cell’s
dR/dt through cell-cell interaction, this adjustment induces
a high multicellular correlation in p and dR/dt through a
positive feedback loop [Fig. 1(d)]. Therefore, this feedback
is expected to stabilize collective movement.

To facilitate the theoretical exploration, an artificial model
of cultured cells on a two-dimensional (2D) medium is con-
sidered, according to the 2D cellular Potts model [36,37]. This
model generates a probable amoeba cell configuration by a
Monte Carlo method and enables the sampling of probable
cell configurations. In this model, the cell configurations are
represented by Potts states m(r), representing the state at a site
r on a square lattice with a linear dimension of L. The set of
all m(r) values is denoted by {m(r)}. m(r) takes on a number
in {0,1,...,N}. When m(r) = 0, r is empty; otherwise, r is
occupied by the m(r)th cell. Hence, the domain of m(r) = m
determines the shape of the mth cell. N is the number of
cells. For simplicity in the present exploration, a constant N is
assumed by ignoring the effects of cell division and death.

Using this model, the possible configurations of cells are
sampled based on Monte Carlo simulation with a probability
of realization for {m(r)}. The probability P[{m(r)}] is pro-
portional to exp(—BH[{m(r)}]). Here B is a parameter of cell
motility and H[{m(r)}] is energy defined by

Neen

HimEN =Y Jerll = Spimen] +6 Y (V= V) (2)
m=1

(r.r’)

The first term on the right-hand side represents energies derived
from the tension of the cell periphery in the medium and the
tension of cell-cell contact [38,39]. In this term, the summation
of (r,r’) is taken over all neighboring site pairs, consisting of
the nearest and next-nearest neighbor site pairs [36]. &, is
the Kronecker delta. J,,- is the strength of the interface tension

between r and r’. The second term on the right-hand side
represents the area stiffness energy. By this term, the area of
the mth cell, V,, = ), 8mm). is maintained to be a certain
value, V. Here « is the stiffness of the area.

This cellular Potts model has been used for expressing
various polarized cell-cell adhesion events [40—-42]. To express
the single-side polarized cell-cell adhesion shown in Fig. 1(a),
as Jp in Eq. (2), Eq. (12) from Ref. [42] is adopted:

o = Jm(r)m(r’) - Jpwm(r)wm’(r/)v 3)

where wy(r) =[1+ Dy em(r)]an/z’ S =
Jem [8m0Mm'0 + Nmodmol + Jec MmoNmo, and nqp =1 — 84p.
Jowm is the tension of the cell periphery, Jcc is the strength of
isotropic cell-cell adhesion, and J,, is the strength of polarized
cell-cell adhesion. p,, is a unit vector representing polarization
of the mth cell in cell-cell adhesion. e,,(r) is a unit vector
from the center of the mth cell, R,,, to a position on the cell
periphery, r. Concretely, itis defined by (r — R,,)/Ir — R,|.
Here R, =) .o T/Vn, where Q, is the set of all the sites
occupied by the mth cell. In Eq. (3), p,, obeys the 2D version
of Eq. (1):

dp,  [dR. (dR, @

With this model, the time series of cell configuration is
generated by the following conventional Monte Carlo process.
In this process, a Monte Carlo step is iterated and produces
amoeba cell motion. The single Monte Carlo step consists of
16 x L? copies of a state from a source site ' to a trial site
r. For each copy, this trial site r is randomly chosen among
all sites. Then a source site, r’, is selected randomly among
neighboring sites of r. The state copy of m(r’) from r’ to r is
accepted with the Metropolis probability of

P[{mc(r)}[{m(r)}] = min(1, P[{m.(r)}]/ P[{m(r)}]). (5)

Otherwise, it is rejected. Here {m(r)} is the state in which the
state is copied from r’ to r.

For the integration of Eq. (4), the Euler method is employed.
In addition, the adiabatic approximation is employed, where
the equation is integrated only between two consecutive Monte
Carlo steps. This approximation is based on the assumption
that the change of p,, is much slower than the rate of a single
flip. To maintain consistency between time scales in Eq. (4),
it is assumed that R,, is an adiabatic value and is a constant
during each Monte Carlo step. R,, is also calculated with each
integration of Eq. (4).

Here we emphasize that this model differs from the previous
polarized adhesion model [42]. This model does not include
the self-propulsion term for individual cells. Therefore, these
cells exhibit random-walk movement without persistence only
when in isolation. Nevertheless, at high density, these cells may
collectively acquire propulsion with persistence if the polar-
ized cell-cell adhesion functions as a leading communication
tool. In contrast, the previous model has a self-propulsion term
for individual cells. In this case, the propulsion of collective
motion originates from the self-propulsion.

Even if cells acquire the collective propulsion with persis-
tence, it is expected only for a limited set of model parameters.
In particular, the area fraction of cells¢p = NV/ L?is acontrol
factor because a small ¢ reduces the cell-cell adhesion effects.
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FIG. 2. (a) Order parameter of polarity P as a function of the area
fraction ¢. (b) Snapshotof {m(r)} and p,,sat N = 256 (¢ = 42%)and
B = 0.5. The colored region indicates cells. Different colors represent
different cells. The black region represents empty space. White arrows
represent the direction of polarized cell-cell adhesion.

Therefore, the appropriate value of ¢ is first determined for the
present exploration. As a possible probe of this propulsion, the
average value of p,, is considered:

to+T

Y3 pa®

m =ty

1
P=— . 6)

Since p,, reflects cell motion through Eq. (4), P is expected
to reflect the emergence of collective propulsion. Here f is a
starting time of the time average of p,,. To access a steady state,
wecansetfy = 5 x 10 steps and simulate the relaxation from
cells forming a single aggregation with a random configuration
of p,,suptothetime. Wecanalsoset T = 2 x 10° to calculate
the mean square displacement (MSD) over the long term,
as described below. Here the proper value of ¢ is explored
by calculating the ¢ dependence of P in the corresponding
range of N from 1 to 512 with V = 64 and L = 196. The
order parameter is almost independent of system size L up
to L = 392 as per our calculation. In this case, the periodic
boundary condition is adopted, which enables cells to freely
move through the boundary.

In this simulation, the adhesion parameters are set to Jom =
2.0, Jcc = 5.0,and J,, = 2.0 to represent the cell model shown
in Fig. 1(a). With these parameters, cells extend their interface
during contact between their front sides and contract their
interface during contact of their rear sides. Here the front side
of a cell is defined according to the peripheral edge of the cell
in the direction of polarized cell-cell adhesion; the rear side is
that opposite to the front side. For numerical stability, n = 0.1,
andk = 1 and 8 = 0.2 or B = 0.5 are chosen.

P is plotted as a function of ¢ in Fig. 2(a). For small ¢,
P takes on a small value. As ¢ increases up to around 0.3,
P rapidly increases. With further increases in ¢, P gradually
reaches unity, indicating the progression of p,, ordering. This
transition of P reflects the collective motion occurring for large
¢ and its underlying propulsion. To gain insight into p,s, a
snapshot of {m(r)} and p,,s is shown in a relaxed state for
N =256 (¢ = 42%) in Fig. 2(b). The polarities of p,,s are
indicated by arrows that exhibit ordering.

Next, to address the propulsion of this collective motion and
its persistence, the MSD is calculated and averaged across the
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FIG. 3. (a) MSD as a function of the time step . MSD is scaled by
MSD at the time step ¢+ = 1 for data sorting. The symbol + represents
the MSD for isolated cells, which is averaged over 64 cells. The
symbol x represents the MSD for J,, = 2.0. The symbol 3 represents
the MSD for J, = 0.0. (b) v and P as a function of J,,.

cells:

1
MSD = 3 7 [Ro(lo + 1) = Ry t0)I*. (7

When cells have propulsion with persistence, they exhibit
ballistic motion during a short period; therefore, MSD behaves
as MSD ~ ¢2. Otherwise, the cells diffusively move, and
therefore MSD behaves as MSD ~ ¢. Here we will concentrate
on the case of B = 0.5 to clearly observe the stable motion in
comparison with the case of low 3.

MSD is shown as a function of ¢ in Fig. 3(a). MSD for cells
with polarized adhesion (J, = 2.0) behaves as MSD ~ 12,
In contrast, MSD for isolated cells and that for cells with
isotropic adhesion (J, = 0.0) behave as MSD ~ ¢. These
contrasting results suggest that the model cells collectively
acquire propulsion with persistence by using polarized cell-cell
adhesion.

The time period of MSD ~ ¢? in Fig. 3(a) is unexpectedly
long. This implies a stable order in collective motion. To di-
rectly confirm this ordering due to polarized cell-cell adhesion,
the average velocity is calculated as

dR, (1)
Z dt

m,t

1

V= NT ®

and is plotted as a function of J,, in Fig. 3(b) with P.vatJ, =0
is equal to 0. As J, increases up to 1, v is almost 0. As J,
further increases beyond J, = 1, v gradually increases along
with J,, and P. These observations indicate that a stable order
in collective motion occurs for J, > 1. Overall, these results
imply that polarized cell-cell adhesion enables the model cells
to switch their motion from random to collective at a threshold
of Jp.

In conclusion, these results provide a theoretical demon-
stration that polarized cell-cell adhesion can function as the
source of collective propulsion with persistence. This suggests
that cells can mutually lead themselves into a state of collective
cell migration using polarized cell-cell adhesion.

The emergence of collective propulsion is a notable physical
phenomenon, but its mechanism of origin is still largely a
mystery. A key to solving this mystery is consideration of
the role played by the tension gradient inducing propulsion
[43]. To intuitively approach this question, let us consider the
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FIG. 4. Schematic diagram of collective propulsion in the cases
of (a) high cell density and (b) an isolated cell. The arrows of p
represent the direction of polarized cell-cell adhesion, and the shaded
region represents the high-strength region of cell-cell adhesion.
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periphery tension of a cell (here we will choose the mth cell)
that is completely surrounded by other cells. For such a cell, the
tension term proportionalto ), p,, - e, (r) in Eq. (3) indicates
that the tension on the front side is smaller than that on the
rear side of the cell. Therefore, a cell extends or protrudes
from its front side as shown in Fig. 4(a). In contrast, a cell
comparatively contracts on the rear side. These extensions and
contractions induce the propulsion of a cell in the direction of
D,,- This phenomenon is the origin of the emergent propulsion.
In contrast to this case, since a cell in isolation experiences only
isotropic tension, as shown in Fig. 4(b), it exhibits a simple
random walk.

Since this mechanism accounts for only the transient emer-
gence of collective propulsion at high density, it is insufficient
to explain the persistence of ordering movement shown in
Fig. 3(a). The positive feedback control in Fig. 1(d) plays a
significant role as the origin of the persistence of movement.
This can be reasoned as follows: The polarity of adhesion
p effectively acts as the cell polarity of movement because
the cell-cell adhesion energy proportional to ), p,, - €u(r)
mathematically coincides with the energy formula of cell
polarity of movement given in the third term of Eq. (3.1) in
Ref. [20]. Further, the positive feedback control in Eq. (1)
induces the persistence of cell polarity [44], which is well
known to induce the ordering of movement [45], to ultimately
result in the observed ordering.

This emergent collective propulsion may have an essential
function in driving collective motion. As described above,
cells can theoretically switch their motion from random to
ordering by utilizing cell-cell adhesion. Indeed, polarization in
cell-cell adhesion has been shown to arise in the preaggregation
stage of Dictyostelium discoideum [46], which might have
functioned as a trigger of collective motion in evolutionary
history. Since confirmation of the function of polarization
throughout evolutionary history is difficult, further theoret-
ical exploration of these relationships controlling for the
effects of chemotaxis would be an important topic of future
research.

Another possible example of this function is the func-
tion of N-cadherin in collective cell migration. N-cadherin
localizes in the pseudopod of adult rat cardiomyocytes in
culture [35]. N-cadherin is also known to be expressed during
the collective cell motion and to contribute to the contact
inhibition of locomotion [47]. In the case of collective cell mi-
gration, N-cadherin may additionally contribute to collective
propulsion.

Finally, I discuss the possibility of the transition to collective
motion being a critical phenomenon. In our calculation, the
transition density around ¢ = 0.3 shown in Fig. 2 is indepen-
dent of system size in the simulation with system size L =
392. However, our calculation does not provide a conclusive
statistical result, suggesting a critical phenomenon because
of insufficient statistical accuracy. Therefore, this supposition
remains unclear. To resolve this, Brownian particle models
with adhesion polarity may be more suitable for realizing
adequate statistical accuracy.
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