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Computational modelling of cells can reveal insight into the mechanisms of
the important processes of tissue development. However, current cell
models have limitations and are challenged to model detailed changes in cel-
lular shapes and physical mechanics when thousands of migrating and
interacting cells need to be modelled. Here we describe a novel dynamic cel-
lular finite-element model (DyCelFEM), which accounts for changes in
cellular shapes and mechanics. It also models the full range of cell motion,
from movements of individual cells to collective cell migrations. The trans-
mission of mechanical forces regulated by intercellular adhesions and their
ruptures are also accounted for. Intra-cellular protein signalling networks
controlling cell behaviours are embedded in individual cells. We employ
DyCelFEM to examine specific effects of biochemical and mechanical cues
in regulating cell migration and proliferation, and in controlling tissue pat-
terning using a simplified re-epithelialization model of wound tissue. Our
results suggest that biochemical cues are better at guiding cell migration
with improved directionality and persistence, while mechanical cues are
better at coordinating collective cell migration. Overall, DyCelFEM can be
used to study developmental processes when a large population of
migrating cells under mechanical and biochemical controls experience
complex changes in cell shapes and mechanics.

1. Introduction

Cells are the basic functional elements of living bodies. Cell-cell and cell—-
environment interactions largely maintain biological tissues [1]. Many
experiments have been performed to understand the mechanisms behind
cellular interactions, cell behaviours and tissue patterning [2]. However,
many subcellular processes such as cytoskeleton generated physical forces
and cell-cell transmitted mechanical forces are difficult to access experi-
mentally [3]. Computational modelling of cell-cell and cell-environment
interactions, therefore, provide useful means of investigations that complement
experimental studies to answer questions such as how cellular border forces
between cell and environment control the closure of epithelial gaps [3], and
how cell shape influences the field of traction force [4].

A number of computational cell models have been developed [5-18]. These
models can be broadly categorized into continuum and discrete models.
Continuum models are based on differential equations to model the spatial—
temporal changes of protein density in cells, and changes of cell populations in
a tissue. In these models, individual cells and interactions are not considered
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explicitly [5-7]. Discrete models such as the cellular Potts
model [8-10], vertex model [11,12,19-21], centric model
[13], subcellular element model [14], immersed boundary
model [15] and finite-element model [16,17] are based on dis-
cretized elementary units to model cell morphology and
motility. These models can describe cell shape and intercellular
interactions explicitly. However, there are many limitations.
The cellular Potts model represents each cell as a set of lattice
sites [22]. The underlying physical forces and cellular mech-
anics are difficult to recover from spatial changes of lattice
sites. The vertex model describes the changes in cell shape
based on minimizing energy under forces acting on cell bound-
ary junctions [11]. The specific cell shape contributing to the
mechanical energy of cell interior is usually not considered
[11]. The centric model can only describe the shape of a cell
as one or two simple spheres [13]. The subcellular element
model can describe cell shape in high resolution. However,
the distances between intra/intercellular elements are artifi-
cially maintained through an arbitrarily imposed Morse
potential [14], which is not physically realistic [23]. The
immersed boundary model can also describe cell shapes in
detail. However, the physical boundary of the cell body may
not fully conform to the grid underneath [24], which lead to
irregular boundary points in the solution. The finite-element
cell model can describe both cell shape and cell mechanics
accurately [16,25]. However, this method permits only limited
changes in cell shape and allows limited flexibility of cell move-
ment, and therefore is restricted to cellular and tissue processes
that do not involve free movement of individual cells. Owing
to these limitations, accurate modelling of physiological
processes involving large scale and collective cell migration
at a detailed cellular level remains a challenging task.

Here we describe a novel dynamic cellular finite-element
model (DyCelFEM), which has a number of advantages
over existing discrete cell models. It can accurately describe
the full span of cell movement, from the free movement of
individual cells to large scale collective cell migration. In
addition, changes in shapes of moving cells under the control
of cell mechanics are fully accounted for. Furthermore, the
transmission of mechanical force regulated by intercellular
adhesion and its rupture are also explicitly modelled. As bio-
chemical signals strongly influence cell behaviour and tissue
patterning [26], intracellular networks of protein signalling
are also embedded inside individual cells in our model.
Our DyCelFEM model is therefore suited to study biological
processes involving large-scale collective cell motion under
the regulation of biochemical signals and mechanical forces,
with accurate description of cell shapes and cell mechanics.

In this study, we apply DyCelFEM to investigate the
effects of biochemical and mechanical cues on migration and
proliferation of a population of keratinocyte cells and on
tissue patterning using a simplified re-epithelialization model
of wound tissue. We examine the directionality and persistence
of cell migration, and cell-cell coordination during re-
epithelialization under different guidance control mechanisms
of cell migration. Our results suggest that the influence of bio-
chemical cues are restricted to areas close to the wound bed,
while mechanical cues influence the tissue globally. Further-
more, biochemical cues are better at guiding cell migration
with improved directionality and persistence, while mechanical
cues are better at coordinating collective cell migration. These
findings provide useful information towards understanding
the full mechanism of wound healing.

2. Model and methods

2.1. Geometry, discretization, deformation energy and

dynamic changes of cells

2.1.1. Geometry and discretization of the cell

In our model, a two-dimensional cell (2 is defined by its
boundary 02, which is represented by an oriented polygon con-
necting a set of boundary vertices Vo ={v; € 302 C R?}. The cell
boundary 042 is a closed chain of oriented edges (e, 3, ...,
e,1), where edge ¢;;,1 connects modulus n consecutive boundary
vertices v; and v, in the anticlockwise orientation. We denote
the location of a vertex v; as x. We first compute the Delaunay
triangulation Dy, of the cell {2 using only boundary vertices
Vo We then test if the radius of the circumsphere of any triangle
in D, is larger than a threshold. If so, a new vertex is inserted at
the circumcenter of this triangle and Dy, is updated accordingly
[27]. This is repeated until all new triangles have their circum-
sphere radius smaller than a threshold. The cell {2 is therefore
represented by a simplicial complex Kg, composed of a set of
boundary vertices and inserted interior vertices Vo= Vyo
UV, a set of edges Eg = {e,j| v;, v € Vo} and a set of triangles
To= {5 «| v, v, o € Vg} (figure 1a,b; see more details on in the
electronic supplementary material, text S1).

2.1.2. Deformation energy of the cell

We use u(x) to represent the deformation vector of the cell at x,
strain tensor €(x) to describe the local deformation at x and the
stress tensor o to represent the forces at x. During cell motility,
we assume that the recovery of cell shape is incomplete due to
the plastic deformation originating from bond ruptures within
the cytoskeleton as shown in [28]. For simplicity, we assume
cell is linearly elastic during each time step and is plastic between
time steps. Therefore, we re-calculate the triangular mesh T, for
each cell (2 after each time step and reset the stress to zero after
location update (see discussion on the reason that viscoelasticity
can be neglected in electronic supplementary material, text S1).

The overall free energy E, of cell (2 is given by the sum of
elastic energy E, contractile energy E., adhesion energy E.q
and force energy E.

The elastic energy takes the form Eq =1 [, 07 (x)€(x) dx. The
contractile energy arising from the contractility of the cell takes
the form E., = — Lz("'ﬂ' 04, 0)€(x) dx, where g, is a homogeneous
contractile pressure resulting from active bulk process [4]. Using
Gauss’ divergence theorem, it can be further written as
— Ji(0u, 04, 0)€(x) dx = — [, aun(x) "u(x) dx.

The adhesion between the cell and substratum contributes to
the total energy of the cell. We follow [4] and assume that the
adhesion force F, generated from the substratum on the cell is
proportional to the displacement u according to Hooke’s Law
of F,=Yu. The L, norm of the displacement field gives the
adhesion energy E, as E, =1Yu?, where Y is a constant par-
ameter proportional to the stiffness of substratum and to the
strength of focal adhesion between cell and the substratum [4].

The boundary adhesion energy between neighbouring
cells is proportional to the size of the contacting surfaces follow-
ing [29]. Specifically, the adhesion energy between a cell {2
and the set of its neighbouring cells {(2;} takes the form of
YoM o Jﬂﬂ o fon(x)Tu(x)dx, where n(x) is the surface
normal vector at x, and f, is a constant adhesion force per unit
length along the cell-cell boundary. This constant adhesion force
occurs when the adhesive contact is formed on the cell-cell bound-
ary and disappears when the adhesive contact is removed from the
cell-cell boundary. Therefore, adhesion strength between cells
depends on the geometry of the cell-cell boundary.

The force energy E¢ due to the growth forces f;(x) and protru-
sive migration force f,(x) occurring in (2 can be written as
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Figure 1. Geometry, discretization and dynamic changes of cells. (a) The
boundary of each cell is defined by a anticlockwise oriented polygon containing
a number of boundary vertices. (b) Triangular mesh tiling up each cell. (c) Cell
growth from time t to t 4 At. The displacement vector Aw; of vertex ¥ after cell
growth with given incremental cell volume A|{2| can be obtained by solving
equations (2.3) and (2.6) that relates Ay; to A|£2| through the Jacobian deter-
minant. (d) When the volume of a cell £2 is doubled, cell proliferation occurs
and it is then divided into two daughter cells £2; and (2, along the shortest axis
of (2. (e) Cell migration from time t to t + At. The protrusion force driving cell
migration on each boundary vertex ¥; on the leading edge is calculated, where £,
is the parameter of protrusion force from t to t + At. (f) Contraction forces (in
red) resulting from cell elasticity are generated in response to the protrusion
force on the leading edges. The attached vertices in adhesion linkage v;; and
W, (in green) from two cells in contact with one another are separated if
the contraction force generated is larger than the threshold of adhesion
rupture force. The purple and light green triangles are triangular elements to
build sub-stiffness matrices for v; and 1 respectively, to recover the
contraction force.

— Jo( fo(x)+ f.. (%)) u(x) dx. Therefore, the overall free energy
E, of the cell {2 can be written as

En :%Jn o' (x)e(x) dx+§J

u(x)?dx — J oan(x) u(x)dx
0

90

+ 2 Jonye, fn@) u(x)dx— o (Fo(x) +£,,(x) u(x)dx.

oN2.#0
(2.1)

The deformed cell reaches its balance state when the strain
energy of the cell E, reaches a minimum, at which we have
OEq(u)/0u=0.

For each triangular element 7, € T, of £}, equation (2.1) can
be written using the stiffness matrix method as a linear equation

Ku,=f

P

where K. is the stiffness matrix of 74, u, is the displacement
of 7 and f; is the integrated force vector on 7 (see electronic
supplementary material, S1 for details of the derivation).

We then gather the element stiffness matrices of all triangular
meshes in all cells and assemble them into a global stiffness
matrix K. The adhesion energy term in equation (2.2) contributes
to K by adding a scaled identity matrix, which prevents the
system of equation (2.2) from being singular. The linear

relationship between the concatenated vector u of all vertices of n

the cells and the external force vector f on all vertices is then
given by

Ku=f. (2.2)

The behaviour of the whole collection of cells in the station-
ary state at a specific time step can then be obtained by solving
this non-singular linear equation. For vertex u; at x;, its new
location is then updated as x/ = x; + u(v;). As migrating cells
rapidly reconstruct their cytoskeleton and adhesive structures
[30], we re-calculate the triangle mesh Ty, for each cell {2 and
reset the stress to zero after location update. In our model, the
time step Af is fixed as 30 min (see electronic supplementary
material, text S7 for discussion on the size of the time step).

2.1.3. Dynamic changes in cell geometry during cell growth,

proliferation and migration
While the cell is moving, the positions of discretized vertices of
cells change with time. We distribute forces driving cell motion
onto the vertices of cells. The displacement vectors of the vertices
can then be obtained by solving equation (2.2).

Cell growth. At each time interval, we consider an idealized
growth force f; that would drive a cell {2 to grow by an incremen-
tal volume A|(2], in the absence of its neighbouring cells. We
assume that the direction of the growth force f; ; at the boundary
vertex v; is along the direction of the normal vector #; at . We
also assume that the strength |f, i is proportional to the length
of edges associated with v; and is

lei—1,i| + |eiiv1]
= Y1
T6i=72 5 Jeyul™

ejj11 €00

(2.3)

where v is a scalar. We then calculate y by relating the volume
change A|(2| and the displacement vectors u(x) at locations x
through the Jacobian determinant ](x) = det(F(x)), where F(x)
is the deformation gradient. We have

A+ 10| = [,](x)dx = [,det(F(x))dx = [, det (I +8g_§zc)) dx
- m,kzen, jw det (1 + 8;&:&) dx, (2.4)

where I is the identity matrix. Ou(x)/0x for x € 7, can
be interpolated as Ou(x)/0x1 =3 )c;;(b1/2|7ijx|Jmu(x) and
Ou(x)/0x2 =3 e (c/2|mijk)mi(x), where bj=x;> — x> and
ci=2x;1 — X1 (see the electronic supplementary material for
details). Equation (2.4) then can be written as:

b b b .
s+ = S fmpldet(r+ (07 8o,

Tijk €To Cf Ck

(2.5)

As the displacement vectors u, = {u, . .. ,u,} of vertices in cell
) are determined by u, = K 'f,, where K, is the stiffness matrix
of (2 given by the geometry of the cell, combined with the scaled
identity matrix incorporating the adhesion between the cell and
the substrate and f; is the integrated force vector of f; ; given by
equation (2.3). Then equation (2.5) can be rewritten as
AQ[+192= > |mijul
7ijkETa
det (14 ("0 Y o o ) )T
S Y O [ ART S ARE AR T
(2.6)

Then the growth force f; that gives the incremental volume
change A|{f)| can be obtained by solving the coupled equations
(2.3) and (2.6).
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Cell proliferation. Cell proliferation occurs when the volume
of the mother cell (2 is doubled. We divide (2 into two daughter
cells ; and (), by adding a set of paired vertices along the
shortest axis of (2 (figure 1c, between diagonal paired vertices).

Cell migration. To model cell migration, we distribute the
protrusive migration forces f,, onto the vertices of the leading
edges. Here leading edges are edges whose outward normal n
and the unit vector of migration direction v has the positive
inner product: n - v > 0. For each boundary vertex v; on a leading
edge, the protrusive migration force f,,; driving v; to migrate is
calculated as

1
i = pfat(lei-ril + leiina ) (n - v)v, (2.7)

where f,¢ is the parameter of protrusion force per unit length,
e_1,;and ¢, are edges connected to v; (figure le).

2.2. Cell—cell adhesion and its rupture
Here we implicitly model cell-cell adhesions as adhesion lin-
kages between two attached vertices from two neighbouring
cells. Cell—cell adhesion occurs if the bodies of two cells would
otherwise overlap. The attachment of adhesion linkage is
added to each pair of vertices on the contacting surfaces, and
the overlap is repaired by the Cell-merge primitive. The adhesion
linkage then generates adhesion force f, on the pair of attached
vertices as shown in equation (2.1). In response to the protrusive
migration force on the leading edges of a migrating cell, elastic
force in the opposite direction occurs at the rear edges of the
cell, which arises strictly from cell elasticity in our model. Once
this elastic force exerted on an adhesive linkage between two ver-
tices on two contacting cells surpasses a threshold f, of rupture
force, the adhesion linkage between these vertices is severed.
We compute this elastic force at each vertex in the contacting
surface of a cell with its neighbours in response to cell motion.
For vertex v;; from cell {2; on the contacting surface with cell
(), we can recover this elastic force vector using the sub-stiffness
matrix associated with v, ; (figure 1f ):

fl,i = K17,'M1/,‘, (28)

where K ; is the sub-stiffness matrix constructed using the set of
triangles, namely, Tv”E Uo, . enThr where each triangle 7. € ()
contains vertex vy, (purple triangles in figure 1f ). Here 14 ; is
the displacement vector, which includes the displacement of
vertex v7; and displacements of all of its surrounding vertices
contained in T, . Currently, we do not consider additional
active contractile processes when calculating forces for cell rup-
ture. Therefore, 14 ; here is calculated using an adapted free
energy excluding the contractile energy — [,(0u, 04, 0)€(x) dx.
For vertex v,; on cell ), attached to (2;, we recover the elastic
force similarly. If max(|f,;-myil, [f,; - m2jl) > fo-1, where m,
and m,,; are unit normal vectors of v;; and ©v,, we eliminate the
attachment of adhesion linkage between vertices v;; and v,
(figure 1f). Here f, is the rupture force threshold per unit
length, I is the half-length of the shared edge(s) between v ;
and v, .

2.3. Primitives for topologic and geometric changes
Here we use five primitives to model topologic and geometric
changes for cells undergoing movement:

— P1. Cell-merge: The intersecting surfaces of two colliding cells
are identified and then replaced by contacting surfaces. Cell-
cell adhesion is then added to each pair of attached vertices
on the contacting surfaces (figure 2a).

— P2. Cell-separation: The kinematic attachment of an adhesion
linkage between a pair of attached vertices is then removed

@lye)

Figure 2. Primitives for cell geometric and topologic changes. (a) P1. Cell-
merge: The overlapping surfaces (red vertices) of the two colliding cells are
detected by examining the intersection of their bounding boxes and then
repaired. (b) P2. Cell-separation: previously attached vertices on the contact
surfaces of two different cells are separated from each other. () P3. Edge-
subdivision: an edge longer than the threshold is subdivided into two
edges. (d) PA. Edge-simplification: an edge shorter than the threshold is
removed. () P5. Sliver-removal: a skinny triangle with an angle smaller
than the threshold is removed.

when it experiences contraction force larger than the
threshold (figure 2b).

— P3. Edge-subdivision: An edge longer than the threshold is
then subdivided into two edges (figure 2c).

— P4. Edge-simplification: An edge shorter than the threshold is
then removed (figure 2d).

— DP5. Sliver-removal: A skinny triangle with an angle smaller
than the threshold appears is then removed (figure 2e).

These primitives can exhaust all possible topologic changes
of cells. In addition to the cell topologic change, it is also
important to detect collisions of colliding cells. Details on
implementation of collision detection and realization of topolo-
gic change using these primitives can be found in electronic
supplementary material, text S2.

2.4, Model of wound tissue and re-epithelialization

2.4.1. Geometry of wound bed and tissue regions

We use a simplified wound tissue to study the re-epithelializa-
tion process (figure 3a). In our model, wound tissue is
composed of keratinocyte cells and wound elements. The
wound elements include both fibrin clots and fibroblasts, with
the elastic property of the wound element determined mostly
by the fibrin clot, the major component of the wound site [31]
(see electronic supplementary material, table S2 for the par-
ameter values of cell and element elasticity). The combination
of all wound elements is called the wound bed. The wound
bed size is set to 800 x 300 pm (figure 3a) in our model. We
follow a previous study [32] and divide the locations of keratino-
cytes into four regions according to their distance to the wound
edge: Regions I, II, III, and IV have distance 0-80 wm, 80-160
pm, 160-240 pm and greater than 240 um to the wound edge,
respectively (figure 3a). Results reported here were obtained
using this model wound tissue consisting of 8741/929 cells/
wound elements and 3 x 10° vertices at the end of simulation.
With a Pentium Dual CPU of 1.60 GHz and 4.00 GB RAM,
each time step can be simulated in about 12s.

2.4.2. Intracellular signalling network

During the re-epithelialization process, keratinocyte proliferation
and migration are known to be controlled by an intracellular sig-
nalling network [26]. We use a simplified network taken from
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Figure 3. Model of wound tissue and re-epithelialization. (a) Top view of the skin wound tissue. Blue: keratinocytes; green: wound element. The size of the wound
bed: 800 x 300 m. The locations of keratinocytes are divided into four regions according to their distances to the wound edge: Regions I: 0—80 m, II: 80— 160
wm, 1lI: 160-240 m and IV: greater 240 m. (b) Schematic of the intracellular signalling network. The synthesis and regulation relationship between the cell
elements and the growth factors are represented by arrows. Detailed relationships are listed in electronic supplementary material, table S1. (c) In chemokinesis, the
growth factor gradient (blue arrow) activates cell migration but cells move in random directions (green arrow). In chemotaxis, the migration direction is taken as the
largest growth factor gradient (brown arrow), plus a random deviating angle sampled from the normal distribution of A/(0, 33) of angles (yellow arrow). (d) In
cohesotaxis, a cell migrates along the direction of the vectors of local intercellular elastic force. The elastic force vectors (red arrows) on each vertex (red vertices) of
the cell boundary with a neighbouring cell are summed, and the overall vector (orange arrow), plus a random deviating vector whose angle is sampled from the
normal distribution A/ (0, 33) of angles (purple arrow), gives the migration direction. () Wound closure ratio r(ty) is given by the number of remaining discrete
wound element units in the wound bed at time ty divided by the total number of discrete wound element units before re-epithelialization. (f) Migration direction
angle «(t,) is the angle between the direction of migration (yellow arrow) and the direction of the cell to the nearest wound edge (red arrow). (g) Migration
persistence p(ty) is the ratio of the distance from the current position of the cell at time ¢y to its original position (red line segment), divided by the length of the
traversed path (yellow curve). (h) Normalized pair separation distance d;;(ty) is the separation distance between a pair of cells at time ¢y which were initially
neighbours (orange line), normalized by the average length of cell traversed path (yellow curve).

Menon et al. [33] (figure 3b) involving three growth factors, the re-epithelialization process [26] (see electronic supplementary
namely, keratinocyte growth factor (KGF), epidermal growth material, table S1 for details).
factor (EGF) and the transforming growth factor-g (TGF-B), Diffusion, synthesis and degradation of growth factors.

which are known to be the most important growth factors for Following Menon et al. [33], the change in local concentration y;
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of a growth factor i is determined by its diffusion, synthesis
and degradation:

% = DiAy; + Asi — Adiy;, (2.9)

where D; is the diffusion coefficient of y;, Ay, is the synthesis rate
of y; and Aq; is its degradation rate (see electronic supplementary
material, table S2 for coefficient values). Details of the discretiza-
tion of the diffusion equation can be found in our model in
electronic supplementary material, text S3.

2.4.3. Cell behaviours during re-epithelialization

In our simplified model, keratinocytes can proliferate, migrate,
apoptosize or become quiescent. This is controlled by a minima-
listic network consisting of three growth factors (KGF, EGF and
TGEF-B, figure 3b). At a particular time step, the ith behaviour
is stochastically chosen with probability

B;
> B
r

m =

(2.10)

where i = 1,2,3 and 4 stands for proliferation, migration, apopto-
sis and quiescence, respectively. Following Menon et al. [33], the
value of By for proliferation is set to By = a;((1 + B1,rcrdEcr) (1 +
B1xcridxar)/ (1 + B1rGr- BdTGF;;))’ where a is a scaling factor, 8y
is the coefficient for factor j, and d; is its concentration density.
The value of B, for migration is set to B, = ax(1 + B1,ecrdecE)-
We also set B3 = a5 for apoptosis and By = a4 for quiescence
(see electronic supplementary material, table S3 for coefficient
values). In this model, elevated EGF and KGF would both
increase the proportion of cells that proliferate, while elevated
TGF-B would reduce proliferation.

2.4.4. Guidance mechanisms of cell migration

Cell migration is usually triggered by a directional cue from the
environment. Experimental studies revealed that there exist three
guidance mechanisms to determine migrating direction of a cell.
Under chemokinesis, biochemical soluble factors stimulate a cell
and initiate migration, but do not provide the direction of migration
[34]. Under chemotaxis, the direction of cell migration is dictated by
the biochemical gradient of soluble factors [34]. Under cohesotaxis,
the direction of cell migration is determined by the intercellular
force gradients [35]. While all these different guidance mechanisms
may contribute to the complex process of collective cell migration,
the exact roles of each individual control mechanism in regulating
behaviours of cells during collective cell migration is not well under-
stood. In our study, we assume that EGF is the trigging molecule for
cell migration under both chemokinesis and chemotaxis for simpli-
city. Under chemokinesis, a keratinocyte begins to migrate upon
activation triggered by a local EGF gradient between this cell and
any of its neighbours. The direction of migration is randomly
chosen from a uniform distribution ¢4(0, 360) of angles. Under che-
motaxis, a keratinocyte begins to migrate if there exists a local EGF
gradient between a cell and any of its neighbouring cells. The
migrating direction is chosen along that of the highest EGF gradient,
plus a random deviation angle sampled from a normal distribution
N (0, 33) of angles [36] (figure 3c). Under cohesotaxis, a keratinocyte
begins to migrate if there exists local elastic force with its neighbour-
ing cells. The migrating direction is along the vector sum of the
elastic force from its neighbours, plus a random deviation angle
sampled from a normal distribution A/ (0, 33) of angles (figure 3d).

2.4.5. Measurements of re-epithelialization and cell migration
Measuring the re-epithelialization rate. We introduce a new
measure called wound closure r(ty) to quantify the re-epithelializa-
tion rate:

Nw (to) — nw(tN)

T’(tN) = e (i’o)

, (211)

where n,(t,) is the number of remaining discrete wound
element units in the wound bed at time ty, n.(tp) is the total
number of discrete wound element units in the wound bed
before re-epithelialization (figure 3e). Initially, r(t;) =0. When
re-epithelialization is completed, r(ty) = 1.

Measuring collective cell migration during re-epithelializa-
tion. We introduce a new measure, migration direction angle a(t,),
to specify the direction of cell migration. It is used along with
migration persistence p(ty) and mnormalized separation distance
d;;(tn) introduced in a previous study [32].

The migration direction angle a(t,) measures the angle between
the direction of a migrating cell and its direction to the nearest
wound edge at time t,, (figure 3f ):

a(ty) = arccos(tc - ty) - sgn(|| e X uy||), (2.12)

where 1 is the unit vector of the direction of cell migration, u, is
the unit vector of direction from the cell mass centre to its nearest
wound edge, sgn(x) is the sign of x (figure 3f ). The smaller aff,)
is, the more accurate the migration direction is.

Migration persistence p(ty) measures the ratio of the distance
between the start and the endpoints over the length of the
traversed path at time ty [32] (figure 3g):

plty) = W) X)L (2.13)
kz; x(teen) — x(te)|

where { is the initial time, x(t;) is the position of the cell at time
step t;. The larger p(t,,) is, the more persistent the cell migration is.

The normalized separation distance d; j(tn) between (i,f)-cell pair
measures the diverging distance of the initially neighbouring cell
pair (i,j) at time ty [32] (figure 3h):

llxi(tn) — x;(tn )| — |xi(fo) — x;i(fo) |
N-1 N-1 :
(1/2)(k§0 [xi(tk1) — xi(te)] + ];0 % (ts1) — 2;(f)1)

(2.14)

dij(tn) =

The numerator measures the separation distance between cells i
and j at time ty, and the denominator measures the averaged
path length of cells i and j at time ty. The smaller d;;(ty) is, the
better collective cell-cell coordination for this pair of cells is
during cell migration.

3. Results

3.1. Patterns of collective cell migration under different
guidance mechanisms of cell migration

Biochemical and mechanical cues play important roles in guid-
ing cell migration, but how cells respond to these cues and
navigate in a dynamically changing and noisy environment
remains a puzzling question [35]. We first compare the patterns
of cell migration under the three different guidance mechan-
isms of cell migration. We characterize the patterns by
quantifying the direction angle «(t,), the migration persistence
p(tn), and the separation distance d;;(fy) of cell migration. In
our model, the biochemical cue under both chemotaxis and
chemokinesis is provided by the signalling of EGF synthesized
from the wound elements and transmitted into keratinocytes
through diffusion. Owing to the limited ranges of diffusion,
the EGF signal can reach only Regions I and II (see electronic
supplementary material, figure S1). Therefore, migrating cells
triggered by the EGF signal under both chemotaxis and che-
mokinesis were only observed in Regions I and II. For both
chemotaxis and chemokinesis, p(ty) and d;;(fn) are only
measured in these two regions.
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Figure 4. Cell migration directionality, persistence and separation distance under different guidance mechanisms. (a) Radar chart of the distribution of direction
angle of migrating keratinocyte «x(t,) accumulated during re-epithelialization. The complete angle range (0°, 360°) is divided into 12 intervals. Each spoke of the
radar chart shows the proportion of cx(t;) within that specific interval. (b,c) The persistence ratio p(ty) and the normalized cell separation distance d;;(ty) of
migrating keratinocytes under the three guidance mechanisms in regions at varying distances from the wound edge: Regions I: 0—80 pm, II: 80—160 m,
[Il: 160—240 wm and IV: greater than 240 m. Data regarding migration persistence and the normalized separation distance from the in vitro study of Ng
et al. [32] using a matrix of different stiffness (3 and 65 kPa) are also plotted. The error bars depict the standard deviations of three simulation runs. The
p-values from the t-tests on the simulation results of a(t,), p(ty) and d;;(ty) are 9.7 x 107,53 x 107> and 1.6 x 10, respectively. (Online version in colour.)

3.1.1. Biochemical cues increase the directional accuracy of cell
migration
We examined the direction angle «a(t,) of cell migration under
different guidance mechanisms to assess directional accuracy.
The larger the fractions of cells with a(t,)<30° and with
a(t,) < 60° (figure 4a) are, the more accurate the directionality
of cell migration is. Cells under chemotaxis achieved the most
accurate directionality: 40 + 1% and 68 + 3% of the total
migrating cells had aft,) <30° and a(t,) < 60°, respectively
(figure 4a). Cells under cohesotaxis have less accurate direction-
ality: 28 + 2% and 51 + 3% of the total migrating keratinocytes
had «aft,) <30° and «aft,) < 60°, respectively (figure 4a). As
expected, cells under chemokinesis migrated in random direc-
tion, with only 16 + 1%, and 33 + 1% of the total migrating
cells with «af(t,) < 30° and a(t,) < 60°, respectively, both at the
levels expected for random directionality distributed uniformly
between 0° and 360° (figure 44). Overall, cells under guidance of
the biochemical cue migrated with much better directionality.

3.1.2. Biochemical cues increase cell migration persistence

We then examined the migration persistence p(ty) of cells
under different guidance mechanisms. Cells with larger p(ty)
have higher persistent migration. Under both chemotaxis and

cohesotaxis, cells close to the wound edge migrated with
higher persistence than cells far from the wound edge. Under
chemotaxis, the persistences decreased slightly from p(ty) =
79 4+ 1% in Region I to p(ty) = 73 £+ 1% in Region II, with the
overall high persistence (p(ty) > 70%) maintained throughout
Regions I and Il where biochemical signals were present (figure
4b). Under cohesotaxis, the persistence decreased from p(ty) =
73 + 2% in Region I to p(ty) = 66 + 2% in Region II, and then
decreased significantly to only p(ty) = 45 + 3% in Region 1V,
as the distance of cells from the wound edge increased (figure
4b). Chemokinesis differed from both chemotaxis and coheso-
taxis, as cells migrated with very low persistence (p(tyn) <
50% in both Region I and Region II) because of the random
nature of the migrating direction (figure 4b). The value of
p(ty) measured from the in vitro study of Ng et al. [32] is also
plotted to show that our simulation results are in the same
order of magnitude (figure 4b). Overall, cells under guidance
of the biochemical cue migrated with the highest persistence.

3.1.3. Mechanical cues improve coordination of collective cell
migration

We then measured the normalized cell pair separation dis-

tance d;;(tn) under different guidance mechanisms. Better
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collective cell migration has smaller d, ;(ty). Under both che-
motaxis and chemokinesis, d;;(ty) became larger as the
distance to the wound edge increased. Under chemotaxis,
the separation distance d;;(ty) increased significantly from
0.14 £ 0.01 in Region I to 0.22 + 0.01 in Region II (figure
4c). Under chemokinesis, d;;(ty) increased slightly from
0.08 £+ 0.01 in Region I to 0.10 £+ 0.01 in Region II (figure
4c). However, under cohesotaxis the separation distance
decreased as the distance from the wound edge increased:
d;i;(tn) decreased from 0.15 + 0.01 in Region I to 0.11 4+ 0.01
in Region IV (figure 4c). Our simulation results are in general
agreement with experiments of Ng ef al. [32] (figure 4c).
These results demonstrated that mechanical cues can coordi-
nate collective cell migration better, with lower separation
distance between migrating cell pairs.

3.2. Spatio-temporal patterns of cell proliferation under
biochemical and mechanical cues

Cell proliferation is fundamental to many essential cellular
physiological processes. It is regulated by chemical signals
and mechanical stimuli [37]. In addition, the proliferation of
individual cells is also influenced by its neighbouring cells.
A previous study reported that contact inhibition of cell
movement affects cell growth rates during tissue develop-
ment [37]. Therefore, characterizing and modelling of cell
proliferation also requires consideration of the effects of
other cells, including those that may be in migration.

In this section, we examine through simulation how
specific patterns of cell proliferation in a population of cells
arise under different guidance mechanisms of biochemical
and mechanical cues. We divided the whole tissue of size
1600 x 700 um into 56 blocks, each of size 200 x 100 pm.
Blocks directly covering the wound bed belong to the central
region (12 blocks); blocks immediately neighbouring the
wound bed belong to the surrounding region (18 blocks).
The time-course of re-epithelialization is divided into four
intervals, namely, 0-12, 13-24, 25-36 and 37-48h, after
the initiation of re-epithelialization. The proliferation index
of keratinocyte p;( j) in region i at time interval j is then calcu-
lated as p;(j) =n,4,(j)/ni(j), where ny;(j) is the number of
dividing keratinocytes that generate new cells inside region
i during time interval j, n;(j) is the average number of
keratinocytes inside region i during time interval j.

The spatial pattern of distribution of proliferating keratino-
cytes differs in tissue under chemotaxis and tissue under
cohesotaxis (figure 5a,b). Under chemotaxis, proliferating
keratinocytes were highly concentrated in the region surround-
ing the wound (figure 5a), but were more scattered throughout
the tissue under cohesotaxis (figure 5b). Compared with
cohesotaxis, the spatial proliferating pattern under chemotaxis
exhibits a burst of cell proliferation at the wound margin
during re-epithelialization. This is similar to a previous
experimental study [38].

The spatio-temporal patterns of the proliferation in figure
5 also demonstrate the effects of contact inhibition. In our
model, cell growth is inhibited due to volume exclusion if a
cell is in contact with the surrounding cells. When cells
migrate, such inhibition is relieved. Under biochemical
cues, there is far less cell proliferation in the distant regions
(figure 5a), as cell migration occurs only in regions close to
the wound bed. By contrast, proliferating cells are more
evenly distributed under mechanical cues, where cell

migration occurs in all regions across the wound tissue n

(figure 5D).

In addition, the temporal patterns of keratinocyte prolifer-
ation also differ under chemotaxis and cohesotaxis (figure
5c,d). Under chemotaxis, the proliferation index p;(j) in the
central region remained at an elevated level after 24 h but
decreased significantly in the surrounding region after 24 h
(figure 5c¢). p;(j) in the central region reached 21.4 + 1.1%
during the first 24 h and remained as 24.6 + 1.0% after 24 h.
pi(j) in the surrounding region reached 14.8 + 0.9% during
the first 24 h, but decreased to 8.7 + 1.0% after 24 h. Under
cohesotaxis, the proliferation index p;(j) in both the central
and surrounding regions had similar patterns (figure 5d).
pi(j) in the central region increased from 5.2 +0.2% to
19.2 + 1.0% in the first 24 h, and then decreased to 16.2 +
0.6% after 24h. p;(j) in the surrounding region increased
from 1.0 + 0.1% to 13.1 + 0.8% in the first 24 h, and then
decreased to 9.1 + 0.6% after 24 h. These temporal patterns
of proliferation were also maintained at an accelerated pro-
liferation level (modelled by decreasing the synthesis rate
of TGF-B), and at inhibited proliferation level (modelled
by increasing the synthesis rate of TGF-B) under either
chemotaxis (figure 5e,g) or cohesotaxis (figure 5f.h).

The temporal pattern of keratinocyte proliferation under
chemotaxis showed that the proliferation index in the central
wound region remained at a high level, while proliferation in
the surrounding region decreased significantly (figure 5c).
This is similar to the results of a recent experimental study [39].

Overall, our simulation using a simplified re-epithelialization
model suggests that different guidance cues may influence the
pattern of cell proliferation. The general agreement between
our simulation results and experimental observations raise
the possibility that biochemical cues are likely the dominant
factors influencing the migration of keratinocytes in the region
surrounding a wound.

3.3. Effects of different guidance mechanisms on the
re-epithelialization timeline and cell migration speed

Timely re-epithelialization is important for tissue regener-
ation, as chronic re-epithelialization may lead to fatal
illness such as organ fibrosis and carcinogenesis [40]. In pre-
vious sections, we compared measurements of cell migration
(e.g. aft,), p(ty) and d; j(tn)) and cell proliferation (e.g. p;( j)) at
the cell level under different guidance mechanisms. Here we
compare the process of overall re-epithelialization at the
tissue level by examining how different guidance mechanisms
influence the timeline of re-epithelialization. Experimental
study on normal re-epithelialization showed that the wound
closure rate is around 300 pmd ™! [39]. It would take 24~48
h to achieve complete wound closure for the wound size we
used. In our simulation, the time duration for full wound clo-
sure, namely when the wound closure ratio r(ty) increased
from 0.0 to 1.0, was 57 + 1 h for chemotaxis, 52 + 1 h for cohe-
sotaxis and 186 +4h for chemokinesis (figure 6a-c; see
electronic supplementary material, videos S1-3). The wound
closure time for both chemotaxis and cohesotaxis were
within the range of physiological time as measured in [39]
and the progression of wound closure ratio is also similar to
the results from an in vitro study [39] (more details are avail-
able in electronic supplementary material, text S6). But the
wound closure time was four to five times longer than the
observed physiological time under chemokinesis (figure 7a).
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Figure 5. Spatio-temporal patterns of keratinocyte proliferation under biochemical and mechanical cues. (a,b) Distributions of dividing keratinocytes under bio-
chemical cue (chemotaxis) and mechanical cue (cohesotaxis). Dividing cells are coloured according to division time. Orange: 0—12h, green: 12—24h, blue:
24-36h and purple: 36—48 h. Black box indicates the initial wound edge. (ce,g) The proliferation index p;(j) of the central region and the surrounding
region over time under chemotaxis, with normal, inhibited (3 x synthesis rate of TGF-3), and accelerated keratinocyte proliferation (0.3 x synthesis rate of
TGF-B), respectively. (d,fh) The keratinocyte proliferation index p;(j) of the central region and the surrounding region over time under cohesotaxis, with
normal, inhibited (3 x synthesis rate of TGF-B), and accelerated keratinocyte proliferation (0.3 x synthesis rate of TGF-[3), respectively. The error bars depict

the standard deviations of three simulation runs.

These results indicated that directional cues to guide cell
migration is necessary for timely wound closure.

We also measured the migration speed s(ty), which
is defined as the total length of the migrating trajectory over
migrating time. Cells under cohesotaxis exhibited the highest
migration speed in Region I, with s(ty) = 3.4 + 0.1 umh ™"
By contrast, the migration speed under chemotaxis in Region

I was only s(ty) =2.8 + 0.1 pm h™ L. Under both chemotaxis
and cohesotaxis, the migration speed in Region I is comparable
with the physiological range of the observed speed of single
keratinocyte migration of ~5 pm h ™! [41,42]. Under chemo-
kinesis, however, the migration speed was only s(ty) = 0.9 +
0.1 umh™!, which was much slower than that of other
mechanisms with guidance of a directional cue (figure 7b).
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Figure 7. Re-epithelialization rate and cell migration speed under different
guidance mechanisms. (a) Wound closure ratio r(fy) over time under the
three different guidance mechanisms. (b) Average migration speed s(ty) of
keratinocytes during re-epithelialization in regions at varying distances
from the wound edge: Regions I: 0—80 pm, II: 80—160 pm, Ill: 160—
240 um, IV: greater than 240 m. The error bars depict the standard
deviations of three simulation runs.

These results indicate that directional cues to guide cell
migration are essential for wound tissue to achieve the rapid
cell migration that is necessary for in-time re-epithelialization.

4. Discussion

In this study, we developed a novel computational model
called DyCelFEM. It accounts for detailed changes in cellular
shapes and mechanics of a large population of interacting
cells. It can model the full range of cell motion, from free
movement of individual cells to large scale collective cell
migration. Furthermore, the transmission of mechanical forces
via intercellular adhesion and its rupture is also modelled. In
addition, our preliminary results suggest that an accurate
account of cell morphology such as changes of cell-cell

boundaries is important for timely re-epithelialization (data
not shown). With the intracellular protein signalling networks
embedded in individual cells, biochemical control of cell beha-
viours can also be modelled. Overall, the DyCelFEM model can
be used to study biological processes involving 10°~* of
migrating cells subject to dynamic changes in shape and
mechanics.

We applied the DyCelFEM method to examine the effects
of biochemical and mechanical cues in regulating cell
migration and in controlling tissue patterning during the re-
epithelialization process using a simplified wound tissue
model. Our results show that biochemical cues have local influ-
ence over the tissue (figure 6a), while mechanical cues have
more global impact on the tissue. This is similar to observations
from a previous study where the migrating cue taken from the
intercellular force regulated by merlin protein showed long-
distance influence on the cells [43]. In addition, biochemical
cues are better at guiding cell migration with improved direc-
tionality and higher (figure 4ab), while
mechanical cues are better at coordinating collective migration
of cells (figure 4c). Based on comparison with in vitro studies
[38,39], our results suggest that biochemical cues likely play
dominant roles in guiding the migration of cells located in
the regions surrounding wounds.

persistence

A previous study has also shown that small wounds can be
closed without cell proliferation [44]. This can be simulated by
setting «; in equation (2.10) to zero. Our results showed that
under non-proliferative conditions, wound closure with
both chemotaxis and cohesotaxis cues can be faster if the pro-
portion of migrating cells increases. However, there are large
lesioned and unsealed gaps remaining upon completion of
re-epithelialization, as there are insufficient fresh cells to fill
the wound bed. Overall, our results suggest that cell pro-
liferation is essential for full closure of large wounds (see
electronic supplementary material, text S8 for more details).

In this study, we examined the roles of mechanical and
chemical cues separately. In reality, these two types of cue
are coupled and entangled, and cooperatively regulate over-
all cell behaviour. For example, chemotactic cues can
modulates integrins and influence adhesion of cells to the
substrate [45]. Adhesion to the substrate can in turn influence
signalling networks, which then alter cell-cell adhesion [32].
There are examples where mechanical cues can promote the
directionality and persistence of cell migration, and biochemi-
cal signalling can influence cell mechanics and the collective
behaviour of cells. For example, it was reported that mechan-
ical cues from changes in collagen topography in the ECM
can improve the persistence of cancer cell migration [46]. In
addition, the merlin protein can serve as a mechanochemical
transducer to help coordinate collective cell migration [43].
To understand such complex phenomena, more detailed net-
works of paracrine signalling and feedback loops between
cells and their environmental matrix need to be developed
and incorporated in our model. In summary, further improve-
ment in the DyCelFEM model, additional in vivo and in silico
studies are necessary to draw further conclusions on the roles
of biochemical and mechanical cues in specific in vivo settings.

There are a number of limitations of our wound model.
First, we did not consider the purse-string mechanism of
wound healing. Cell crawling and acto-myosin cable contrac-
tion in a purse-string manner are the two well-known
mechanisms driving epithelial wound closure [47]. While the
former plays dominant roles in the closure of small defects
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(about 20 cells) [48], our study focus on closure of wounds of
larger size where the mechanism of cell crawling driven by pro-
trusion takes the dominant role [44]. Therefore, the purse-string
mechanism is not considered in our current model (see more
details in electronic supplementary material, text S5). Second,
we did not consider realistic adhesion-coupling between
cells. A possible improvement would be to model the adhesion
between cells as springs with the adhesion force depending on
the displacement of the two vertices of the adhesive contact.
Currently, the scale of vertex displacement in our model is at
the level of micrometres, which is much larger than the scale
of cellular adhesion, which is usually at the level of nanometres
[49]. Therefore, we simplify and treat cell-cell adhesion in our
model using constant force. Third, our model is also limited as
there is no feedback loops from cell-ECM interactions on cad-
herin-based cell-cell interactions and migration depends only

on cell-cell adhesion. Although cells in counterproductive
migration, where cells move away from the wound bed, are
seen (figure 4a, intervals between 150° and 210°), neither
large-scale movement nor extensive swirling are observed.
However, these limitations can be removed with further devel-
opment of DyCelFEM.
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Supplementary Text 1

Geometry and discretization of the cell

In our model, a two-dimensional cell €2 is defined by its boundary 02, which is represented by an oriented
polygon connecting a set of boundary vertices Voo = {v; € 92 C R?}. The cell boundary 99 is a
closed chain of oriented edges (e1,2, €23, - -+ , €y, 1), where edge e; ;41 connects modulus n consecutive
boundary vertices v; and v;41 in the counter-clock wise orientation. We denote the location of a vertex
v; as ;. In this study, a perfectly circular cell has a radius rqo = 10 um, and n = 20 vertices are used
to define 09Q2. This gives the default edge length e; ;11 = 3.14 pm. We first compute the Delaunay
triangulation Dgq of the cell 2 using only boundary vertices Vpn. We then follow the farthest point
sampling method [1] to test if the radius of circumsphere of any triangle in Dg is larger than a threshold
leo| := 3.14 pum. If so, a new vertex is inserted at the circumcenter of this triangle and Dg, is updated,
using the 1-to-3 edge flip and the 2-to-2 edge flip, upon examination of all edges in the star of the newly
inserted vertex (see [2] for details). This is repeated until all new triangles have their circumsphere radius
shorter than |eg|. The cell  is therefore tessellated by a set of triangles To = {7 jx}, with vertices
i,7 and k of triangle 7; ; , drawn from the set of boundary vertices Vpo and the set of newly inserted
interior vertices Vintn. The vertices Vo = Voo U Ving, edges Eq = {e; j|vi, v; € V}, and triangles T

form a simplicial complex Kg.

Deformation energy of the cell

Denote the displacement of a vertex at = as u(x) = (ui(x), uz(z))? € R%. According to linear elastic
theory, e(x) takes the form of €1 1 = Ju1/0x1, €22 = Quz/Oxs, and €1 3 = €21 = %(6u1/8x2+8uz/8x1).

We use the stress tensor o to represent the forces, which is related to the strain tensor € through the

AM2u A0
Hooke’s law: o = De, where D = ( (>)\ AJ62;L 0) is determined by two Lamé constants A and pu,
n

characterizing the elasticity of the cell. Values of A and p are listed in Supplementary Table 2.

As the strain tensor €(x) is related to the displacement vector wu(x) through the relationship of



0/0x 0
€(x) = Bu(x) [3], where B=( 0 ' 9/0z2 ), , the overall free energy Eq of the cell  can be written as
8/0xs 08/dx,

(0a,0aq,0)€(x)dz + X/ u(z)’dz
Q 2 Ja

T _ T
¢ X [ e ueis = [ @) @

QN QA0

Eq = %/Qu(:c)TBTDBu(w)dw —/

The deformed cell under forces reaches its balance state when the strain energy of the cell Eq reaches
minimum, at which we have dFq(u)/0u = 0.

To calculate the displacement u(x) of a location @ = (z1, z2) in a triangular element 7; ;, € To
from Eqn (1), we applied the stiffness matrix method to 7; ;. The displacement vector u(x) can be
interpolated from the displacement vectors of the three vertices x; = (i1, %:2), ®; = (2j1,%;2), and

i = (1, %k2) of T, ;5 and the barycentric coordinates A = (A;(x), \j(x), Ax(x)) of x:

u(@)= > @)w(). (2)

le{i,j.k}
. . 1 1 I y-1,1 . .
Here A is determined by A = (r 1 T4, Ty, 1) (zl ), which can be rewritten as
Ti, 2 Tj,2 Tk, 2 T2
1 a; bi Ci 1

(2 b e) (1), (3)

ay br ck T2

C 2Tk

where |7 ;x| is the area of the triangle T, x, a; = ; 1Tk, 2 — Tk, 1T4,2, G = T 1Tk, 2 — Tk, 1T4,2,
ar = Tj1T4,2 — Ti,1T4,2, bj = Tj 2 — T2, bj = Tp o — Ti2, bp = Ti2 — Tj2, € = Tj1 — Tk,1,
Cj =Tk, 1 — T4 1, and Ck = T4,1 — Tj,1-

From Eqn (2) and Eqn (3), 8371(;3) can be written as

du(@) _ Niegijpm M) 3 D).

_%
Ox, 0x1 2|7, 5, kl

le{i,g,k}

Similarly atggc) can be written as

Ou(x) C

u(z) _ G
02l 217,54

().



The strain-displacement matrix B for the displacement vector u, = (u;, u;, ux)T of 7; j 1, corresponding
8/6501 0 b; 0 b; 0 by O
to the continuous version of B = ( 0 9/dzs ) of Eqn (1), takes the form of B, = ﬁ 0ci 0cj 0 c )
8/8%2 8/63?1 sk ci b; Cj bj ck b
In addition, [ (04,04,0)Bru-(x)dx = [ 0,V - u-(x)dx. According to Gauss’s divergence theorem,
[, 0aV -ur(x)de = [, o.n(x) u,(z)de. The free energy E, of 7, can be rewritten following Eqn
(1) as

E, = %/uT(x)TBZDBTuT(:c)da:—/ aan(:c)TuT(m)d:L'—&—g/uT(x)Qdm
T or T

vy fanl@)"u, @)z~ [ (@) u, (@)de,
QA Do) OTEQN D T
where f(x) = (Aif;(x), \;j f;(x), A fi.(2)), with f,(x), f;(x), fi.(z) the force vectors applied to the
three vertices of T; ; k.

We can find the solution to the problem of deformation under forces with the assumption that the
free energy of T; ; 1, reaches its minimum at the stationary state, which happens when 0E./d0u.(x) = 0.

After taking the derivatives, we can rewrite the equilibrium equation for the element 7; ; . as

/ B'DB.u,(x)dx — /
T oTEOIN
+ 0> /
o

fan(z) dx — / f(x)Tdx = 0.
QN Q0 TeQ T

oan(x)’dx + Y/uT(:c)d:B

Assuming the element 7; ; 5, is of unit thickness ¢,, the element stiffness matrix K, of 7; ; is

K.= | B'DB, dx + Y/d:c =t,|Ti x| BEDB, + Y|1; |1,

T T

where I is identity matrix. The force f,. acting on 7 ;1 is

f- E/f(a:)Td:n+/ oan(x)Tde — / fan(x)Tdx
T oT€IN QN o oreQ M

ik
- tT%(fw £ f)" + (eiejien)” o (nimy,my)",

(6)

where ¢; = 0,|07|0(1 € 9N0) — fo|07]6(l € QN Q), | = 4, j, k. From Eqn (5), we obtain the linear
equation K,u, = f_ for element 7, ; .

We can then gather the element stiffness matrices of all elements in all cells and assemble them into



one global stiffness matrix K. The linear relationship between the concatenated vector u of all vertices

in the mesh and the force vector f on all vertices is then given by:
Ku=f. (7)

The behavior of the whole tissue in stationary state at a specific time step then can be obtained by

solving this linear equation. For vertex v; at x;, its new location is then updated as ] = x; + u(v;).

Viscosity can be neglected in our model

Following previous studies [4,5], we assume that linear elasticity can adequately describe cell deformation
under both external and internal forces during a time interval. Here we show that linear viscoelastic is
unnecessary. A model of linear viscoelasticity can be expressed as a Prony series expansion of the stress
relaxation as a function of time step At [6,7]

N t

E(At) = Ew + Y Eje 77,

j=1
where E is the long-term elastic modulus, F; is the elastic coefficient of viscoelastic element j among
the total N elements, 7; = 1;/E« is the relaxation time of the element j, 7; is the viscous coeflicient of
element j. The value of 7; is usually 1 to 10 seconds [8]. In our model, the time step At is fixed as 30
minutes. Therefore, the term Z;‘Vﬂ Eje_%'t can be treated as zero. Hence the effect of viscosity can be
neglected. That is, the stress in our model in each time step of 30 minutes is only related to the long
term elastic coefficient of the cell. We can therefore assume that linear elasticity is adequate in describing

cell deformation in our model.



Supplementary Text 2

Cell-cell collision and its correction

It is important to detect collision when the bodies of two cells collide, to resolve the collision, and to

restructure their contacting surfaces.

C
n

0

.

Figure 1. The Bounded Deformation (BD)-Tree structure for detecting collided cells. (a—e)
The bounding boxes of at different levels of the BD-Tree. (e) Two potentially colliding cells C'1 (red)
and C2 (green) are detected by examining the intersection of their bounding boxes of ngg and nja. (f)
The BD-Tree from the root containing all cells to the leaf node level, where each node contains a single
cell.

Cell collision detection

We use the technique of Bounded Deformation Tree (BD-Tree) to identify potential collision between a
pair of cells [9]. Each node of the BD-Tree represents a bounding box that encloses a group of cells. The
root node n,40: contains all cells (Figure 1a) and has two daughter nodes ny and ng, each containing

roughly half of the cells grouped according to their distances to each other (Figure 1b). This division



process is then repeated recursively until we reach the leaf nodes, each of which containing only one cell
(Figure lc-1le).

For each cell, we use the bounding box it is contained in to identify potentially colliding cells. We
start at the root of the BD-Tree and examine if box-intersection occurs at the next level. This is repeated

until we have reached the leaf nodes and identified all potentially colliding cell-pairs (Figure 1f).

Resolving cell collision

Once a pair of potentially colliding cells 2; and £y are identified, axis-aligned bounding boxes [10] are
generated, and a 4-level quad-tree is constructed to represent each cell. The locations of edge intersections
between the two cells are then identified by testing (nq — 1) X (ny — 1) pairs of edges, with n; and ng the
number of vertices of 2; and 25 inside the aligned bounding boxes, respectively. There are two intersecting
edge-pairs, with the fractions of the overlapping cell boundaries 90 N Is between them (Fig 2a). Once
the overlapping portions are identified, they are repaired using the Cell-merge primitive described below,
which generates a new contacting surface between previously colliding cells. This initial contacting surface

is then subject to relaxation from the elasticity of ; and €5 in the next time step.

Primitives for topologic and geometric changes

There are five Primitives we use to model topologic and geometric changes during cell growth, prolifera-

tion, and migration. These Primitives are:

e P1. Cell-merge: When two cells in collision are identified, the spatial locations of vertices in each
cell in the intersecting surfaces are updated so the overlaps between cells are repaired. The new
contacting surfaces from the two cells are defined by a set of vertices where both surfaces are
attached. The attached vertices from the two cells are paired with attachment of adhesion linkages

sharing the same coordinates (Fig 2a).

o P2. (ell-separation: When a pair of attached vertices with an adhesion linkage on the contacting
surfaces of two cells experience contraction force larger than the threshold fy, we remove the
kinematic attachment of the adhesion linkage between them and these two vertices become separated

(Fig 2Db).



Figure 2. Primitives for cell geometric and topologic changes. (a) P1. Cell-merge: The
overlapping surfaces of the two colliding cells are detected by examining the intersection of their
bounding boxes. The overlapping surfaces (the red vertices in the intersection of bounding boxes) are
then replaced by the contacting surfaces composed by the attached vertices with adhesion linkages. (b)
P2. Cell-separation: Previously attached vertices on the contacting surfaces of two different cells are
separated from each other. (c) P3. Edge-subdivision: When an edge becomes longer than a predefined
threshold of 2|eg|, it is subdivided by adding a new vertex at the midpoint. (d) P4. Edge-simplification:
when an edge becomes shorter than a predefined threshold of |eg|/2, we remove the starting vertex of
this edge (counter clock-wise), as well as the preceding edge and the succeeding edge of that vertex. We
then directly connect its preceding and the succeeding vertices with a new edge. (e) P5. Sliver-removal:
When a skinny triangle with an angle smaller than a predefined threshold 8s = 19° [11] appears, we
remove this skinny triangle, two of its edges, and one of its vertices. A new edge is then added to
connect the two remaining vertices.



e P3. FEdge-subdivision: When an edge becomes longer than a predefined threshold of 2|eq|, we

subdivide this edge by adding a new vertex at its midpoint (Fig 2¢).

e P4. Edge-simplification: When an edge becomes shorter than a predefined threshold of |eq|/2, we
remove the starting vertex of this edge (counter clock-wise), as well as the preceding edge and the
succeeding edge of that vertex. We then directly connect its preceding and the succeeding vertices

with a new edge (Fig 2d).

e P5. Sliver-removal: When a skinny triangle with an angle smaller than a predefined threshold
0s = 19° [11] appears, the high aspect ratio of its longest edge and its shortest edge causes numerical
instability in finite element calculation [11]. We therefore remove this skinny triangle, two of its
edges, and one of its vertices. A new edge is then added to connect the two remaining vertices

(Fig 2e).

All topological changes can be realized

a
c C c C, G, b c G c e ¢
T1F>—<:X chde, = c¥c, = cde, Tz\crc/:ﬁc/%{*r\{*}f
’ CI G C! Cl
C.c‘ C, _ :Cviﬁi d
T3 G th G ool P2 c¢lc=clcec clc=cic=cc
(% &
<. <
C,

Figure 3. Combination of primitives in this study can realize all cell topologic changes in
vertex cell model as well as the introduction of a new type of topologic change. (a) The
Recombination move (T1, left) is realized by one edge-simplification primitive on the edge connecting
Cy and Cy, followed by two sliver-removal primitives for C; and Cy each. (b) The Disappearance move
(T2, left) is realized by three edge-simplification primitives for Cq, Cs, and C3 each. (c) The Adhesion
move (T3, left) is realized by two cell-merge primitives for the C1-C3 pair and the Cs-C3 pair. (d) We
introduce a new type of topological change called Cell-separation (P2, left), namely, the separation of a
pair of contacting cells in our model. One cell-separation primitive between neighboring cells C; and
C5 is shown.

In the vertex cell model, three elementary moves can exhaust all possible topological changes except
cell pair separation. These moves are called Recombination (T1), Disappearance (T2), and Adhesion
(T3) [12]. These three moves can be realized using Primitives P1-P5 described in this study (Figure 3a—
3c; Supplementary Video 4 shows the T1 process realized using our model). In addition to topological

changes of T1-T3, we introduced one new topological change, called Cell-separation (P2), which separates



a pair of contacting cells (Figure 3d).
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Supplementary Text 3

Diffusion of growth factor

In our model, diffusion of each growth factor in the tissue is modeled with the assumption that cells are

compartments with well-mixed growth factors. We have the following diffusion equation:

dx(s,t)
dt

= DAz(s,t), (8)

where s is the spatial coordinates, x(s,t) is the concentration vector of different growth factors at s, and

D is the vector of diffusion coefficients of growth factors.

Figure 4. Diffusion of growth factors in tissue. Diffusion of each growth factor in tissue is
modeled using cells as homogeneous elements. The distance d;, ; between centers of two neighboring
cells are taken as the diffusion distances.

We then discretize Eqn (8) by cell elements as shown in Figure 4:

dx(it) _ 3 z(j,t) —2(i, 1) 9)

dt ‘ Z
J#C‘imC]‘#@ ©J

where x(i,t) is the state vector of growth factor concentrations in cell ¢ at time ¢, d; ; is the center-to-
center distance between cell i and a neighboring cell j. Eqn (9) can be expressed equivalently for growth
factor k in cell ¢ as:

L S TR (10)

7,Ci N Cj#o

where Ay, ;. ; = % for all ¢ # j, and Ay s, ; = — Ezcl NC, o % for i = j, with Dy being the diffusion
T, J v
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coefficient of growth factor k. This can be re-written in the matrix form as

dxy, ()

o7 = Akil:k<t), (11)

where @ (t) is the concatenated vector of xy (1, t) for each cell 4, Ay, is the matrix whose element is Ay ; ;.
The vector of growth factor concentration in each cell 4, namely, x(i,t) is then updated by solving Eqn
(11).

The contour plots of computed EGF concentration from solving Eqn (11) in the wound tissue at
different time steps under chemotaxis and cohesotaxis are shown as an example in Figure 5. EGF is
synthesized in the wound bed area and diffuse to the areas around the wound bed. As the wound bed
is covered by the migrating keratinocytes, EGF concentration decreases and eventually disappears when

the wound bed is completely repaired.

10 hours 20 hours 30 hours 40 hours

y

32—

-

Chemotaxis

10 hours 20 hours 30 hours 40 hours

Cohesotaxis

Figure 5. Contour plots of EGF concentration in the tissue at different time steps under
chemotaxis and cohesotaxis. The red boxes indicate the wound edge at initiate time.
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Supplementary Text 4

Cell behaviors during re-epithelialization

Control of cell growth and proliferation. A cell grows and then divides into two daughter cells
during one cell cycle [13]. The duration of the cell cycle is cell-type specific, but is also influenced by
growth factors such as KGF and EGF [14,15]. We follow ref [16] and regard cell growth as a process
driven by the increased pressure resulting from the accumulation of soluble material inside the cell body.
In our model, we assume that the incremental changes in cell volume is according to the elasticity of the

cell. The growth rate rq of a cell 2, namely, its volume increment per unit time, is then modeled as:

QI+ kg logykar)) (1 + kpgr log(yecr))
ro = , (12)
ATg
where |Q] is the volume of the cell before growth, ATq the time duration of a full cell cycle of cell Q,
kg and kg are coefficients, ygp and yg R are the concentrations of KGF and EGF, respectively.
For cell Q growing from time ¢ to ¢t + At, the incremental volume A|Q] is calculated as A|Q] = roAt.
When the area of  is doubled, we divide the cell €2 into two daughter cells by adding a set of paired

vertices along the shortest axis of 2.

Force model of cell migration. Here the magnitude of the protrusion force per unit length on the
leading edges is modeled as f,; = 6nIN/uM, following the elastic ratchet model [17,18] (see Supplementary

Table 2 for parameter values associated with f, ).

Cell apoptosis and wound element removal. During the re-epithelialization process, keratinocytes
migrate into the wound bed and clear up the fibrin clot [19]. To model the degradation of wound element
by a keratinocyte, we remove the site of wound element when a migrating keratinocyte overlaps with it.
In addition, if a keratinocyte in the tissue apoptosizes, it is also removed from the system. Details are

described in ref [20].
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Supplementary Text 5

The model of purse string mechanism

Cell crawling and acto-myosin cable contraction in a purse-string manner are the two well-known mech-
anisms driving epithelial wound closure [21]. While the purse-string mechanism plays dominant roles
in the closure of small defects during wound healing [22, 23], where the wound size is that of about
20 cells [24, 25], our study focus on closure of wounds with larger size where the cell crawling mecha-
nism driven by protrusion takes the dominant role [26]. Therefore, we do not consider the purse-string
mechanism in the current model.

Our preliminary exploration showed that the purse-string mechanism can be incorporated to study
the closure of a small wound (e.g., an in silico size of 90 pmx 90 um, Fig 6a) once a curvature x(x)-
dependent purse-string tension force term T'(x) is added. As shown in Figure 6b, the wound shape under
purse string mechanism is more regular, while the wound shape without string tension is irregular, with

some islands of smaller wound gaps (Figure 6¢).

8 i Purse String - 200 8 i Without purse string tension [~ 200
=1 =
o | o |
[} [}
E ¢ 8
= ©7 2 °1 2
£ £
(=} [=1
© 0
[=] (=]
S S
— —
B-o E-o
T T T T T T T T T
-100 -50 0 50 100 -100 -50 0 50 100
pm pm

Figure 6. The purse string mechanism for wound closure and the contours of wound
boundaries over time. (a) The purse string along the wound boundary cells can be modeled as line
segments (green) connecting vertices on the wound boundary between cells. The string tension T is
along the direction of purse string (red). The epidermis force Fj g is along the normal of the purse
string (blue). (b) contour of wound boundaries under purse string mechanism. (c) the contour of wound
boundaries when there is no string tension.
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Supplementary Text 6

Temporal pattern of wound closure ratio

Previous studies show that the re-epithelialization rate is around 300 pum/d [27,28]. According to this
rate, it would take about 1 to 2 days to achieve complete wound closure for a wound bed with a size of 800
um x 300 um as we used in this study. Here we compare the wound closure ratio, p(¢,) under chemotaxis
and cohesotaxis with previous wound healing study by Safferling, et al [28]. In their study, it took 4 days
to achieve complete wound closure p(t,) = 1 [28]. In our study, it took 52 and 57 hours to achieve
complete wound closure for cohesotaxis and chemotaxis, respectively. The half diagonal length of the

wound we used is v/4002 + 1502um. Then the ratio of wound radius of the study by Safferling, et al [28]

1000pum
/400241502 pm
96h

Isp = 2. Since these two ratios have similar scale, we can compare the curves of the wound closure rate of

over our study is = 2.3. The ratio of wound closure time of their study over our study is
our results with that from Safferling, et al [28]. We mapped the timeline from Safferling, et al [28] to our
timeline by mapping 1 day to 12 hours. We found that the temporal pattern of wound closure ratio along
with the timeline under both chemotaxis and cohesotaxis are similarly matched with the experimental
data (Fig 7). This suggested that the temporal pattern of wound closure of our simulation is generally

consistent with the experimental study.

--8-- Chemotaxis
<&+ Cohesotaxis
Safferling

=
o
|

o o
(o] (o]
| |

o
N
I

Wound closure ratio p(t,)

[ T T 1

12 24 36 48
Timeline (hour)

Figure 7. Wound closure ratio under chemotaxis and cohesotaxis comparing to previous
experimental study [28]. Wound closure ratio at 12, 24, 36, 48 hour under chemotaxis and
cohesotaxis and the wound closure ratio at 1 day (map to 12 hour), 2 day (map to 24 hour), 3 day (map
to 36 hour), 4 day (map to 48 hour) by Safferling, et al [28] are shown respectively.
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Supplementary Text 7

Sensitivity of the results with different size of time step

In our model, the time step size is fixed to 30 minutes for ease of modeling as the cytoskeleton remodeling
time of a cell is also about 30 minutes [29]. We examine how the size of time step would influence our
simulation results. We chose two additional time step size of 60 minutes and 20 minutes. As the time step
size decreased from 60 minutes to 30 minutes and further to 20 minutes, the wound closure time increased
from 5341 hours (60 minutes) to 57+1 hours (30 minutes), and then slightly to 58+1 hours (20 minutes)
under chemotaxis. Under cohesotaxis, the wound closure time increased from 48+1 hours (60 minutes)
to 5241 hours (30 minutes), and then slightly to 5341 hours (20 minutes) (Figure 8a and 8b). Under
chemotaxis the fraction of direction angle a(t,) < 30° decreased from 454+1% (60 minutes) to 40+2%
(30 minutes), and remained as 40+1% (20 minutes). Under cohesotaxis, this measurement decreased
from 324+2% (60 minutes) to 28+1% (30 minutes), and remained as 284+1% (20 minutes) (Figure 8c and
8d). Under chemotaxis, the migration persistence ratio p(t,) decreased from 86+1% (60 minutes) to
79+1% (30 minutes), and remained as 79+1% (20 minutes) in Region I while it decreased from 80+1%
(60 minutes) to 73+£1% (30 minutes), and remained as 73+1% (20 minutes) in Region II (Figure 8e).
Under cohesotaxis, this measurement decreased from 79+2% (60 minutes) to 73+2% (30 minutes), and
remained as 734+1% (20 minutes) in Region I, and decreased from 734+2% (60 minutes) to 66+1% (30
minutes), and decreased slightly to 65+2% (20 minutes) in Region II (Figure 8¢). Under chemotaxis, the
normalized separation distance d; ;(t,) increased slightly from 0.1340.01 (60 minutes) to 0.14+0.01 (30
minutes), and then decreased to 0.13+0.01 (20 minutes) in Region I while it decreased from 0.2440.01
(60 minutes) to 0.22£0.01 (30 minutes), and to 0.214+0.01 (20 minutes) in Region II (Figure 8f). Under
cohesotaxis, this measurement decreased from 0.174+0.01 (60 minutes) to 0.15+0.01 (30 minutes), and
to 0.1440.01 (20 minutes) in Region I while it decreased from 0.16+0.01 (60 minutes) to 0.14+0.01 (30
minutes), and to 0.13+0.01 (20 minutes) in Region II (Figure 8f).

As shown in Figure 8, overall, there are small differences between results obtained using time step
of 30 minutes and using time step of 60 minutes, while the results using 30 minutes and 20 minutes are
practically the same. Computed results converge as the step size is decreased from 30 minutes to 20
minutes. For example, the temporal pattern of wound closure ratio and spatial pattern of direction angle

under 30 minutes and 20 minutes are almost the same. In addition, the overall pattern of chemotaxis and



16

a Chemotaxis b Cohesotaxis C Direction anglea(t,) Chemotaxis d Direction anglea(t,) Cohesotaxis

2107 210
2 =
0~30
© 0817 o 0817 f
§ § 300~
© 067 o 067 ;
S S 270~30! ~120
804+ 8 0.4+ ;
o 5] ); . | ¥20~150
o o /4 - :
g 02 ~&= 60 mins g 02 f ~=— 60 mins 20 241%0—21150 180
o —&— 30 mins o 30 mins
= 0.0 20 mins = 0.0 - 20 mins
. .
0 20 40 60 0 20 40 60
Timeline (hour) Timeline (hour) f
S .
—
—~ o 8 S
*E o N=% 8 9 20 mins/ Chemotaxis
s 2 & N+ 8 Somne
Q o O 20 mins / Cohesotaxis.
£ o 2
S o7 8 7
3 z
s 3 c S
o © L o
@ IS
o~
o ? o
3- 3"
0~80 80~160 160~240 >240 © 0~80 80~160 160~240 >240
Distance from wound edge p m Distance from wound edgep m

Figure 8. Effects of time step size on simulation results. (a-f) The wound closure ratio p(t,)
(a-b), the direction angle «(t,) (c-d), persistence ratio p(t,) (e), and the normalized separation distance
d; ;(tn) (f) under chemotaxis and cohesotaxis using different time step size: 60 minutes, 30 minutes and
20 minutes, respectively. The error bars depict the standard deviation of three simulation runs.

cohesotaxis are not affected by different choice of time steps of 60 minutes, 30 minutes, and 20 minutes.
In each case, we observe that cell migration achieves more accurate directionality and higher persistence
under regulation of biochemical cue. Collective cell migration are better coordinated under regulation
of mechanical cue. Therefore, the choice of the time step size of 30 minutes used in this study is well

justified.
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Supplementary Text 8

Re-epithelialization under non-proliferative conditions

Cell proliferation plays important roles in providing fresh new cells for wound repair. However, some
previous studies showed that wounded tissue with small wound can close the wound without the cell
proliferation [22,23,26]. Here we studied the tissue patterns of re-epithelialization process under non-
proliferative conditions. To inactivate the cell proliferation in our in silico simulation, we changed the
scaling factor of cell proliferation score v to zero, then no cells will take the behavior of proliferation

during re-epithelialization.

Chemotaxis

10 hours 20 hours 30 hours 40 hours 47 hours

Cohesotaxis

10 hours 20 hours 30 hours 40 hours 41 hours

Figure 9. The snapshot of wound tissue under non-proliferative conditions. The
re-epithelialization process under chemotaxis and cohesotaxis without cell proliferation. Blue:
keratinocytes; Green: wound elements; Light blue: migrating keratinocytes. Re-epithelialization is
faster under both chemotaxis and cohesotaxis under non-proliferating condition: 47 vs. 57 hours under
chemotaxis and 41 hours vs. 52 hours under cohesotaxis. In addition, there are large lesion and
unsealed gaps remaining.

Our results showed that for both chemotaxis and cohesotaxis under non-proliferative condition, it
takes shorter time to close the wound than that under normal proliferative condition (47 hours versus 57
hours under chemotaxis and 41 hours versus 52 hours under cohesotaxis). This is due to the fact that
since proliferation is inhibited, there are more cells migrating towards the wound bed, which expedite
the wound closure process. However, there are large lesioned, unsealed gaps left in the tissue after the

complete re-epithelialization under both chemotaxis and cohesotaxis (Figure 9) due to insufficient new
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fresh cells generated to fill the wounded tissue. Our silico simulation suggests that cell proliferation is

required for wounded tissue with large wound size.



Supplementary Figure 1

a Chemokinesis
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Figure S1. Concentration of growth factors at different time under three different
guidance mechanisms of cell migration. (a) The concentrations of EGF and TGF-£ under
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chemokinesis. (b) The concentrations of EGF and TGF-$ under chemotaxis. (c¢) The concentrations of

EGF and TGF-£ under cohesotaxis.



Supplementary Table 1

Cell paracrine signaling network

Table S1. Relationships between cells and growth factors in our model. Details of each
branch of the schematic diagram of the intracellular signaling network in our model are given, including
the relevant references.

Species Acts on Activity Branch number || Ref.
KGF Synthesis 1 [30]
EGF Synthesis 2 [31]

wound TGF-$ Synthesis 3 [32]

keratinocyte || TGF-g3 Synthesis 4 [32]

KGF keratinocyte Promotes proliferation 5 [32,33]

EGF keratinocyte Promotes proliferation and mi- || 6 [32,33]

gration
TGF-3 keratinocyte Inhibits proliferation 7 [32]

20
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Supplementary Table 2

Model parameters

Table S2. Geometric, mechanical, chemical, and biological parameters used in our model.
The first three parameters defined the geometry and time step of our model.

Name H description \ value H Ref.
Model setup
At time step lapse 30 minutes N/A
tr thickness of cell 1 um N/A
leal edge length threshold 3.14 um N/A
rQ radius of normal keratinocyte ~ 10 pm [34]
Os sliver-removal threshold 19° [11]
Material properties (1)
Ex Young’s modulus of keratinocyte 120 kPa [35]
Ew Young’s modulus of wound type 400 kPa [36]
v Poisson ratio 0.40 [37]
Y Friction energy constant 0.9 nN/um?3 [38]
Ca contractile pressure 2 kPa [38]
Cell proliferation
ATq [ human cell cycle time | 24 hours I 139]
Cell migration and adhesion (2) (3)
fo rupture force of E-cadherin cell contacts 4.1 nN/um [40]
far protrusion force ~ 6 nN/um (17,
18,
41]
fa cell-cell boundary adhesion force constant 2 nN/um [42]
Inter-cellular paracrine signaling
Dykcr diffusion rate of KGF 4.9x10 %m?/s [43]
Dgar diffusion rate of EGF 5.2x10%cm? /s [44]
Drar-p diffusion rate of TGF-4 2.9x10%cm? /s [45]
As,KGF synthesis rate of KGF 0.40x10~"ng/cell /day || [46]
As, EGF synthesis rate of EGF 0.51x10=5ng/cell /day [47]
As, TGF—3 synthesis rate of TGF-3 0.13x107%ng/cell /day || [48]
A, KGF degradation rate of KGF 1.1x10~*/min [49]
M. EGF degradation rate of EGF 6.1x10~*/min [50]
N TGF—3 degradation rate of TGF-§ 2.5x107% /min [51]

(1) Lamé constants A and p of keratinocytes and wound elements are calculated from the Young’s
modulus E and the Poisson ratio v: A= Ev/(1+v)(1 —2v), u = E/2(1 4+ v). Poisson ratio v measures
the fractions of deformation of the material in directions orthogonal to that of the applied force. In our

model, the Poisson ratio of the cell and wound element is fixed to 0.40 following previous computational
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study [37]. (2) In our model, there is a prefixed cell thickness ¢, = 1 um. Parameters associated with
cell surface area in 3D are then converted by multiplying the value of cell thickness so they are associated
with cell boundary lengths in 2D. For example, the rupture stress of cell-cell adhesion is now 4.1 nN/um
instead of 4.1 nN/um?. (3) To estimate the value of protrusion force driving cell migration in one time
step (30 minutes in our model), we take account the time length of maturation of focal complex. During
cell migration, cell forms new focal complex on the leading edge upon increase in the concentration of
actin filaments to generate protrusion force [52]. Since the maturation time of focal complex formation on
the leading edge is approximately 60 seconds [41], we assume that the protrusion force is only activated
after every 60 seconds. Therefore, there are approximately 30 rounds of activated protrusion force per
unit length during one time step of 30 minutes. We then sum them over the one hour period to obtain
the accumulated protrusion force |f,f| = 6 nN/pum per unit length within one time step. Each actin
filament on the leading edge generates a protrusion force of ~2 pN [17] and there are about 100 active

filament per 1 pm on the leading edge [18].
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Model parameters
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Table S3. Parameters used to control cell behaviors in our model. The unit of cytokine
concentration is 1 = 10~%ng. Any concentration less than 10~%ng is rounded down to 0 to ensure the
logarithm term is positive. Since cell migration is a key event for re-epithelialization, the scaling factor

ag for cell migration is to have the same value as a; for cell proliferation such that the behavior of
migration occurs as frequently as the behavior of proliferation in our model. We assigned very small
value for ag for cell apoptosis as behavior of apoptosis rarely occurs for keratinocyte during

re-epitheliali

zation [53].

Name H description \ value H Ref.
Stochastic control of cell behaviors

o scaling factor of stochastic control of cell proliferation 0.11 [54]

Qg scaling factor of stochastic control of cell migration 0.11 Estimated
Qs scaling factor of stochastic control of cell apoptosis 0.1x1078 || Estimated
Qy scaling factor of stochastic control of cell quiescence 0.78 Estimated
Bkar scaling factor of KGF promoting keratinocyte proliferation 0.0015 [54]
Bhar scaling factor of EGF promoting keratinocyte proliferation 0.035 [54]
Brap_ 5 scaling factor of TGF-f inhibiting keratinocyte proliferation 0.075 [55]
Baar scaling factor of EGF promoting keratinocyte migration 0.05 [54]

Cell proliferation

kear scaling factor of EGF decreasing cell cycle time 0.54 [56,57]
krxar scaling factor of KGF decreasing cell cycle time 0.14 [58,59]
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