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ARTICLE INFO ABSTRACT
Keywords: Mechanical signals are crucial in regulating the response of cells in a monolayer to both physiological and
Epithelial monolayers pathological stressors, including intracellular bacterial infections. In particular, during intracellular infection
Hybrid model of epithelial cells in monolayer with the food-borne bacterial pathogen Listeria monocytogenes, cellular

Bacterial infection

Cell densit biomechanics dictates the degree of bacterial dissemination across the monolayer. This occurs through a process
ell density

Discrete/continuum whereby surrounder uninfected cells mechanically compete and eventually extrude infected cells. However,

Cell mechanical competition the plethora of physical mechanisms involved and their temporal dynamics are still not fully uncovered,

Mechanobiology which could inform whether they benefit or harm the host. To further investigate these mechanisms, we
propose a two-dimensional hybrid computational model that combines an agent-based model with a finite
element method to simulate the kinematics and dynamics of epithelial cell monolayers in the absence or
presence of infection. The model accurately replicated the impact of cell density on the mechanical behaviour
of uninfected monolayers, showing that increased cell density reduces cell motility and coordination of motion,
cell fluidity and monolayer stresses. Moreover, when simulating the intercellular spread of infection, the
model successfully reproduced the mechanical competition between uninfected and infected cells. Infected
cells showed a reduction in cell area, while the surrounder cells migrated towards the infection site, exerting
increased monolayer stresses, consistent with our in vitro observations. This model offers a powerful tool for
studying epithelial monolayers in health and disease, by providing in silico predictions of cell shapes, kinematics
and dynamics that can then be tested experimentally.

1. Introduction infection of ECs with food-borne bacterial pathogen Listeria monocy-
togenes (L.m.), whereby softer and less contractile infected cells get

Cells sense and respond to mechanical cues that arise both in- squeezed and extruded by the action of stiffer and more contractile
trinsically, from their own internal structures (e.g., actomyosin force uninfected surrounding cells, which collectively migrate towards the
generation), and externally, from their microenvironment (e.g., fluid site of infection [11,12]. We found that this process leads to the death
shear stresses) [1-4]. Recent studies on interactions of host cells with of extruded infected cells and also occurs during infection with other
bacterial pathogens, have proven that mechanical forces play a key role intracellular pathogens that similar to L.m., use actin comet tails to

in both driving bacterial spread and aiding the host cells to get rid of the
infection [5-9]. These seminal works showcase that understanding how
bacteria alter the properties of host cells or how host cells dynamically
respond to the presence of pathogens is crucial, if we were to develop
strategies alternative to antibiotics for combating bacterial spread and
dissemination [10].

In our previous in vitro studies, we discovered a mechanism that lim-
its intracellular bacterial dissemination through epithelial cells (ECs)
in monolayer. We showed that a mechanical competition arises during

spread from cell to cell [11]. The intestinal epithelium is the primary
site of infection of enteropathogens like L.m., and is thereby the first
barrier bacteria have to overcome to spread to secondary sites, with
often fatal consequences [13]. Therefore, it is of particular interest to
understand how bacteria establish infection there and how the ECs of
the intestinal lining manage to obstruct their dissemination [13].
Studying the mechanobiology of the interactions between intestinal
ECs and L.m. in vivo is currently very challenging, thus in vitro models
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like organoids or gut-on-chips that can mimic the structure of the intes-
tine to some extent [14,15] are increasingly used. However, under such
settings (three-dimensional, 3-D), monitoring the infection process with
live-cell imaging and concurrently characterizing host cell mechan-
ics is still challenging. Therefore, biomechanical interactions between
host cells and pathogens are usually investigated in vitro using two-
dimensional (2-D) epithelial monolayers. Under these conditions, for
example, one can use live cell imaging, combined with cell segmenta-
tion and tracking, or alternatively, particle image velocimetry (PIV) to
analyse in detail cell motion, including properties such as directionality
and coordination of motion over different scales [16,17]. The dynamics
that lead to the alterations in cell kinematics can also be calculated.
For instance, techniques such as traction force microscopy (TFM) al-
low calculating the traction stresses that cells exert on their matrix,
a proxy for how well the cytoskeleton is organised and connected
to the extracellular matrix (ECM) through adhesion complexes [2,5].
Additionally, techniques like monolayer stress microscopy allow in-
ferring intra- and inter-cellular stresses [18-20]. All these techniques
can reveal alterations that occur during (patho)physiological processes,
including infections. But they can also provide critical input data to
build accurate computational models to predict cell behaviour in silico.

These computational models have proven to be powerful tools that
complement in vitro studies, offering often unique and new insights into
infection mechanobiology [6,11]. However most of the published mod-
els primarily focus on simulating the formation of bacterial biofilms
and the forces implicated therein [21-23], or on the growth of mi-
crocolonies such as those of bacteria like Escherichia coli [24]. These
types of models generally take into account bacterial proliferation,
interaction forces between bacteria, and friction forces between the
bacteria and their substrate, but not interactions of bacteria with host
cells [25]. While agent-based models have been developed to simulate
the intracellular motion of bacteria modelled as single particles moving
within host cells [26], very few studies have so far focused on develop-
ing models to simulate interactions of bacteria like L.m. with host cells
in monolayer [6,11]. These models enable the exploration of the impact
of geometrical properties (e.g., cell area or polarization), mechanical
properties (e.g., cell stiffness), and the contribution of cellular forces
(e.g., stress distribution in the monolayer) on the outcome of the
infection process. For example, in our previously developed 3-D in silico
model we were able to simulate the mechanical competition between
L.m.-infected and surrounding uninfected cells [11]. This model was
constructed using a continuum approach, a finite element model. In
a follow-up study, where we additionally considered the stiffness of
the ECM where cells reside, we were able to predict that collective
extrusion of infected cells would be exacerbated on stiffer ECMs, which
was then confirmed experimentally [12]. However, our model did not
account for infection spread as it was not designed to simulate long
time scales. Furthermore, we assumed an idealised hexagonal geometry
for epithelial cells. Because changes in cell shape and propagation of
bacterial infection are key in understanding infection processes, there
is a need for more sophisticated models that can account for these
parameters as well.

To fill this gap, we introduce here a 2-D computational hybrid
model to study the modulation of host cell shape, motion and forces
during infection with intracellular L.m. In this model we also account
for infection spread dynamics. To that end, we combined a discrete with
a continuum model by integrating an agent-based model (ABM) with a
finite element method (FEM), to concurrently simulate the mechanics
and geometry of cell epithelial monolayers. We first calibrated and
validated our in silico model by examining in vitro the behaviour of un-
infected cell monolayers via videomicroscopy. We then confirmed that
the hybrid model successfully represents the kinematics and dynam-
ics of uninfected cell monolayers, thereby validating our mechanical
approach. The model accurately replicated the impact of cell density
on the mechanical behaviour of uninfected monolayers, demonstrating
that increased cell density reduces cell motility and coordination of
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motion, cell fluidity and monolayer stresses. Finally, we accounted for
infection spread within our in silico cell monolayers. When simulating
the intercellular spread of infection, the model successfully reproduced
the mechanical competition that arises between uninfected and infected
cells in vitro. Infected cells showed a reduction in cell area, while the
surrounder cells migrated towards the infection site, exerting increased
monolayer stresses, consistent with our in vitro observations.

2. Materials and methods

Our hybrid model combines two different modelling approaches:
discrete and continuum [27,28]. Discrete models represent cells as par-
ticles, considering the individual properties of cells and their inherent
spatial irregularities [29-31]. In contrast, continuum models are based
on macroscopic properties and are defined by constitutive laws [32—
34]. To overcome the inherent limitations of either aforementioned
model, we combine a discrete with a continuum model by integrating
an Agent-Based Model (ABM) with a Finite Element Method (FEM)
respectively, to simulate the mechanics and geometry of cell epithelial
monolayers. The integration of the ABM and FEM enables us to model
the tissue as a continuum medium, capturing its collective mechanical
behaviour while also considering the heterogeneity and interactions
acting at the cellular level. Leveraging previous work [35], we propose
a new hybrid model that takes into account changes in the mechanical
behaviour of infected and non-infected cells, and the mechanical battle
between the two cell populations that leads to the formation of collec-
tives of infected squeezed and subsequently extruded cells (infection
mounds).

2.1. Discrete approach

In our hybrid computational model, we take advantage of the ABM
approach to simulate both the geometry of the epithelial cell monolayer
and changes in cellular forces. To do so, we choose a centre-based
approach for EC in 2-D, meaning that cells are represented by their
central point or centroid (see cell centroid positions, Fig. 1). Thus,
ECs are accounted as individual non-deformable particles that move
independently and interact with other neighbouring cells by sensing
mechanical inputs [31,36]. Each cell has unique properties and is
defined as a singular entity as C;(x;), where x; is the position of the
i,, cell centroid in the cell monolayer. In the ABM, each particle is
associated with a virtual radius R;, which defines the range within
which a particle can interact with other particles. The set of cells is
denoted as defined in Eq. (1):

C={C,Cy,...,C,} (€Y

being n the total number of cells. To generate the cell shape, we
approximate the cell geometry by making use of the Voronoi diagram
to associate a polygon V; to each cell C; in the monolayer, as defined
in Eq. (2):

V,={x €R?: d(x,x;) <d(x.x;) fori# j} @)

where d(x,x;) is the distance between a point x and the cell centroid x;
of the cell C;. The polygon V; includes all the points that are closer
to the cell centroid of C; than to any other cell C;. The Voronoi
diagram allows the division of the plane in different regions and is an
approximation of the cell shape [37] (see Voronoi diagram and polygon
labelling, Fig. 1).

Cell motion requires forces of different nature generated and trans-
mitted through the cell cytoskeleton to the cell matrix or to neigh-
bouring cells. E.g., the actomyosin apparatus allows cells to contract or
transmit forces to their surrounding while microtubules allow cells to
resist large-scale compressive forces exerted onto them [38,39]. Thus,
cell shape results from the contribution of various forces exerted within
the cell and by its surroundings (i.e., surrounding cells or extracellular



R. Aparicio-Yuste et al.

Computers in Biology and Medicine 185 (2025) 109506

|Agent-Based Model (ABM)|

Discrete approach

(I) Monolayer geometry

(I1) Cell dynamics

© ®

Monolayer .
initialization >
—> . -

L

XCell centroids
positions

Voronoi
diagram

Polygon
labelling

calculation

New cell displacements

| Finite Element Method (FEM) |

Continuum approach

(IV) FEM analysis

(l11) Pre-process

O,

o C

Stress
distribution

New cell

displacements

‘0000000000600
Boundary conditions  *Triangulation/
and force application Mesh generation

Fig. 1. 2-D Hybrid computational model of cell epithelial monolayers. Schematic illustration showing the iterative loop of the hybrid model (discrete approach in purple,

continuum approach in orange). The monolayer is initialised (step 1), resulting in a distribution of cell centroids (black points; step 2). Those serve as inputs to compute the
Voronoi diagram (step 3), providing a distribution of polygons (exterior cells in red and interior cells in blue; step 4). Afterwards, cell forces are computed (step 5). Once the
monolayer geometry and forces are defined, a continuum mesh is generated through the triangulation of each cell polygon (step 6). Additionally, both boundary conditions and
the forces previously computed in the ABM are applied to the monolayer (step 7). These forces induce deformations in the monolayer, causing the movement of cells (new cell
displacements in green; step 8). Secondary variables are also computed (e.g., monolayer stresses; step 9). To close the iteration loop, we retrieve the new cell centroid displacements

from step 8 and update the distribution of cell centroids (green points in step 2).

environment). We assume balance of cellular forces since inertial terms
are negligible and cells are under quasistatic equilibrium within an
epithelium [40]. Thus, the force balance for each cell is defined in
Eq. (3):

. dv. .
ZFf:mz"d—,’"ZFf:(’ &)
J J

where ZF{ is the total force at the cell centroid, m; the mass of the
i,, cell and v; its velocity. The total force for each cell (see Force
calculation, Fig. 1) is calculated as the sum of all cell forces due
to cell-cell interaction forces Fe¢/!~¢¢!!, cell contraction forces F¢r,
cell protrusion forces F"”" and surrounder cell forces F?, as defined
in Eq. (4):

Z Fl/ — Flgell—cell + Ff(m" + F?rotr + Ff =0 4

Cfell—cell interactions (F;f”*””)

The junctional network and cell-cell adhesion molecules connect
the cell cytoskeleton to neighbouring cells, enabling cells to exert forces
onto each other [41]. We model these cell-cell mechanical interac-
tions by using a force-derived formulation from the Lennard-Jones
potential [42], as defined in Eq. (5):

12 6
Fcell—cell =_12. Kcell—cell . dl _ d_m (5)
Jji - FIE T

where Fe¢!l=¢¢!! js the force interaction between the adjacent j,, cell
with the i,, cell, K¢/=¢!! is the cell-cell interaction constant, d,, is
the equilibrium distance and d is the distance between the centroids
of the neighbouring cells. Under this formulation, the force interac-
tion between neighbouring cells has two main contributions: (1) the

attractive d'2/d'> and (2) repulsive d®/d’ terms. The attractive term
represents intercellular cohesive forces acting as two cells are pulled
apart, whereas the repulsive term accounts for the repulsion that occurs
when two cells are in close proximity. The distance d,, is the distance
where the Lennard potential is minimum and is equal to the sum of the
virtual radius of each cell (d,, = R; + R ). The direction of the force is
defined by the vector that joins the centre of mass of the adjacent j,,
cell with the respective i, cell (see cell-cell interactions, Fig. 2). The

resultant force for the i,, cell is defined in Eq. (6):

Flgell—cell — Zijll—cell 6)
j=1
being m the total number of neighbouring cells of the i,, cell.
Actomyosin contraction (F, ,f”;"”) and cell protrusion (F]i j"" ) forces
Epithelial cell movement directly depends on the action of the
actomyosin contractile apparatus (actomyosin contraction forces) and
on the actin polymerization machinery resulting in forces for cell
protrusion (cell protrusion forces) and movement [43,44]. Instead of
modelling cell motion in epithelial monolayers as a random stochastic
phenomenon, we propose here a contraction and protrusion law that
depends on the mechanical stress distribution that each individual cell
is experiencing. We consider a cell mechanotransduction mechanism
that generates a heterogeneous force distribution in the monolayer,
leading to the movement of cells within the epithelial monolayer
according to their mechanical state [45]. This new contraction and pro-
trusion law defines the level of cell contraction or protrusion depending
on the principal stress distribution within the cell, which is provided
by the continuum model. We assume the contraction and protrusion
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forces are proportional to the maximum averaged tensile stress the cell
is subjected to. These contraction and protrusion forces are applied on
the cell vertex (see actomyosin contraction and cell protrusion forces,
Fig. 2). The average cell stress tensor o(x;) in the whole cell is defined
in Eq. (7):

[y, 0dA

A,

i

E(xi) = @
where A; represents the area of the cell and o the stress tensor associ-
ated to each infinitesimal cell area. From this stress tensor, we compute
its principal values to obtain the maximum averaged principal tensile
stress of the cell ;. According to our proposed contraction law, the
magnitude of the contraction force F, ,fflf”’ in each cell vertex k is defined
in Eq. (8):

cont cont - lft + llf'
F{om = K" - A, -G - =7 (€))

where K" is the contraction constant and the term in brackets defines
a length ratio, being equal to the sum of the half-lengths of the edges
that meet at the k vertex (i.e., the right /%, and left /[, edges), divided
by the total perimeter P, of the cell [46] (see actomyosin contraction,
Fig. 2). The direction of the contraction force is defined by the vector
that joins the cell vertex to the cell centroid. According to Newton’s
third law (action-reaction), an equal magnitude and opposite direction
force is applied to the cell centroid (actomyosin contraction, Fig. 2).
Thus, the total contraction force in the cell centroid for the i,, cell is
defined in Eq. (9):
m

F‘gontr = z F?{a’nt (9)
k=1

m being the total number of vertices associated to the i, cell. Similarly,

according to our proposed protrusion law [45], the magnitude of the

protrusion force F,f?”" in each vertex k results in Eq. (10):

R L
FPOT = Ko AL lei * li (10)
ki i 1 7. Pz

where KP" is the protrusion constant. The force direction is deter-
mined by the vector connecting the cell vertex to its centroid, with
an equal and opposite force applied at the cell centroid. The total
protrusion force exerted to the i,, cell centroid results in Eq. (11):

Fiprotr — Z Fz’riotr (11)
k

where we assume the cell protrudes towards the direction of minimal

o, thereby affecting the k vertices of the cell that are nearest to this

direction.

Surrounder cell forces (F*)

Surrounding uninfected cells migrate actively towards the L.m. in-
fection focus leading to the formation of infection mounds (collectives
of infected squeezed and extruded cells). These mounds result from the
mechanical competition between surrounder cells and infected cells,
where the former are stiffer and more contractile than the latter [11,
12]. To consider the modulation of forces during the competition be-
tween infected and uninfected surrounder cells, we additionally include
uninfected surrounder cell forces in our model (surrounder cell forces,
Fig. 2). The infection force magnitude in each vertex k is assumed to
be proportional to the surrounder constant K* and the length ratio, as
defined in Eq. (12):

L + 1

iy = K- =5 12

1

These forces are only applied to the vertices of the uninfected sur-
rounder cells that are at the border of the infection focus (also referred
to as immediate surrounder cells). By infection focus we refer to the
domain comprising infected cells [6,11]. In our model, we reproduce
the infection spread of L.m., which leads to an increase of the infection
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focus area. Following Newton’s third law of action and reaction, we
also apply an equal magnitude and opposite direction force to the
cell centroid, being this one the force we illustrate (surrounder forces,
Fig. 2). The resultant force acting at the i,, cell centroid is defined
in Eq. (13):

=, (13)
k

where k represents the cell vertices that are at the border of the
infection focus.

2.2. Continuum approach

After implementing cells as individual entities in the ABM, we make
use of a continuum approach to account for the collective mechan-
ical behaviour of cells [47]. Under this assumption, cells no longer
exhibit particle-like behaviour, instead, they are considered as a 2-
D deformable body whose mechanical properties rely on macroscopic
equations [27]. Under the context of Solid Mechanics, cells within
the monolayer must satisfy the internal equilibrium equation, defined
in Eq. (14):

Vo+f=0 a14)

where o is the stress tensor and f the volumetric forces. This equation is
solved here through a FEM, considering the cell epithelial monolayer as
an elastic structural material under the assumption of the plane-stress
problem. The forces previously computed in the ABM are applied in the
FEM, inducing deformations in the monolayer, eventually causing the
movement of cells (see FEM in Fig. 1). For a more detailed explanation
of the implementation of the model, please refer to the Supplementary
Information (S1.1 Implementation of the hybrid model). Sample input
images for each step of the hybrid model, along with the workflow
of the model for simulating epithelial cell monolayers, are shown in
Supplementary Figure S1.

2.3. In vitro experiments

To validate our model, we performed experiments with Madin-
Darby Canine Kidney (MDCK) epithelial cells to characterise the kine-
matics, morphometrics and dynamics of both uninfected and infected
MDCK epithelial monolayers. To achieve that, we first constructed
polyacrylamide hydrogels with fluorescent beads, and then we seeded
MDCK cells on these hydrogels. In the case of infection, MDCK mono-
layers were exposed to L.m. We then imaged MDCK cells to analyse
cell kinematics, cell shape changes and cell dynamics (Traction Force
Microscopy and Monolayer Stress Microscopy). For more detailed in-
formation about our in vitro experiments, please refer to the Supple-
mentary Information (S1.2 In vitro experiments for characterization of
kinematics, morphometrics and dynamics of uninfected and infected
MDCK epithelial cell monolayers). The experimental data used for
validating the hybrid model are presented in Supplementary Figure
S2A, and the data analyses performed are shown in Supplementary
Figure S2B.

3. Results

We initially validated our in silico model using uninfected mono-
layers under two different cell density conditions: low and high. We
examined the evolution of cell shape, cell motility, coordination of cell
movement, and the forces exerted between cells, analysing these factors
across both our simulations and in vitro experiments. After validating
our model with the in vitro results, we incorporated the modulation of
infection forces and infection spread into our hybrid in silico model,
specifically assuming the scenario of a high cell density monolayer. We
then analysed infection spread, the geometrical properties of cells, and
their coordination in both in vitro and in silico models. Furthermore,
we conducted a further analysis of the stress distribution among cells
during the mechanical competition arising upon L.m. infection.
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Fig. 2. Cell forces considered in the hybrid model. Ff,.“”’“” represents the interactions between the i, cell (in green) and its neighbours (in orange). F{"" denotes the
actomyosin contraction forces, with i,, indicating the respective cell (in green) and k representing a given vertex of the cell. The nomenclature (inset) shows the terms defined
in Eq. (8), depicting the edges associated with the k vertex: the left (lf,,) and right (I,f,) edges. F,ﬁ';”” represents the protrusion forces of the i, cell at their k vertices. These
forces are applied only in the direction of protrusion. F; symbolises the surrounder cell forces, accounting for the migration of immediate neighbouring uninfected cells (in white)

towards the infection focus composed by infected cells (in pink).

3.1. In silico model predicts how cell density regulates shape of epithelial
cells in monolayer

The organization and shape of ECs in monolayer are known to be
dependent on physical factors such as cell density [48]. To explicitly
investigate the role of cell density in regulating cell shape and to
validate our computational model, we first performed experiments on
uninfected MDCK monolayers, and used the resulting in vitro data
to validate our model. Specifically, time-lapse multichannel epifluo-
rescence microscopy was used to monitor monolayers of MDCK cells
residing on 3 kPa collagen-I coated hydrogels over the course of 23 h.
The hydrogels were embedded with fluorescent tracer beads to allow
concurrent performance of traction force microscopy, and thus charac-
terise both the kinematics and dynamics of cells (see Sections 3.2 and
3.3) [49,50].

At each instance of time we acquired the following images: (1)
the phase contrast image of cells; (2) the nuclei fluorescence of cells;
and (3) the image of fluorescent tracer beads (Supplementary Figure
S2). We used both the phase contrast image and the nuclei fluores-
cence to automatically segment and track the cells overtime using the
Track-Mate and Cellpose detector plugins in Fiji (Supplementary Video
S1) [51-53]. Since cell density in our monolayer at the beginning of the
recordings was relatively low, cells proliferated over the course of the
recordings reaching maximum packing density at approximately 20 h.
(Supplementary Video S2). We thus selected one of the first frames
(cells at low density, p = 2377 cells/mm?) and one of the last frames
(cells at high density, p = 5786 cells/mm?), to compute the geometrical
parameters associated with the shape of cells in monolayer as a function
of their density (Fig. 3A, in vitro segmentation). We found that as cell
density approximately doubles, cell area decreases by 62% and cell
perimeter by 43% (Fig. 3A,C in vitro and Supplementary Figure S3 in
vitro). In vitro, the average cell area was found to be 445 and 169 ym? for
low and high cell densities, respectively, and the average cell perimeter
was 90 and 51 pm for low and high cell densities, respectively.

To test our model, we simulated the behaviour of cells in monolayer
under conditions not involving infection and considering two different
cell densities, namely, low cell density (p = 2390 cells/mm?) and high
cell density (p = 5708 cells/ymm?), mimicking the initial and final
cell densities in our in vitro experiments, respectively (Supplementary
Video S3 and S4). Note that in both cases, cell confluence is 100%,

meaning there is no void space and cells occupy the whole area
considered, similar to our in vitro condition. Consistent with previous
findings [48], we assumed that cell spatial distribution is influenced
by how densely populated the monolayer is. In accordance to the
experimental results, our model showed that as cell density increases,
the average cell area and perimeter decrease from 418 to 175 pm? and
79 to 50 pm, respectively (Fig. 3A,C in silico and Supplementary Figure
S3). Moreover, we were able to validate the geometric distribution of
cells in the monolayer since we achieved similar values in both area and
cell perimeter as in the in vitro experiments (Fig. 3C and Supplementary
Figure S3). In our simulations, as cell density approximately doubles,
cell area decreases by 58% and cell perimeter by 37%.

In previous work, the cell shape index (CSI), equal to the perimeter
of cells divided by the square root of their area, has been used to
characterise cellular fluidity and anisotropy [54,55]. Typically, solid-
like cells exhibit a CSI lower than 3.813: the higher the value of the
CSI the more fluid-like and anisotropic cells become [55,56]. We thus
wondered if and how density of MDCK cells in monolayer would impact
CSI in vitro and in silico. We found that in our in vitro experiments,
cells at low density exhibit an averaged CSI equal to 4.39. As cell
density doubles, the average CSI becomes significantly lower and equal
to 4 (Fig. 3B,C). This finding suggests that at higher cell density cells
become more solid-like as would be expected [57]. We then calculated
the average CSI for our in silico model. At low cell density, the average
CSI in our model is equal to 3.9. As cell density increases twofold, the
average CSI becomes equal to 3.7 (Fig. 3C).

To recapitulate both in vitro and in silico we observed that doubling
density of ECs in monolayer decreases their area approximately by
60%, their perimeter by 40% and their fluidity (9% in vitro and 5%
in silico). The results related to the geometry of the monolayer are
summarized in Table 1.

3.2. Increasing density of epithelial cells in monolayer leads to reduction of
cell motility speed and coordination in vitro and in silico

Doubling the density of ECs in monolayer is expected to lead to
a reduction in cell motility [17]. To discover to which extent cell
density leads to a reduction in cell motility, and whether a reduction
in motility impacts in any way the coordination of motion between
neighbouring ECs, we tracked individual cells using Track-Mate and
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Fig. 3. Increased cell density alters the shape of epithelial cells and reduces their motility and coordination in both in vitro and in silico models (A) Map of cell area
with varying cell densities. Note that the colour bars differ between low and high cell densities (first and second columns, respectively). Rows display: in silico and in vitro cell
areas, and the automatic in vitro segmentation of cells. Note that some areas were not accurately segmented. (B) Similar to panel A, but the images depict the cell shape index.
(C) Violin plots of cell area (left column) and cell shape index (right column) associated with the frames shown in panels A and B. (D) Map of cell displacements at low and high
cell densities in both in silico and in vitro models. Note the different colour bars for each cell density. (E) Violin plots showing the distribution of cell displacements shown in panel
D. (F) Plots demonstrating the correlation coefficient of cell displacement vectors as a function of distance in both in vitro (left) and in silico (right) models for each cell density.

Cellpose detector plugins in Fiji, and also performed particle image
velocimetry (PIV) on the phase contrast image of cells to compute
their correlation coefficient [58] (Supplementary Figure S2). Using
these orthogonal approaches, we found that as cell density approxi-
mately doubles (from 2390 to 5708 cellsymm?), cell motility speed
decreases by approximately 80% (Fig. 3D,E in vitro). The average cell
displacements were found to be 3.65 and 0.72 pm for low and high
cell densities, respectively. We then calibrated our in silico model to
obtain cell displacements of similar magnitude based on cell density
(Fig. 3D,E in silico). Our in silico average cell displacements were found

to be 2.65 and 0.55 pm for low and high cell densities, respectively.
Additionally, using the displacements of cells resulting from the PIV
analysis, we calculated the degree of correlation of neighbouring dis-
placement vectors as a function of the distance [17]. We found both
in vitro and in silico that the correlation coefficient decays faster over
distance in higher density conditions (1.81 times faster in vitro and 1.66
times faster in silico), suggesting that cells exhibit greater coordination
in their movement over larger distances when cell density is lower
(Fig. 3F). Note though, that the correlation coefficients we obtained
in silico at both densities are slightly higher than the ones calculated
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Fig. 4. Higher epithelial cell densities reduce traction forces in vitro and decrease monolayer stresses both in vitro and in silico. (A) Map of traction stresses at low and
high cell density (left and right column, respectively). Rows display in vitro traction stresses and phase contrast images of MDCK epithelial monolayers. In silico traction stresses
are not shown, as our hybrid model do not simulate the ECM. (B) Histograms of traction stresses for both cell densities shown in panel A. (C) Map of monolayer shear stresses
at low and high cell densities (left and right columns, respectively). (D) Violin plots of monolayer shear stresses corresponding to the frames shown in panel C.

in vitro. Nevertheless, the trends are similar and both in vitro and in
silico we found that increasing cell density reduces cell migration speed
and coordination of motion. The results related to the kinematics of the
monolayer are summarized in Table 1.

3.3. Increasing epithelial cell density weakens monolayer stresses both in
vitro and in silico

Our experimental and computational findings demonstrate that the
geometrical properties and kinematics of ECs in monolayer are heavily
dependent on cell density. Accordingly, one would expect that EC
dynamics should also vary based on cell density. To test that in vitro,
we measured the traction stresses that cells exert on a 3 kPa matrix
on which they reside, as a function of cell density, using TFM. We
found that as cell density doubles, mean traction stresses decrease
by 74% consistent with previous studies [59](Fig. 4A and Table 1).
Interestingly, we also observed the traction stress distribution to be
modified, showing a narrower distribution and a higher peak under
conditions of high cell density as compared to low cell density (Fig. 4B).
This suggests that the traction stresses at high cell density are more
homogeneous than at low density. We then performed monolayer stress
microscopy (MSM) to compute the monolayer stresses of ECs (i.e., intra-
and inter-cellular stresses) [18,20]. We discovered that as cell density
approximately doubles (2.4 fold higher), monolayer shear and tensile
stresses decrease by 3.36-fold (Fig. 4C,D in vitro and Supplementary
Figure S4). The average monolayer shear stresses were 46.7 and 13.9
MPa for low and high cell densities, respectively, whereas the average
tensile stresses were 46.52 and 13.82 MPa, respectively ( Table 1).

To assess how our model predicts this density-dependent dynamic
behaviour of cells, we analysed the monolayer stresses in uninfected
monolayers of different cell densities in silico. Through our simulations
we discovered that monolayer shear and tensile stresses increase with
decreasing cell density to the same extent as in vitro (Fig. 4C,D and
Supplementary Figure S4). The average monolayer shear stresses in our
simulations decreased from 40.17 to 12.46 MPa as cell density doubled,
whereas the average tensile stresses from 47.36 to 13.68 MPa. Thus, our
in silico model is able to successfully replicate the in vitro dynamics of
ECs in monolayer as a function of cell density. The results related to
the dynamics of the monolayer are shown in Table 1.

3.4. Model simulates intercellular infection spread and the squeezing of
infected cells prior to extrusion

After validating our in silico model for uninfected cell monolayers
of varying cell densities, we set out to simulate the behaviour of cells
in monolayer during intracellular bacterial infection with L.m. in an
attempt to recapitulate infection spread. Prior to this, we characterised
host cell kinematics and infection spread dynamics through cell mono-
layers in vitro. To that end, MDCK cells in monolayer residing on a
3 kPa gel (serving as a matrix to perform TFM [11]) were exposed to
a low dosage of L.m. so that only sparse cells got infected across the
monolayer forming distinct well-separated infection foci (domains of
infected cells) over time upon L.m. replication and spread from one cell
to another. At approximately 460 minutes post-infection (mpi), we per-
formed time-lapse multi-channel epifluorescence microscopy imaging
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Table 1
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Results of the 2-D hybrid model’s simulations for uninfected epithelial cell monolayers in conditions of low and high cell densities. Values represent the mean
and the standard deviation. Source of the in vitro analysis: (1) Cellpose, (2) PIV correlation, (3) TFM, (4) MSM.

Variable Value

In silico simulation

In vitro experiments

Low density

High density Low density High density

Cell area [pm?] (1) 418.39 + 110 175 + 18 445.45 + 193.66 169.62 + 53.22
Geometry Cell perimeter [pm] (1) 79.22 + 9.97 50.28 + 2.43 90.16 + 23.47 51.81 + 8.32

Cell shape index [-] (1) 3.89 + 0.1 3.79 + 0.04 4.39 + 0.4 4.03 + 0.19
Kinematics Cell displacements [pm] (1) 2.65 + 1.48 0.55 + 0.35 3.66 + 2.17 0.73 + 0.88

Decay of the correlation coefficient of cell 0.023 0.0384 0.054 0.098

motion [pm~'] (2)

Tractions [Pa] (3) - - 8.74 + 7.26 2.25 + 1.7
Dynamics Monolayer shear stresses[Pa] (4) 40.17 + 26.75 12.46 + 9.64 46.69 + 28.14 13.89 + 8.51

o, [Pal (4) 47.36 + 65.36 13.68 + 22.45 46.52 + 47.78 13.83 + 13.03

o [Pa]l (4) —32.98 + 90.78 -11.24 + 32.98 —46.86 + 47.94 -13.96 + 12.65

to follow cell movement and infection spread dynamics over 1200 min
(Fig. 5A, first and second row, Supplementary Video S5). We imaged:
(1) the phase contrast images of cells, (2) the host cell nuclei fluores-
cence, (3) tracer beads’ fluorescence embedded in the matrix, and (4)
the L.m. fluorescence (Supplementary Figure S2.A).

By analysing the bacterial fluorescence images (Fig. 5A, first row)
and using convex hull to find the area of infected cells per time-
point [11], we monitored the growth of infection focus area overtime,
and interestingly discovered that this is quasi linear, although bacterial
replication is known to be exponential [6] (Fig. 5B, blue points).
Subsequently, we computed the area of the infection focus and plotted
it over time to derive an equation that accurately describes and explains
the spread of the bacterial infection through cells. As observed in our
in vitro experiments, L.m. intercellular spread approximately follows a
linear law (Fig. 5B, black line). Therefore, in our model we approx-
imated the growth of the infection focus area over time as a linear
function (Fig. 5B, orange points). For the simulations we considered a
high cell density monolayer (p = 5708 cells/mm?) similar to the in vitro
monolayers and were able to effectively recapitulate infection spread in
silico (Fig. 5A, third row and Supplementary Video S6). To validate our
in silico model, we measured the area of infected cells and uninfected
surrounders in vitro and in silico. Consistent with previous studies, we
found that infected cells pertaining in the infection focus exhibited
a reduced area of 18% as compared to the surrounding uninfected
cells [11]. In accordance, in our model uninfected cells at 850 mpi have
an area of 175 pm? whereas infected cells 135 pm?, thus are 22% smaller
(Fig. 5C and Supplementary Video S7).

To determine how coordinated is the motion between neighbouring
cells, and to integrate this parameter into our model, we performed
PIV on the phase contrast images to calculate the correlation coefficient
between neigbouring cells. We did this analysis at two different time
points: (1) during early infection, when the infection focus area is
still small (470 mpi); and (2) at later times, when the size of the
infection focus is considerably larger (1060 mpi). We found that the
correlation coefficient in vitro decays slower at 1060 mpi than at 470
mpi (1.73 times slower), indicating greater coordination among cells
after infection mounding has started, which most likely originates from
uninfected surrounder cells migrating towards the focus (Fig. 5D, left
column) [11]. We then investigated whether the same tendency could
be observed in our in silico infection experiments. Using the cell dis-
placements of our simulation, we computed the resultant velocity field
and subsequently the correlation coefficient of the cell displacement
vectors. Consistent with our in vitro findings, in our in silico monolayer
the decay of the correlation coefficient over distance at 1060 mpi is
slower than that observed prior to the extrusion of the first cell from
the monolayer (1.6 times slower) (Fig. 5D, right column). However,
when compared to the in vitro results, the correlation coefficient in the
computational model remains higher, as previously noted in uninfected
monolayers.

Altogether, our current model can effectively simulate both L.m.
infection spread through cells and recapitulate the alterations in host
cell kinematics during the course of infection.

3.5. Monolayer stresses increase in uninfected cells that closely surround
the infection focus in silico and in vitro

Based on our in silico model, an increase in coordinate movement
of uninfected surrounders during infection leads to the squeezing of
infected cells, similar to what happens in vitro. However, how cellular
forces are modulated during this infection process remained obscure.
To address that, we first characterised in vitro the forces that cells exert
on their ECM and on each other (via TFM and MSM, respectively)
(Fig. 6, first and second rows respectively, and Supplementary Figure
S5A,B). Over the course of infection, we observed that cells pertaining
the infection focus reduced the traction stresses exerted on the ECM.
Conversely, the magnitude of traction stresses of uninfected surrounder
cells in close proximity to the infection focus remained constant or
increased during infection, as those cells actively migrated towards the
infection focus (Fig. 6, first row), as previously demonstrated [11,12].
We then used the calculated traction stresses as input to approximate
the inter and intra-cellular stresses through MSM [20]. We observed
an increase in monolayer shear and tensile stresses at the interface
between infected and uninfected cells during bacterial infection, while
for infected cells the stress levels decreased (Fig. 6, second row and
Supplementary Figure S5C, first row), as previously observed [12].

When we calculated the in silico monolayer stresses, we found that
the surrounder uninfected cells in close proximity of the infection
focus increased their monolayer stresses significantly at around 860
mpi, which coincides with them initiating migration towards the focus
(Fig. 6, third row, Supplementary Figure S5C, second row, and Supple-
mentary Video S8). Note that although we were not able to achieve
the same magnitude of monolayer stresses in silico as in vitro, in both
cases we observed an increase in monolayer shear and tensile stresses
in uninfected surrounders immediately adjacent to the infection focus.
A summary of the evolution of tractions and monolayer shear stresses
is presented in Table 2.

4. Discussion

In this study, we have established a hybrid computational frame-
work to simulate the shape changes, kinematics and dynamics of ep-
ithelial cells in monolayer across varying cell densities, in the absence
or presence of intracellular bacterial infection, using L.m. as model
bacterial pathogen. In the literature, diverse types of mathematical
modelling approaches have been used to simulate cells in monolayers,
e.g., vertex or cellular Potts models [60,61]. Although most models of
epithelial cell monolayers account for the modulation of mechanical
forces, they typically use either a discrete or a continuum approach [27,
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Table 2

Evolution of tractions and monolayer shear stresses in in vitro epithelial cell monolayers infected with L.m. (N=3 biological
replicates), along with in silico results from the hybrid computational model. Values represent the mean, for both infected

and uninfected cell samples (mpi: minutes post infection).

Evolution
460 mpi 660 mpi 860 mpi 1060 mpi
Tractions In vitro Infected 19.49 19.89 14.62 19.93
[Pa] Uninfected 19.34 22.87 20.57 24.07
In vitro Infected 90.64 91.17 71.64 122.56
Monolayer shear Uninfected 102.92 122.11 116.61 153.38
stresses [Pal n silco Infected 4.36 5.99 8.83 9.91
Uninfected 14.61 15.07 17.35 17.8
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Fig. 6. Uninfected cells surrounding the infection focus exhibit increased traction stresses in vitro and increased in vitro and in silico monolayer shear stresses during
L.m. bacterial infection. Columns show the evolution of mechanical variables at different time points of infection (mpi: minutes post-infection). Rows display: (1) traction stresses
of in vitro MDCK cells, (2) in vitro monolayer shear stresses, (3) in silico monolayer shear stresses. The border of the infection focus is shown in red (1st row) and white (2nd and

3rd rows).

62]. However, they fail to consider both individual cell dynamics and
monolayer scale stresses. Accounting for both of these contributions is
crucial for understanding what drives cell migration and maintenance
of tissue continuity (i.e., barrier integrity) [18,27]. Few computational
studies have considered both individual cell dynamics and changes
in cell monolayer stresses, but in different contexts not involving in-
fection. Specifically, previous hybrid models were built to investigate
how cell monolayers expand through Monte Carlo simulations [63] and
how epithelial cell wounds close using a 3-D continuum physics-based
model [64]. Others have considered a hybrid approach to understand
how epithelial cells expand and durotax but without validating the
predictions with in vitro live-cell experimental measurements [35]. In
comparison, we validated our hybrid model with in vitro data obtained
from uninfected and infected epithelial cell monolayers.

In our hybrid model, varying cell shapes are represented as 2-D
polygons using the Voronoi diagram, thus introducing and accounting
for tissue heterogeneity. Voronoi tessellation has previously been used
to represent cell tissue morphology in a manner that is consistent
with in vitro cell observations [65,66]. Cell shapes are well known to
depend on cell density, which in turn critically impacts the organization
and motion of cells in a monolayer [48,67,68]. Previous studies have
shown that the hexagonal shape and thus the number of neighbours
of epithelia cells in monolayer increase with cell density [48], while
the migration speed decreases since cells are constrained in motion
by their neighbouring cells [17]. Consistently, using orthogonal ap-
proaches, that is our in vitro and in silico models, we found that as cell
density increases, the cell shape index (measure of tissue fluidity) [69]
decreases, indicating that cells get more solid-like and assume more
rounded or hexagonal shapes. The CSI in the model differs slightly
from that in our experiments due to how cells are represented in the
model. In our experiments, cell shapes show more noise and variability
than the Voronoi polygons used in the simulation, where cells exhibit
regular, straight-sided shapes, while in vitro cell boundaries are more
curved and irregular. Additionally, cell shape fluctuations are reduced
at high cell densities, which also leads to decreased motility [17], as we
demonstrated here. Interestingly the decrease in speed with increasing

10

cell density is associated with decreased coordination of motion in our
hands. Although it is unclear why that occurs, it is likely that the
attenuation of motility-related forces might hinder local coordination
between neighbouring cells [70]. Future investigations could delve into
understanding better how migration coordination is altered by physical
forces and how those are modulated by cell density changes.

In our previous FEM model of epithelial cells in monolayer, for
simplicity we considered idealised hexagonal cell shapes only [45].
In the model presented here, we account for cell shape heterogeneity
through the epithelial monolayer, and for that purpose we had to refine
our previously proposed cell protrusion and contraction laws [45].
In the current model, the degree of cell protrusion and contraction
depends on the spatial distribution of the intracellular stresses and its
anisotropy. This new formulation reproduces successfully the changes
in cell shape, kinematics and dynamics (i.e. monolayer stresses). It
is important to note that during in silico infection we encountered
challenges in replicating the exact magnitude of monolayer stresses as
during in vitro infection. Despite this discrepancy, cells in our model
exhibited similar alterations in their monolayer stresses over the course
of infection as in the in vitro experiments, which seems to be the
crucial determinant for achieving infected cell squeezing. Our focus is
on studying the alterations bacteria cause in the epithelial monolayer,
rather than obtaining exactly identical stress magnitudes. Moreover, as
shown in Supplementary Figure S6, there is a significant variability in
monolayer stresses between replicates of infected monolayers.

The current model can simulate both the behaviour of uninfected
but also of bacterially-infected epithelial cells in monolayer. In the
latter case, as a model pathogen we considered L.m., a facultative
intracellular bacterial pathogen than can replicate intracellularly and
spread from cell to cell using actin-based motility [10]. Although in
our model we did not consider individual bacterial replication and
spread, we did account for the fact that over the course of infection
more cells get infected and thus the infection focus grows (that is the
domain occupied by infected cells). This feature enabled us to simulate
the course of infection over extended time periods, in contrast to our
previous model, which only simulated limited cycles of cell contraction
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and protrusion, since it was static (i.e., it did not account for infection
spread) [12,45]. L.m. intercellular spread has previously been studied
by Ortega et al. who used live-cell microscopy to study the dynamics
of bacterial intercellular spread in epithelial cell monolayers in vitro.
Ortega et al. mathematically modelled bacterial intercellular spread
to demonstrate that L.m. spreads from cell to cell in a heterogeneous
manner, with few bacteria displaying higher diffusion coefficients in
their motion, which explains why foci are not perfect circles but instead
display more heterogeneous shapes [6]. It would be interesting in a
follow up study to incorporate bacterial replication and spread into
our model using already available in vitro data of bacterial intracellular
spread dynamics such as the ones provided by Ortega et al. [6]. It
is also worth noting that in our current model we did not account
for cell proliferation, as we maintained a fixed cell count during the
simulations. Cell proliferation is an additional feature that could be
incorporated into the model to examine its contribution in the outcome
of the infection process.

Computational models are based on certain assumptions and there-
fore often present some limitations, and so does our hybrid model. One
of the main limitations concerns the high number of parameters of the
model and the need for their calibration. Moreover, we considered the
monolayer as a 2-D structure. While it is true that the infection mounds
are 3-D structures, our focus in this work was on the stages of infection
prior to collective infected cell extrusion, which can be effectively
described in 2-D. The 2-D modelling approach we followed is also a
good approximation for comparison, considering that our in vitro data
also consist of 2-D epifluorescence microscopy images, rather than 3-
D. Future studies could implement the model in 3D by representing the
cell monolayer with shell elements and incorporating the ECM, replac-
ing the current plane stress approach, following previous work [71].
Based on cell positions in the monolayer plane, a corresponding height
can be assigned vertically, determined by each particle’s position from
previous time steps. The outcome could be validated with new 3D
microscopy data.

5. Conclusions

In summary, our novel computational approach provides a robust
framework for simulating the biomechanics of epithelial cells in mono-
layer in the absence or presence of intracellular bacterial infection
by pathogens like L.m. which can replicate and spread between cells.
This model effectively captures changes in cell shape, kinematics and
dynamics, allowing for the manipulation of parameters such as cell
density and infection spread dynamics, to assess their impact on the
infection process. We believe that this model is a powerful tool for
understanding the complex behaviour of epithelial cells in both phys-
iological and pathological conditions (e.g., infection), and it offers a
valuable platform for future investigations, both in vitro and in silico.
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