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Abstract

Intracellular bacterial infections alter the normal functionality of human host
cells and tissues. Infection can also modify the mechanical properties of host
cells, altering the mechanical equilibrium of tissues. In order to advance our
understanding of host-pathogen interactions, simplified in vitro models are
normally used. However, in vitro studies present certain limitations that can
be alleviated by the use of computer-based models. As complementary tools
these computational models, in conjunction with in vitro experiments, can
enhance our understanding of the mechanisms of action underlying infection
processes. In this work, we extend our previous computer-based model to
simulate infection of epithelial cells with the intracellular bacterial pathogen
Listeria monocytogenes. We found that forces generated by host cells play
a regulatory role in the mechanobiological response to infection. After in-
fection, in silico cells alter their mechanical properties in order to achieve
a new mechanical equilibrium. The model pointed the key role of cell-cell
and cell-extracellular matrix interactions in the mechanical competition of
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bacterial infection. The obtained results provide a more detailed description
of cell and tissue responses to infection, and could help inform future studies
focused on controlling bacterial dissemination and the outcome of infection
processes.

Keywords: Bacterial infection, mechanistic model, cellular and bacterial
mechanobiology, finite element, Listeria monocytogenes .

1. Introduction1

Listeria monocytogenes (L.m.) is a food-borne intracellular bacterial2

pathogen mainly affecting individuals with a weakened immune system such3

as elderly, pregnant women or newborns [1]. Its main route of transmission is4

through the ingestion of contaminated food, and its primary site of infection5

is the intestinal epithelium. L.m. can however breach this first physiological6

barrier in vivo and spread infection to secondary tissues, which often leads to7

fatalities in immunocompromised individuals, spontaneous abortion in preg-8

nant women and neonatal death [2]. In 2017, 2480 cases of listeriosis were9

reported within the European Union, with a mortality rate of 13.8% [2]. In10

the same year, an outbreak in South Africa resulted in 216 deaths and 106011

confirmed cases [3]. To avoid these adverse outcomes, it is essential to ad-12

vance our understanding of how L.m. interacts with host cells to facilitate its13

systemic spread and which mechanisms host cells adopt to restrict infection14

dissemination.15

During infection of human cells, the homeostatic balance of host cells16

is often compromised and various alterations can occur at different scales17

[4, 5]. For instance, upon infection of a given epithelial cell in a monolayer in18

vitro, L.m. has the ability to spread to larger domains in several hours.19

To achieve intercellular spread, L.m. (and further intracellular bacterial20

pathogens like Rickettsia parkeri) reprograms infected host cells by secreting21

virulence factors that can alter the host cell-cell adhesion organization [6,22

7]. This often leads to a weakening in intercellular force transduction thus23

making it easier for the bacterium to spread from one cell to another, since24

the stress it faces and which it needs to overcome to create and resolve a25

bacterial protrusion is lower [8, 9].26

Although the biochemical signaling pathways that change during infec-27

tion or that regulate the outcome of infection have been studied for decades,28

recent studies suggest that mechanical signals play also an important role29
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during host-pathogen interactions [8]. The biochemical and mechanical sig-30

nals often crosstalk in yet to be identified ways. Human cells support their31

shape and execute important functions, such as migration, through a set of32

structural networks that span all over the cell and are largely composed by33

polymeric filaments. Those filaments, together with the action of motor pro-34

teins and adhesion complexes, allow cells to transmits forces to each other35

but also to their surrounding microenvironment and often enable them to36

sense it. Thus, in this complex network, multiple biomechanical interactions37

take place between the extracellular matrix (ECM) and the cell membrane,38

cytoskeleton, nucleus and other molecular entities [10].39

We and others have shown that during infection with L.m. human cells40

can change the organization of their cytoskeleton and their mechanical prop-41

erties [11, 12]. Moreover, we recently showed that at late times post-infection42

(>16 h post-infection) a mechanical competition emerges between infected43

and nearby uninfected cells, where stiffer uninfected surrounding cells squeeze44

and drive the extrusion of softer bacterially-infected cells [6, 13]. This battle45

between infected and surrounding uninfected cells is to a large extent me-46

chanical in nature, and is driven by changes in the interaction between com-47

peting cell populations. However, the exact spatio-temporal changes in host48

cell force generation and in biochemical signaling that occur during infection49

and eventually lead to infected cell extrusion (i.e., formation of mounds of50

infected cells) are not fully understood yet.51

In recent years, infection processes have been a main focus of research52

due to the Covid-19 viral outbreak [14] but also because of the emergence53

of multi-antibiotic resistant bacterial pathogens [15]. Despite the relevance54

of developing computational tools to understand infection processes, few in55

silico models have been formulated to unravel the biomechanical interac-56

tions between human host cells, pathogens and/or their microenvironment.57

Most infection computational models have focused on the dynamics of bac-58

terial propagation in colonies considering contact forces, bacterial growth or59

the interaction between bacteria and biomaterials, among others. However,60

most of the models assume bacteria as particles [16] or two-dimensional (2D)61

deformable bodies [5], thus ignoring its inherent three dimensional charac-62

teristics.63

In this context, for example, Jasevičius et al. presented an adhesive in-64

teraction model where bacterial cells are simulated as discrete entities to65

analyze the interaction of bacteria with flat surfaces within a liquid medium66

[17]. Winkle et al. emphasized the importance of computational tools to ana-67
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lyze the spatiotemporal dynamics of bacterial populations. Accordingly, they68

proposed an agent-based model taking into account the growth of the bacte-69

ria and the mechanical interactions between bacteria, and between bacteria70

and their environment [18]. Bacteria N. gonorrhoeae was studied by Bisht71

and Marathe, who analyzed numerically the bacterial motility, with tug-of-72

war models, on different surfaces or channels [16]. Ivančić et al. analysed73

the formation of bioconvection patterns in suspensions of Bacillus subtilis74

through a set of chemotaxis–convection–diffusion equations [19]. In order to75

model bacterial micro-colonies interactions, Doumic et al. proposed a me-76

chanical model studying the asymmetry of the bacteria and its friction with77

the substrate [20]. Additionally, Delarue et al. compared in vitro and in silico78

models by elucidating a collective mechanism in microbial populations, which79

they called self-driven jamming [21]. A further combination of both in vitro80

and in silico models was pursued by Grant et al. through the examination of81

microcolonies of Escherichia coli. However, in this case authors investigated82

the transition from 2D to 3D bacterial growth in microcolonies, they found83

that mechanical forces between bacteria, and between bacteria and their en-84

vironment are important for the transition of the bacterial microcolony from85

2D to 3D growth [5]. L.m. interactions with human host cells were studied86

by Ortega et al. through a computational model, focusing on the dynamics87

of intercellular bacterial spread by modeling bacteria as particles within 2D88

rigid (i.e., non-deformable) host cells [22].89

Only a few number of studies used a continuum approach by means of90

the Finite Element Method (FEM), to simulate bacterial interaction with91

biological tissues. For example, Limbert et al. presented a FEM for studying92

Staphylococcus aureus biofilm colony formation based on microscopy imag-93

ing. In this case, S. aureus colonies in contact with surgical sutures were94

simulated. The aim of this study was to predict bacterial detachment when95

the suture is deformed [23]. A combination of FEMs was used by Feng96

et al. to compute bacterial biofilm growth [24]. Velic et al. analysed bacterial97

growth on nanopatterned surfaces. This FEM allowed to unravel the interac-98

tion between Bacillus subtilis and nanopatterned surfaces via a parametric99

study [25]. Kandemir et al. presented an in silico approach for modeling100

bacteria-hydrogel interplay, and together with in vitro experiments investi-101

gated the mechanical alterations of the bacterial-hydrogel construct under102

different conditions [26]. Volfson et al. used Discrete Element Simulations to103

provide a multiscale analysis of Escherichia coli growth [27].104

In this work, we extend our previous infection computational model [6] to105
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better understand how at late infection with intracellular bacterial pathogens106

like L.m. uninfected and infected cells interact, and how the latter get ex-107

truded out of the basal cell monolayer. We go a step forward, we formulate108

a regulatory quantitative law of the mechanobiological interactions between109

infected and uninfected cells. In addition, this mechanistic-law has been im-110

plemented in a FE-based approach in order to test different hypotheses about111

the way cell-cell and cell-ECM adhesions are distributed within the mono-112

layer. For this aim, we have organized the paper as follows. In section 2,113

we describe the mechanobiological context, focusing on the main mechanical114

implications of infection on the biomechanics of host cells. In section 3, we115

present the underlying mechanobiological model of the cell monolayer during116

infection. Next, in section 4, we describe the numerical implementation of117

this model. In section 5, the main results from simulations under different118

conditions of infection are presented. Finally, in section 6, we discuss the119

results and present the main conclusions of this work.120

2. Mechanobiological Context: Mechanobiology of epithelial mono-121

layers under conditions of L.m. infection122

L.m. can cross the intestinal epithelial barrier in an attempt to spread123

within the body . The intestinal epithelium consists of a single layer of cells124

and acts as a protective barrier that separates the intestinal lumen from the125

external environment (Figure 1.a left). To understand the mechanisms used126

by intracellular L.m. to spread through neighbouring epithelial cells, and127

to unravel the mechanical interactions between infected and neighbouring128

non-infected cells, in vitro experiments are often performed [6]. The gold129

standards of these experiments involve exposure of epithelial cells in mono-130

layer to L.m. and examination over time of the spreading behavior of L.m.131

along these monolayers. Accordingly, it was recently shown that at late132

times post-infection with L.m., a mechanical competition between infected133

and neighbouring non-infected cells takes place. In infected monolayers, the134

uninfected cells surrounding the infection site try to organise themselves to135

expel the infected cells out of the monolayer, which in turn gives rise to the136

formation of a mound of infected cells where infected cells pile on top of137

each other (Figure 1.a right). The height of the mound appears to depend138

on the intracellular replication of the bacteria and their spreading capacity139

through the monolayer, as well as on the mechanical properties of the sub-140

strate or ECM on which cells reside among other factors [28, 29]. Cell-cell141
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and cell-ECM adhesions play a crucial role in this process. In fact, when host142

cells lack key proteins involved in proper formation of intercellular adhesions,143

uninfected cells are unable to expel infected cells [6].144

In epithelial monolayers, the mechanisms involving extrusion of single145

apoptotic (dying), unfit or excess cells in the context of overpopulation, have146

been relatively well studied [30]. Extrusion of cell(s) in the context of cancer,147

infections and other pathologies have also being previously examined, mostly148

from a biochemical perspective [31]. In fact, it is interesting to remark that149

depending on the cell microenvironment, the way extrusion occurs may be150

different. For example, single cell extrusion is observed in vivo in the intesti-151

nal epithelium under conditions of L.m. infection [22, 32]. In this context152

cells in the epithelial monolayer proliferate and migrate upwards, away from153

the intestinal crypts, leading to the extrusion of single infected cells on the154

tip of intestinal villi (Figure 1.a left). However, we previously observed that155

in vitro in epithelial cell monolayers infected with L.m., the extrusion occurs156

later in infection through the formation of a mound of several infected cells,157

thus features of massive collective cell extrusion are apparent in this case.158

Despite of this collective behavior in monolayers infected with L.m., other159

types of host cells infected with intracellular bacteria also exhibit extrusion160

in in vitro conditions. For example, single rather than collective extrusion161

has been shown for epithelial cells infected with the intracellular bacterial162

pathogen Salmonella enterica [33]. This disparity raises the question of what163

controls infected cell extrusion, what determines whether extrusion will oc-164

cur in single cell or collectives and whether the underlying mechanisms are165

similar?166

In the case of overpopulation or extrusion of apoptotic cells, the sur-167

rounding cells typically create an actin-rich ring which contracts and even-168

tually forces the extrusion of the cell they detect as a surplus [31, 34]. How-169

ever, this ring has not been observed around foci of cells infected by L.m170

[6]. The precise mechanisms used by uninfected neighbouring cells to eject171

L.m. -infected cells are not yet unambiguously delineated. Here, we extend172

our previous mechanobiological computational model to simulate infection of173

host cells in monolayer [6, 29] in order to understand the mechanisms that174

lead to collective infected cell extrusion.175

Several experimental observations have pointed to the important mechan-176

ical alterations that occur in host cells during infection and lead to cell-cell177

competition followed by infected cell extrusion. Atomic force microscopy178

(AFM) measurements indicate that the stiffness of infected cells in mono-179
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Figure 1: (a) The intestinal epithelial cell monolayer acts as a protective barrier whose
organization can change during intracellular bacterial infection. In vivo (left) and in vitro
(right) representation of an epithelial cell monolayer during infection. The left sketch
depicts the 3D topography of the epithelial cell monolayer in the small intestine during
infection with L.m. The right sketch shows a simplistic representation of how L.m.-
infected cells in vitro are squeezed due to the forceful action of their uninfected neighbours.
Nuclei (red), infected cells (yellow), L.m. (green), cell-cell junctions (white) and cell-
ECM adhesions (purple). (Intestine image from Pixabay by Elionas2). (b) Representative
orthogonal views for MDCK epithelial cells from an uninfected well (left) and for L.m.-
infected well around an infection focus at 24 hours post infection (right). Orthogonal views
show host cell nuclei in blue, L.m. in white and E-cadherin to mark cell-cell junctions in
magenta. Scale bar is 50 𝜇𝑚.
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layer is reduced to approximately half the stiffness of the surrounding unin-180

fected cells [6]. As a result of this reduction in cell stiffness accompanied by181

alterations in the cells’ cytoskeleton, infected cells exert lower traction forces182

on the surrounding ECM. Concurrently, the neighbouring uninfected cells183

adjacent to the infection domains stiffen and exert increased traction forces184

on their ECM. These alterations lead to a competition between infected and185

neighbouring uninfected cells due to a stress gradient generated along them186

(Figure 1.b). We believe that one of the keys to understanding this dynamical187

process is to determine the precise mechanical alterations that occur across188

host cells during infection [12], the stresses to which host cells are subject189

to and the interaction forces between cells and their ECM. This in turn can190

shed light into the mechanobiological mechanisms that intracellular bacteria191

employ to facilitate their spread, and conversely into the actions that host192

cells can take to obstruct the dissemination of the infection.193

3. Mechanobiological model of a cell monolayer infected with L.m.194

To reproduce the in vitro experiments, we formulate a model to mimic the195

interaction of infected cell domains surrounded by uninfected cells when those196

form a monolayer as described before [6]. The aim of our model is to simu-197

late a particular stage of infection, arising between 8 to 16 h. post infection,198

when in vitro a mechanical competition arises between bacterially-infected199

versus surrounding uninfected cells. At this particular stage, uninfected sur-200

rounding cells sense the mechanical gradient at the border of the infection201

domain, and as a result polarise and collectively move towards the infection202

focus squeezing and eventually forcing the extrusion of infected cells [6]. To203

simulate this specific stage of infection, we take into account three important204

experimental measurements we previously conducted during in vitro infec-205

tion: (a) Uninfected surrounding cells exert large traction stresses on their206

ECM since they grab the ECM and pull it away from the infection focus207

as they migrate towards it. (b) Uninfected surrounding cells are polarized208

and directionally migrate towards the infection focus. (c) There is a gradi-209

ent in cellular traction stresses and monolayer stresses between infected and210

surrounding uninfected cells [29]. To simulate the cell monolayer and the211

mechanical interactions between infected and uninfected cells, we hypothe-212

size a mechanotransduction mechanism based on these previous experimental213

observations [6]:214

215
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1. First, each single cell contracts, which allows uninfected cells to sense216

mechanical alterations in their microenvironment due to the presence217

of infected cells nearby (phase 1 in Figure 2).218

2. If cell-cell junctions are properly formed, the adhesions of the cell to219

the ECM initially present a low stiffness, so that the cell displaces itself220

relative to its ECM. If the relative displacements between the cell and221

the ECM are large, the cell creates stiffer cell-ECM adhesions (phase 2222

in Figure 2). This results in a collective cell behaviour, which is based223

on previous works in which authors simulate monolayers migration in224

response to a gradient of ECM stiffness [35, 36]. If new cell-ECM225

adhesions are created the cell will contract again to sense the new226

mechanical environment (phase 1).227

3. If the cellular displacements relative to the ECM are small (with or228

without stiff cell-ECM adhesions), then the given cell might or might229

not experience a stress asymmetry depending on the mechanical state230

of its neighbouring cells (phase 3 in Figure 2).231

4. At this point, if the given cell experiences a stress asymmetry, it creates232

a protrusion towards the side of minimal stress and thereby polarizes233

in that given direction. In this work, we consider that the mechanical234

states of the cell are guiding cell polarization as shown in previous works235

[37, 38]. We hypothesize that the level of protrusion is proportional to236

the level of stress asymmetry inside the cell (phase 4 in Figure 2).237

In the in vitro experiment, there is probably a tightly regulated interplay238

between the polarization of a given cell and its contractile behaviour, but239

whether protrusion of the cell follows strong contraction, and such a cycle240

repeats quasi-periodically is not yet known. However, there is evidence in241

other cellular systems, for example, in single or streaming Dictyostelium dis-242

coideum cells and in immune cells, that protrusion of the leading edge is243

followed by contraction of the cell in a motility cycle that appears periodic244

[39, 40]. Therefore, our model, although not explicitly tested for MDCK cells245

in monolayer, is based on behaviours observed in other cellular systems.246

Apart from our proposed mechanotransduction mechanism, for both in-247

fected and uninfected cells, we model the mechanical cell behavior, distin-248

guishing between the passive and active behaviour. On the one hand, the249

passive part represents the capacity of the cell to be passively deformed and250

can be mainly attributed to the cell cytoskeleton. On the other hand, the251

active behaviour of the cell is defined by their capacity to generate forces252
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through the active action of the actomyosin contractile apparatus [41, 42].253

Within the mechanotransduction mechanism, the active response of the cell254

to sudden changes in stress is meant to generate a protrusion in the front255

part of the cell and an asymmetry in the cell configuration. In our previ-256

ous model, the protrusion [6] was implemented as on-off law. By using this257

model, if there is an asymmetry in stresses the cell always protrudes to the258

same degree, no matter how small or large the stress asymmetry is. Here259

we hypothesize that the cell protrudes proportionally to the stimulus that260

it is sensing. When the asymmetry of the cell is higher, the protrusion re-261

sponse of the cell is also higher as opposed to lower levels of stress asymmetry.262

Therefore, a linear protrusion law is proposed as a function of the difference263

in stresses (equation 1). We also assume that uninfected surrounding cells264

are polarized towards the infection domain, where the traction and mono-265

layer stresses are weakened. Through in vitro detailed analysis we previously266

showed that in L.m.-infected cell monolayers, neighbouring uninfected cells267

exhibit a strong radial alignment pointing towards the centre of the infection268

focus, where additionally the traction and monolayer stresses are weakened269

[6, 29]. Thus, in our model the protrusion occurs in the front part of the cell270

(the part of the cell in which maximal principal stresses are lower), and this271

protrusion is proportional to the stress asymmetry inside the cell:272

Force Generation

Contraction

Protrusion (𝑝)

Remodelling

Relative displacement 
cell‐ECM

New cell‐ECM 
adhesions

Cell polarization?
True

𝑝 ൌ 𝑘 ⋅ 𝜎௠௔௫
௥௘௔௥ െ 𝜎௠௔௫
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𝜎௠௔௫
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Figure 2: Cell mechanotransduction scheme. We propose two active phases (contraction
(1) and protrusion (4)) and one passive phase, where the cell behaves depending on the
mechanical stimulus that it is sensing. Cell protrudes (4) only under two conditions: when
cellular displacements relative to the ECM are small (3) and if there is stress asymmetry
in the cell.
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𝑝 = 𝑘 · (𝜎𝑟𝑒𝑎𝑟𝑚𝑎𝑥 − 𝜎 𝑓 𝑟𝑜𝑛𝑡
𝑚𝑎𝑥 ) (1)

where 𝑝 is the level of protrusion, 𝑘 is constant and 𝜎
𝑓 𝑟𝑜𝑛𝑡
𝑚𝑎𝑥 and 𝜎𝑟𝑒𝑎𝑟𝑚𝑎𝑥 are273

the averaged maximum principal stress of the front and rear part of the cell,274

respectively. The range of values of the parameter related to the level of275

protrusion (k) are chosen to obtain a sufficient level of cell protrusion so that276

squeezing of infected cells would emulate the corresponding experimental277

stage of infection just prior to infection mound formation.278

To simulate either the contraction or the protrusion of the cell, we assume279

both of them produce volumetric changes of the cell in the plane of the mono-280

layer. We consider three configurations, the undeformed (Ω0), the deformed281

(Ω𝑡) and one intermediate (Ω𝑖), and these configurations can result either282

due to contraction or to protrusion (which in general are non-compatible)283

[43, 44]. The total deformation gradient which maps the point of the unde-284

formed configuration (X) to the points in the deformed (x) is:285

F =
𝜕x

𝜕X
(2)

We make use of the multiplicative decomposition [45] of the total defor-286

mation gradient F:287

F = Fe · Fi (3)

where Fe represents the pure elastic deformation, whereas Fi is the growth288

deformation gradient produced by the volume change due to the contraction289

or protrusion of the cell:290

291

Fi =


©­­«
(1 + 𝑝

2 ) 0 0

0 (1 + 𝑝

2 ) 0

0 0 1

ª®®¬ , protrusion

(1 − 𝑐)1, contraction

(4)

292

where 𝑐 is a constant related to the volumetric contraction of the cell which293

is assumed equal in all cells, 1 is the second order unit tensor.294

The Cauchy-Green Tensor b [46] is related to the total deformation gra-295

dient by:296

b = F · FT (5)

297
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A decoupled representation of the strain energy function is adopted here298

since we consider both active and passive cell contributions, we assume the299

deformation of both are equal:300

𝑊 (b) = 𝑊𝑝𝑎𝑠𝑠𝑖𝑣𝑒 (b) +𝑊𝑎𝑐𝑡𝑖𝑣𝑒 (b) (6)

301

where 𝑊 (b) is the strain energy function, 𝑊𝑝𝑎𝑠𝑠𝑖𝑣𝑒 (b) and 𝑊𝑎𝑐𝑡𝑖𝑣𝑒 (b) are the302

corresponding passive and active strain energy functions, respectively. There-303

fore, the stress tensor associated to each passive and active part is defined304

as:305

𝜎passive = 2𝐽−1b
𝜕𝑊𝑝𝑎𝑠𝑠𝑖𝑣𝑒 (b)

𝜕b
(7)

306

307

𝜎active = 2𝐽−1b
𝜕𝑊𝑎𝑐𝑡𝑖𝑣𝑒 (b)

𝜕b
(8)

308

where 𝐽 is the Jacobian determinant.309

4. Mechanical model implementation310

We simulate a cell monolayer in which cells in the center are infected with311

L.m. to reproduce a particular stage of infection (Figure 3.a). For the sake312

of simplicity, we assume the deformations and strains in the cell monolayer313

and its substrate are small. In fact, we focus on the short-term reaction of314

uninfected cells to infection, rather than on the long-term reaction or the315

complete extrusion of infected cells out of the monolayer. Thus, the model316

is implemented under the infinitesimal strain theory.317

4.1. Cell model318

To simulate the cell domain, we assume both parts of the cell (the active319

and passive one) work in parallel, assuming a linear elastic material where320

the total stress Cauchy tensor of the cell, under the small strain assumption,321

is the sum of the passive and the active contributions:322

𝝈𝑐𝑒𝑙𝑙 = 𝝈𝑝𝑎𝑠𝑠𝑖𝑣𝑒 + 𝝈𝑎𝑐𝑡𝑖𝑣𝑒 (9)

we assume same deformations for both passive and active parts:323
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𝜺𝑐𝑒𝑙𝑙 = 𝜺𝑝𝑎𝑠𝑠𝑖𝑣𝑒 = 𝜺𝑎𝑐𝑡𝑖𝑣𝑒 (10)

where 𝝈𝑐𝑒𝑙𝑙 is the total Cauchy stress tensor of the cell, 𝝈𝑝𝑎𝑠𝑠𝑖𝑣𝑒 and 𝝈𝑎𝑐𝑡𝑖𝑣𝑒324

are the Cauchy stress tensors of the passive and active part of the cell re-325

spectively; 𝜺𝑐𝑒𝑙𝑙 , 𝜺𝑝𝑎𝑠𝑠𝑖𝑣𝑒 and 𝜺𝑎𝑐𝑡𝑖𝑣𝑒 are the Cauchy strain tensors of the cell,326

its passive and active part respectively.327

According to the experimental AFM measurements we previously con-328

ducted [6], we consider that infected cells get softer than surrounding unin-329

fected cells. We set the total elastic modulus (𝐸𝑐𝑒𝑙𝑙) to 1000𝑃𝑎 for uninfected330

cells and 250𝑃𝑎 for infected cells. As a first approach, we assume that both,331

passive (𝐸𝑝𝑎𝑠𝑠𝑖𝑣𝑒) and active (𝐸𝑎𝑐𝑡𝑖𝑣𝑒) elastic moduli, are 500𝑃𝑎 for uninfected332

cells and 125𝑃𝑎 for infected cells, values that are consistently close to experi-333

mental observations [6]. A sensitivity analysis of the effect of differential cell334

stiffness between infected versus surrounding uninfected cells on promoting335

infection mounding can be found elsewhere [29].336

The Poisson’s ratio for the passive part is set to 0.48, thus we assume it is337

nearly incompressible [42]. The active part mainly represents the actomyosin-338

generated cell contraction and actin polymerization; we consider that con-339

traction is not isotropic but it mainly occurs in the plane of the monolayer340

[47]. Thereby, the Poisson’s ratio is assumed 0 to uncouple the vertical di-341

rection of the active part of the cell and the monolayer plane effects. Hence,342

we assume the cytoskeleton is organized to induce the maximum contraction343

in the plane of the monolayer.344

To simulate contraction, protrusion and cell adhesion in a simple way, we345

divide the cell body in three differentiated zones: contractile, adhesive and346

protrusive zones respectively (Figure 3.b). The contraction of the cell is sim-347

ulated in the cell center, where we assume that the acto-myosin apparatus is348

located. At the side edges of the cell we assume F-actin polymerization takes349

place thus regulating cell protrusion. Between the contractile and protru-350

sive zones, we set the adhesive zone, where the cell can adhere to the ECM.351

Finally, we add cell-cell junctions assuming that all cellular side areas are352

connected to neighboring cells. This domain separation or the division of the353

cell body is assumed in order to consider in one geometrical continuum cell354

model the two main processes that generate forces: contraction and protru-355

sion. The simulations were run with a value of the parameter 𝑘 (equation 1,356

protrusion law) equal to 3.5·10−5 mPa−1. Higher values of the parameter 𝑘357

lead to larger protrusions 𝑝 and convergence issues in the cell-ECM contact358
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surfaces since some cells might penetrate the ECM. Additionally, to deter-359

mine cell polarization, each cell is divided into six triangular prisms in order360

to define the front and the rear part of a given cell. Afterwards, the average361

maximum principal stress is computed in each of these prisms. The prism362

subjected to the highest maximum averaged principal stress is defined as the363

rear part of the cell, whereas the prism opposite to this one is the front part364

of the cell.365

4.2. Cell-cell and cell-ECM adhesions366

Regarding the cell mechanical interactions, we consider both cell-cell and367

cell-ECM adhesions. On the one hand, cell-cell junctions are modelled by368

introducing in the geometry of the model a continuum element between both369

neighbouring cells (Figure 3.b). This element is a thin sheet modelled with370

a linear elastic constitutive behaviour. Following the experimental work of371

Bastounis et al.[6], we simulate the inhibition of cell-cell junctions by de-372

creasing the Young’s modulus of the cell-cell junctions to values close to zero373

(Table 1). By doing so, the force transmission between neighbouring cells is374

disrupted. Thus, when cell-cell junctions cannot get established because im-375

portant relevant proteins are knocked out, cells do not interact anymore. On376

the other hand, cell-ECM adhesions are simulated as cohesive contacts. The377

cohesive contact used in the model follows the uncoupled traction-separation378

law, where the contact exhibits a linear behavior that is defined by the stiff-379

ness in three directions: normal direction to the contact surface and the two380

in-plane shear directions. Therefore, the elastic behavior can be written as381

follows:382

t =


𝑡𝑛
𝑡𝑠
𝑡𝑡

 =


𝐾𝑛𝑛 0 0
0 𝐾𝑠𝑠 0
0 0 𝐾𝑡𝑡



𝛿𝑛
𝛿𝑠
𝛿𝑡

 = K𝜹 (11)

where t is the the stress vector, K is the stiffness matrix and 𝜹 the separation383

of the cohesive contact. Subscripts 𝑛, 𝑠 and 𝑡 denote the normal and shear384

directions to the surface. It should be noted that the cohesive behavior is385

not introduced as elements, but as a cohesive contact. Therefore, the units386

of stiffness are [𝐹𝑜𝑟𝑐𝑒/𝑣𝑜𝑙𝑢𝑚𝑒].387

This type of contact allows the bonding of two different meshes and the388

control of stiffness in the normal and shear direction of this cell-ECM ad-389

hesion. In this case, we also consider two possible behaviors depending on390

whether cell-cell junctions are properly formed or not. If cell-cell junctions391
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are formed in our simulation (and thus cells behave as a collective), the392

cell-ECM adhesion forces are weaker compared to the case where cell-cell393

junctions cannot form. In this latter case, cells behave more as individual394

entities. When we assume weaker cell-ECM adhesion, the stiffness in the395

normal direction is 10𝑛𝑁/𝜇𝑚3 and negligible in the shear direction. On the396

contrary, when we consider more rigid cell-ECM traction forces, the stiffness397

in the normal and shear direction is 1000𝑛𝑁/𝜇𝑚3. Each cell has a total con-398

tact area of 31.61𝜇𝑚2 (six zones of 5.268𝜇𝑚2). Therefore, the total active399

adhesion forces (traction forces) of each cell to the ECM are 31.61𝑛𝑁/𝜇𝑚400

and 31608𝑛𝑁/𝜇𝑚 for the lower and higher rigid adhesion, respectively. This401

behavior has been observed experimentally in previous works measuring the402

traction forces of cells exerted on their ECM when migrating on an ECM403

that exhibits a gradient of stiffness [36]. In this study, cells are thought to404

work collectively which allows them to detect different ECM stiffness and405

move towards the stiffer ECM side (durotaxis). This assumption has been406

successfully implemented in a previous computational work [35]. Finally, all407

the adhesion properties are summarized in Table 1. The cell-ECM adhesion408

parameter is estimated through a sensitivity analysis and is calibrated to409

obtain the sufficient level of adhesion between the ECM and the cell, but we410

find that up to a certain value, the alterations in cell displacements in the411

model are minimal.412

Cell-cell New
Base case contact cell-ECM
scenario inhibition adhesion

Cell-cell Elastic Modulus (Pa) 1000 0 1000
Junction Shear Modulus (Pa) 500 0 500

Cell-ECM Normal direction (𝑛𝑁/𝜇𝑚3) 10 1000 1000
Adhesion Shear direction (𝑛𝑁/𝜇𝑚3) 0 1000 1000

Table 1: Summary of cell-cell junction and cell-ECM adhesion properties. We consider
the cell-cell contact inhibition when cells are not able to form cell-cell junctions and cells
exhibit an increase in their cell-ECM adhesion strength. Additionally, we also consider
the creation of new cell-ECM adhesions near the infection focus following the mechan-
otransduction mechanism. The new cell-ECM adhesion only increases the stiffness of the
adhesion in neighbouring uninfected cells.
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4.3. Finite element model413

We simulate a cell monolayer formed by 1 600 cells on a flat planar ECM414

(Figure 3.a). We assume that cells are arranged in the monolayer as regular415

hexagons with side length and thickness of 7𝜇𝑚 [48]. To simulate the in-416

fection, we initially consider an infection focus comprised by seven infected417

cells in the center of the monolayer. Thus, the boundary effects in the region418

of interest are neglected, since the domain is large enough to assume Saint-419

Venant’s principle in the region of interest (infected cells and uninfected cells420

close to the site of infection). In addition, we apply a non-displacement421

boundary condition on the exterior side of the cells that are at the border of422

the monolayer, thus we assume that the displacements far from the infection423

are negligible. The ECM is also large enough to avoid border effects, we424

assume it as a linear elastic material (elastic modulus 3kPa and Poisson’s425

ratio 0.3). In terms of time scale, we only analyze a short period of time426

in which only one mechanotransduction cycle is simulated. This cycle could427

be repeated several times and the displacements would be more prominent.428

Nevertheless, from the mechanical point of view, one cycle is sufficient to429

analyze the behavior of cells at this particular stage of infection when com-430

petition occurs.431

The model is implemented in the commercial finite element software (FE-432

based) ABAQUS [49] (Figure 3.a). To simulate the passive and active be-433

havior of the cell, we create two overlapping meshes sharing the nodes of434

the cells. This mesh is discretized with linear wedge elements of average435

size 2𝜇𝑚 and 270 elements for each part of the cell, active and passive (540436

total elements for each cell). The cell-cell junctions are modeled with nine437

linear hexahedral elements per contact face and the ECM is modeled with438

117 600 linear hexahedral elements. The total number of elements in the439

model is 1 024 800 and 606 232 nodes. We performed a refinement analysis of440

the mesh size, and we conclude that the current mesh is suitable due to the441

computational cost and the results we retrieve, since the stress distribution442

and magnitude are closely similar to other finer meshes. We should keep in443

mind that our aim is to analyse the qualitative differences during infection444

in the various mechanical scenarios in order to find the causal relationships445

that modulate the outcome of the competition between bacterially-infected446

or uninfected cells.447

Overall, we initialize our computational model taking into account the448

previous considerations to simulate the behavior of a cell monolayer com-449

prised of an infection focus of seven infected cells and adhering on an ECM.450
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(a)

(b)

Figure 3: (a) Computational model of the cell monolayer composed by 1 600 cells and
their ECM. Cells are in red oxide and gray (gray color for the protrusion zone of each
cell to make easier cells’ visualization) and the ECM in light blue. The zoomed region
corresponds to infected cells (marked with an asterisk). (b) Scheme of the cell parts
considered: contractile (yellow), protrusive (red oxide), adhesive (light blue) and cell-cell
junction (green).

The computational domain is defined by the geometry of the model (the cell451

and ECM), whose mechanical properties are considered based on our experi-452

mental observations [6], assuming a linear elastic material behavior. The dif-453

ferent domains are connected through specific mechanical interactions (cell-454

cell and cell-ECM adhesions) and implemented in two differentiated meshes455

for the cell domain (active or passive behaviors). Altogether, this approach456

allows us to run a FEM analysis and examine the displacements and princi-457

pal stresses in both the ECM and the cell domain during a particular stage458

of infection. The computational scheme is summarized in Figure 4.459
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Figure 4: Computational scheme of the mechanical model

4.4. In silico simulations460

Given the complexity and dynamics of bacterial infection, we aim to test461

quantitatively and independently at this stage: (1) whether the existence of462

strong cell-ECM adhesions at the border of the infection domain influences463

the squeezing of infected cells, since cell monolayer stresses are concentrated464

at the interface between infected and surrounding uninfected cells [29], (2)465

whether inhibition of cell-cell junctions that are distant from or near to the466

site of infection disrupts the intercellular force transmission, therefore at-467

tenuating the collective squeezing and subsequent extrusion of infected cells,468

(3) the influence of our proposed stress asymmetry-dependent protrusion law469

in the squeezing of infected cells and subsequent formation of the infection470

mound and how the in silico model compares to our previous model that was471

based on an on-off protrusion law.472

We analyse four scenarios with the new proposed protrusion law. Addi-473

tionally, we compare these scenarios with our previous results [6] where the474

new protrusion law was not considered, since protrusion was determined by475

an on-off law. In the first two scenarios our attention is focused on whether476
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cell-ECM adhesions are relevant to cell remodelling during bacterial infec-477

tion, whereas in the third and fourth scenarios we analyse the role of cell-cell478

junctions in the collective cell behavior during infection. The size of the in-479

fection is fixed to seven cells in the center of the monolayer in all the cases,480

and those are the cells that present different mechanical properties (less stiff481

than uninfected cells). The different scenarios are enumerated as follows:482

• Case 1 : no new cell-ECM adhesions are produced around the site of483

the infection. Thereby, the cellular remodelling due to creation of new484

cell-ECM adhesions is not activated in the model when uninfected cells485

sense relative large cell-ECM displacements (Figure 2). The adhesion486

properties correspond to the base case scenario in Table 1.487

• Case 2 : the general cell-ECM adhesion properties correspond to the488

base case scenario (Table 1). However, when uninfected cells close to489

the infection site detect large displacements relative to their ECM, they490

create new strong cell-ECM adhesions. The new cell-ECM adhesion491

properties of neighbouring uninfected cells close to infection are shown492

in Table 1.493

• Case 3 : cell-ECM adhesions and consequently, the cell remodelling494

close to the infection site are considered to be the same as case 2.495

However, cell-cell junctions formed by cells far from the infection site496

are inhibited (i.e., distal cell 𝛼 in Figure 5.a). The new cell-cell contact497

inhibition properties are illustrated in Table 1.498

• Case 4 : cell-ECM adhesion properties are selected based on case 2.499

However, cell-cell junctions close to the infection site (i.e., proximal500

cell 𝛽 in Figure 5.a) are inhibited as opposed to the situation in case 3.501

5. Results502

5.1. Epithelial cells exhibit different mechanical states when infected which503

depend on their location504

First, we address the question of whether all the cells of the monolayer505

that reside on a planar elastic ECM are able to sense the mechanical differ-506

ences produced by the infection with L.m. To do so, we analyze the scenarios507

introduced before.508
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The mechanotransduction cycle we present consists of different phases.509

During the contraction phase, we observe stress asymmetry in all four scenar-510

ios (Figure 5.b, left). By stress asymmetry, we imply that cells are sensing a511

gradient of stresses. However, the degree of asymmetry is different depending512

on the specific scenario. We can distinguish two types of stress asymmetry:513

(1) a local cell stress asymmetry, considering the cell itself as an entity, or514

(2) a global monolayer stress asymmetry, where cluster of cells exhibit differ-515

ent levels of stress. The global asymmetry in stresses is more pronounced in516

the scenarios where new strong cell-ECM adhesions are formed around the517

infection focus, in response to large cell-ECM displacements (cases 2, 3 and518

4 in Figure 5.b, left). For example, in those cases, the stress distribution of519

distal cells (𝛼 cells) contrasts significantly with respect to proximal cells (𝛽520

cells).521

Given the fact that new cell-ECM adhesions are formed, cases 2, 3 and522

4 also exhibit different global stress distributions. In case 2, all the cell-523

cell junctions are simulated whereas in case 3 and 4 we inhibit the cell-cell524

junctions distal and proximal to the infection focus, respectively. The result525

is that in case 2 the stress distribution between distal (𝛼) and proximal (𝛽)526

cells is more similar than in cases 3 and 4. The inhibition of cell-cell junctions527

leads to a low level of stresses, meaning that cells are not able to transmit528

forces between each other. The cell that senses low level of stresses is the529

distal (𝛼) cell in case 3 and the proximal (𝛽) cell in case 4, corresponding to530

the cells that present inhibited junctions.531

Altogether these findings suggest that the cell-ECM and cell-cell adhe-532

sions close to the infection focus crosstalk and guide the response of cells533

in the monolayer in response to infection, experiencing a major gradient of534

stresses.535

5.2. The level of cell stress asymmetry depends on cell adhesions536

We have shown that cells close to the infection focus play a critical role537

in guiding the infection process and ultimate outcome [6]. Therefore, we538

wondered how can uninfected cells surrounding the infection site sense their539

mechanical microenvironment and how does this mechanical input affect the540

stress asymmetry of the cell?541

Given the protrusion law we propose, here we examine the role of the542

level of cell protrusion (𝑝) in modulating the behavior of the infected cell543

monolayer. Particularly, we are interested in the local cell stress asymme-544

try that proximal (𝛽) cells present, since those are the cells that surround545
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the infection focus. Once a cell contracts, following our proposed mechan-546

otransduction cycle, the protrusion only occurs when the maximum principal547

stresses between the front and rear part are distinct. In this context, we ob-548

serve that the modulation of the adhesions influences the level of protrusion.549

The local stress asymmetry in proximal (𝛽) cells is low for cases 1 and550

4, where new cell-ECM adhesions or cell-cell junctions at the site of the in-551

fection are inhibited, respectively. For that reason, the displacements during552

the protrusion phase are low (Figure 5.b, right), as well as their stress asym-553

metry or protrusion level (Figure 6.a). For example, in case 1 the degree554

of asymmetry is low (lower than 0.01%) and so is the protrusion. However,555

when new cell-ECM adhesions are formed at the border of the infection and556

cell-cell junctions are not inhibited in that region (case 2 and 3), proximal557

𝛽 cells exhibit larger local cell stress asymmetry leading to larger displace-558

ments towards the infection, producing a longer protrusion (Figure 5.b). In559

case 2 all the cell-cell junctions are bearing loads whereas in case 3 only the560

ones close to the infection site. This fact results in a different local stress561

asymmetry between both cases, being 2 the case that produces a higher level562

of protrusion (Figure 6.a).563

Additionally, in order to compare the behaviour of the computational564

model between the new condition (protrusion law, equation 1) and the pre-565

vious work (on-off constant protrusion [6]), we compare the displacements566

of infected cells during the protrusion phase. The evaluated variable is the567

mean vertical displacement of infected cells. As explained before, the level568

of protrusion is proportional to the level of asymmetry. We set that the569

larger protrusion that cells can experience is the protrusion that case 2 ex-570

hibits. This case shows larger stress asymmetry and larger displacements in571

the original model, so we normalize the level of protrusion with respect to572

this case. Thus, the mean vertical displacements in case 2 are the same with573

constant protrusion or the linear protrusion law (Figure 6.b), whereas in the574

other three cases the result might differ. For example, in case 1 infected cells575

move due to a slight protrusion with the on-off model, whereas through the576

new protrusion law, the displacements are negligible. In the same way, the577

protrusion obtained in case 3 (55 % level of protrusion) is less pronounced as578

compared to the original model. Finally, the level of protrusion in case 4 (18579

%) is not enough to present differences between both models (Figure 6.b).580

When simulating case 2 and 3 with the on-off protrusion law, the model581

is able to yield infected cell squeezing in both cases. The model predicts the582

same amount of squeezing (0.8 µm, Figure 6.b) when there is no inhibition583
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of cell-cell junctions (case 2) or when cell-cell junctions of distal uninfected584

cells are inhibited (case 3). In previous experimental work [6], we observed585

that when two populations of cells are mixed (wild-type cells and 𝛼E-catenin586

knockout cells which cannot form proper cell-cell junctions), the cells that are587

able to form cell-cell junctions move towards the infection focus contributing588

to infected cell squeezing. However, the volume of the resulting infection589

mound is lower than that of a mound of wild-type cells. The previous on-off590

model predicts the same amount of infected cell squeezing in both cases (2591

and 3), whereas the new linear protrusion law is able to predict less infected592

cell squeezing in case 3, improving the performance of the model and being593

more consistent with our experimental observations [6]. This difference is594

due to the different degree of asymmetry in mechanical stress inside the595

cell, being 20% and 10% in case 2 and 3, respectively. This result suggests596

that when all neighbouring cells are able to transduce intercellular forces597

and act collectively, infected cell squeezing is enhanced, whereas when some598

neighbouring cells cannot transduce intercellular forces, the collective cellular599

response that leads to infected cell squeezing is attenuated.600

The findings shown here make more remarkable some of the results ob-601

served in previous works [6]. First, the relevance of the formation of new602

adhesions to the ECM in the cells close to the infection (case 1 vs case 2) in603

order to create a gradient of stresses. Second, the monolayer exhibits a lower604

gradient of stresses when only few uninfected cells are able to create cell-cell605

adhesions (case 2 vs case 3). Third, the lower ability of uninfected cells to606

protrude against infected cells when cell-cell junctions close to the infection607

are inhibited (case 3 vs case 4).608

5.3. The collective cell response reproduces mound formation in a particular609

stage of infection610

All the previous results point to the importance of cell-cell and cell-ECM611

adhesions in guiding (or not) the protrusive behavior of uninfected cells to-612

wards infected ones in monolayers. To test how these protrusions affect the613

behavior and kinematics of the cell monolayer, we examined the displace-614

ments after one cycle of contraction-protrusion.615

We found that the larger displacements are exhibited in cases 2 and 3,616

where the level of protrusion is high enough to produce the squeezing of617

infected cells. The degree of asymmetry, and consequently, the degree of618

protrusion in cases 1 and 4, is remarkably low, thereby no large displace-619

ments are shown by infected cells (Figure 7). On the contrary, case 2 and620
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case 3 exhibit large displacements due to the efficient force generation from621

uninfected surrounding cells. As we mentioned before, case 2 exhibits even622

larger displacements than case 3 due to the fact that all cell-cell junctions623

are active in the whole cell monolayer.624

We can conclude that when the force generation machinery works cor-625

rectly, the cell monolayer presents a collective behavior whereby uninfected626

cells surrounding the infection are polarized towards the center of the infec-627

tion, squeezing infected cells and allowing the formation of the mound.628

6. Discussion and conclusions629

In this work, we have expanded and mathematically formulated our pre-630

vious computational model that simulates the mechanical interactions of631

bacterially-infected and surrounding uninfected cells in a monolayer [6]. The632

model reproduces the mechanical gradient in the cell monolayer at a partic-633

ular stage of infection when some cells are infected, but collective extrusion634

of infected cells is not yet observed (8-16 h. post-infection). Additionally,635

we have also inferred how cellular mechanical variables such as cell-cell junc-636

tional forces, cell-ECM adhesion forces or the cell protrusion law regulate637

the outcome of infected cell squeezing and cell protrusion. According to our638

initial objectives, we have delineated: (1) the importance of cell-ECM ad-639

hesions in ruling the mechanical competition of cells in infected monolayers;640

(2) the relevance of cell-cell junctions in force transduction between cells and641

its influence on the formation of infection mounds; (3) the new quantitative642

protrusion law, which improves the performance of the model since the level643

of protrusion is proportional to the stress gradient that the given cell senses644

and not to on-off values fixed by the user.645

Despite the new findings, our model still presents some limitations that646

are discussed below and can be the focus of future work. First, we are only647

simulating one single mechanotransduction cycle of contraction and protru-648

sion in the cell, whereas in in vitro experiments, cells are constantly mov-649

ing and deforming. In spite of this limitation, the protrusion of uninfected650

surrounding cells is sufficient in enabling us to observe in silico the initial651

squeezing of infected cells that drives the formation of the infection mound.652

In addition, the linear protrusion law (which is a simplification of the complex653

mechanical interactions of cells in the monolayer) improves the performance654

of the model as compared to the previous on-off law. The degree of infected655

cell squeezing in the new proposed model is more consistent with our previous656
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experimental observations in terms of cell-ECM adhesions, cellular traction657

stresses and presence or absence of cell-cell junctions [6]. With the implemen-658

tation of the new model, the level of protrusion, and consequently, the degree659

of infected cell squeezing depends on the cell’s mechanical stress asymmetry,660

and not on the biased user-dependent choice of the level of protrusion. Sec-661

ond, we consider a fixed number of infected cells for each simulation. This is662

a simplification since the number of infected cells changes over time due to663

L.m. replicating and disseminating intercellularly over the course of the in-664

fection. Thus in our current model we do not consider bacterial intercellular665

dissemination or replication. Future directions should be focused on incor-666

porating into the model the ability of the bacteria to spread and replicate667

within the host cells and on understanding the mechanical alterations this668

produces. Third, new cell-cell junctions cannot be formed since the geometry669

of the junction is fixed, i.e., since we do not model dynamic cell-cell interac-670

tions. This is a current limitation of our model, since we can only interfere671

directly in the mechanical parameters (material properties) assigned to the672

cell-cell junction. Future works could implement the formation of new cell-673

cell junctions by modelling cell-cell forces as external cues or by combining674

continuum models with agent-based models [50].675

Various studies on cancer cells [51] as well as bacterially-exposed host cells676

[52, 53], have shown that alterations in human cell gene transcription can lead677

to production of matrix degrading enzymes, which can alter the composition678

and mechanical properties of the underlying ECM. That can lead to changes679

in the organization of the cytoskeleton and in the mechanical properties of680

the cells [51]. The polyacrylamide hydrogels that we manufacture are inert681

materials and thus cannot be degraded, therefore their stiffness cannot be682

altered. However, to enable cell attachment, polyacrylamide hydrogels are683

coated at their surface with collagen I. Therefore, host cells in principle could684

either degrade or deposit proteins onto it. This in turn could modulate ad-685

hesion of cells onto their matrix and in turn lead to alterations in the host686

cell cytoskeleton. However, at present we do not have data supporting this687

and RNA sequencing analysis of infected cells did not reveal upregulation688

of matrix metalloproteinases (typical matrix degrading enzymes) [6]. Future689

studies could determine whether infected cells have the ability to alter the690

composition of their ECM which in turn could modulate the organization of691

the cell cytoskeleton and biomechanics. If that turns out to be true, in the692

future we could account for changes in ECM mechanical properties in our693

model. Irrespective of the above, alterations in the cytoskeletal organization694
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of infected and surrounding uninfected cells as compared to cells never ex-695

posed to infection have been previously characterized and quantified in in696

vitro experiments [6]. The same applies to changes in the traction forces697

and monolayer stresses of both cell populations as compared to cells never698

exposed to infection [29].699

As a future step, it is essential to incorporate the dynamic response of700

the cells into the model, as there are important changes in the configuration701

and the mechanical properties of the cell monolayer that are not accounted702

for in the current model. For example, in vitro experiments clearly demon-703

strate that the collective movement of infected cells is very different from704

that of cells never exposed to bacteria [29]. The monolayer of cells not ex-705

posed to infection is solid-like, since cells move very slowly, randomly and706

subdiffusively under confluence when they are caged by their neighbours.707

However upon infection, a transition takes place and cells start moving much708

faster and with a certain directionality (towards the center of the infection709

focus). The cells are in a superdiffusive state during infection and the whole710

monolayer behaves more like a fluid. This phase transition is a result of al-711

terations in the interaction forces between cells [6]. This solid-to-fluid phase712

transition has also been observed in bronchial epithelial cell monolayers when713

exposed to compressive forces such as those that occur during bronchospasm714

in asthmatic patients [54]. Such phase transitions are thought to be related715

to changes in cell-cell and cell-ECM adhesions which can result in response716

to extracelullar physical cues but also in response to infection [6]. A previ-717

ous study simulated this phase transition [55] in endothelial monolayers that718

migrate during wound closure, by a combination of continuous and discrete719

models (agent-based models and finite element methods). However, phase720

transitions that can occur in the context of infection have not yet been stud-721

ied through numerical modelling. This can be the focus of future in silico722

studies.723

Understanding also how bacterial infections modify the mechanical prop-724

erties of cells is important to unravel how bacteria manage to disseminate,725

and how physical cues crosstalk with biochemical signals. The alteration726

of host cell mechanics by intracellular bacteria has recently been the focus727

of investigations thanks to new technological developments (e.g. traction728

force microscopy, atomic force microscopy, FRET sensors) [8]. Yet how the729

cellular monolayers as a whole, that is, the reaction of both infected and730

surrounding uninfected cells, change is still not fully uncovered. New tools731

and approaches to address the problem at the multicellular scale will help732
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answer these questions.733

Different types of bacteria can alter in different ways the physical forces734

produced by their host cells to promote their own dissemination through tis-735

sues. In turn, the biochemical and physical environment surrounding host736

cells and bacteria can also distinctly impact those interactions [8]. In this737

work, we have developed our computational model to simulate intracellular738

infection with L.m. as a common intracellular bacterial pathogen model.739

Most of the input parameters of our model are based on measurements con-740

ducted during in vitro infection of host cells with L.m. However, our in silico741

model could be modified to study infection processes triggered by other in-742

tracellular bacterial pathogens. Based on previous experimental observations743

of L.m.-infected monolayers [6], in our simulations neighbouring uninfected744

cells protrude towards the infection focus centre. However, in different types745

of cellular competition there might be different types of cell motion observed.746

For example, in the context of cell overpopulation or during oncogenic trans-747

formation of cells, it is possible that the two competing cell groups might748

move in different ways compared to the ones considered herein [56]. In that749

case our model could be modified following a different protrusion law.750

In the context of bacterial infection, mound formation has been observed751

in vitro in cell monolayers that were infected with L.m. and a mutant of752

Rickettsia parkeri (R.p.) [6]. The pathogenicity mechanisms of intracellular753

bacteria are sophisticated and diverse, and even bacteria that employ actin-754

based motility to spread from one host cell to another (like Rickettsia parkeri,755

or Shigella flexneri) do so employing distinct strategies some of which are still756

to be discovered [8]. We recently showed that the changes in host cell force757

transduction that L.m.-infected host cells undergo are modulated by innate758

immune signaling, and particularly NF-𝜅𝐵 activation, and thus intracellu-759

lar bacteria that suppress host cell NF-𝜅𝐵 activation like Rickettsia parkeri760

do not elicit formation of infection mounds at late times post-infection [6].761

However, following infection with a mutant of R. parkeri that lacks the outer762

surface protein B (OspB) and therefore cannot suppress NF-𝜅𝐵 activation,763

we did observe mounds. Whether additional intracellular pathogens that764

also activate NF-𝜅𝐵, including viruses, would induce infected cell extrusion765

using mechanisms similar to those observed during infection with L.m., has766

not yet been explored but it is highly possible and remains to be uncovered767

[57, 58]. To that end, one would have to perform infection assays with dif-768

ferent intracellular bacterial pathogens and characterize the changes in the769

biomechanics that emerge during the course of infection (e.g., cell stiffness,770
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cell shape, cell motility traction forces, monolayer stresses) and accordingly771

modify the parameter inputs of the computational model.772

By introducing other new modifications, the model could reproduce new773

scenarios such as more complex geometries by considering substrate curva-774

ture [59] or a geometry that is more similar to the in vivo condition (forma-775

tion of crypts and villi structures). In vivo, not only the 3D topology of the776

intestinal epithelium is different but also the many other extracellular phys-777

ical forces which cells are exposed to, and which are crucial in modulating778

cellular functions and intestinal barrier integrity [8]. In recently published779

work, using the on-off model we examined how the stiffness of the extracel-780

lular matrix where cells reside impacts the competition that arises between781

infected and uninfected cells [29]. The model predicted more infected cell782

extrusion on stiffer as opposed to softer substrates which we then confirmed783

experimentally. The model was also able to predict that increased traction784

stresses of surrounding uninfected cells on stiffer as opposed to softer ma-785

trices drive the enhanced collective extrusion of infected cells. Integrating786

into our model additional forces acting in vivo in the intestinal epithelium787

(e.g., shear fluid flows, peristaltic strains) and examining in silico and in788

vitro how those impact infection processes is along our future goals. We be-789

lieve that computational models will play a key role in linking in vivo and790

in vitro experiments, since one can get new insight from the results of the791

simulations and reach casual conclusions that can be then tested experimen-792

tally. Nevertheless, the 3D in vivo conditions in the intestinal monolayer are793

more complex than the conditions in 2D in vitro monolayers [60], but the794

application of 3D intestinal organoids in vitro can serve as a more tractable795

intermediate step [61]. Unlike in vivo bacterial infections, where so many796

variables change concurrently, using organoids or organ-on-chip devices one797

can emulate infection in a much more controllable system. Such systems can798

also more easily allow us to measure different biomechanical properties and799

are thus preferred for feeding in the future our computational model.800

From the results of this computational work, we have learned:801

1. When placed in close proximity to an infection domain, neighbouring802

uninfected cells need to exert higher traction stresses on their ECM to803

migrate towards and to squeeze infected cells. This process is essential804

for the collective extrusion of infected cells that follows. The lack of805

those strong cell-ECM adhesions makes cells unable to generate the806

displacements of infected cells and consequently the formation of the807
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mound.808

2. Cell-cell junctions are required for the communication and force trans-809

duction between cells. To act collectively and force the squeezing of810

infected cells, neighbouring uninfected cells close to the infection focus811

require cell-cell contacts and the ability to transduce forces through812

them. In the absence of these cell-cell junctions, cells are not able to813

sense their mechanical environment and to elicit the collective extrusion814

of infected cells out of the monolayer.815

3. The new protrusion law that we propose takes into account the stress816

gradient that neighbouring cells sense, being more unbiased (user -817

dependent) and consistent with previous cell mechanosensing mecha-818

nisms [37] than the simple on-off law we used previously.819

Overall, our in silico model elucidates how changes in mechanical param-820

eters of cells or their environment impact infected cell squeezing which is821

necessary for the collective infected cell extrusion we observe in vitro. We822

find that the protrusion and the behavior of surrounding uninfected cells as823

well as the modulation of cell-cell and cell-ECM adhesions crucially modu-824

late this competition that arises during infection. However, there are still825

open questions related to how cell mechanics and signaling in concert impact826

such cell competitions and how the physical microenvironment can further827

modulate those. A better understanding of these processes will help future828

studies to discover new therapeutic strategies to fight infection.829
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A. Reuss, G. Blacker, M. Caspi Tal, P. Kraiczy, E. E. Bastounis, Borre-870

lia burgdorferi modulates the physical forces and immunity signaling in871

endothelial cells, iScience (2022) 104793. doi:10.1016/j.isci.2022.104793.872

29



[8] E. E. Bastounis, P. Radhakrishnan, C. K. Prinz, J. A. Theriot, Me-873

chanical forces govern interactions of host cells with intracellular bac-874

terial pathogens, Microbiology and Molecular Biology Reviews (2022)875

e0009420. doi:10.1128/mmbr.00094-20.876

[9] R. L. Lamason, E. Bastounis, N. M. Kafai, R. Serrano, J. C. del Álamo,877

J. A. Theriot, M. D. Welch, Rickettsia sca4 reduces vinculin-mediated878

intercellular tension to promote spread, Cell 167 (2016) 670–683.e10.879

doi:10.1016/j.cell.2016.09.023.880

[10] D. E. Ingber, Cellular mechanotransduction: putting all the pieces to-881

gether again, The FASEB Journal 20 (2006) 811–827. doi:10.1096/fj.05-882

5424rev.883

[11] T. Rajabian, B. Gavicherla, M. Heisig, S. Müller-Altrock, W. Goebel,884

S. D. Gray-Owen, K. Ireton, The bacterial virulence factor885

InlC perturbs apical cell junctions and promotes cell-to-cell spread886

of listeria, Nature Cell Biology 11 (2009) 1212–1218. URL:887

https://doi.org/10.1038/ncb1964. doi:10.1038/ncb1964.888

[12] C. Faralla, E. E. Bastounis, F. E. Ortega, S. H. Light, G. Rizzuto,889

L. Gao, D. K. Marciano, S. Nocadello, W. F. Anderson, J. R. Rob-890

bins, J. A. Theriot, A. I. Bakardjiev, Listeria monocytogenes inlp in-891

teracts with afadin and facilitates basement membrane crossing, PLOS892

Pathogens 14 (2018) e1007094. doi:10.1371/journal.ppat.1007094.893

[13] E. E. Bastounis, P. Radhakrishnan, C. K. Prinz, J. A. Theriot, Volume894

measurement and biophysical characterization of mounds in epithelial895

monolayers after intracellular bacterial infection, STAR Protocols 2896

(2021) 100551. doi:10.1016/j.xpro.2021.100551.897
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Müller, H. D. Hickman, J. Mercer, Vaccinia virus hijacks egfr signalling1062

to enhance virus spread through rapid and directed infected cell motility,1063

Nature Microbiology 4 (2019) 216–225. doi:10.1038/s41564-018-0288-2.1064

35



[59] M. Luciano, S.-L. Xue, W. De Vos, L. Redondo-Morata, M. Surin,1065

F. Lafont, E. Hannezo, S. Gabriele, Cell monolayers sense curvature1066

by exploiting active mechanics and nuclear mechanoadaptation, Nature1067

Physics 17 (2021). doi:10.1038/s41567-021-01374-1.1068
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Figure 5: Maximum cellular principal stresses (𝑃𝑎) and displacements (𝜇𝑚) in the cells
when including the quantitative protrusion law proposed in equation 1. (a) Whole model
in which the position of the two uninfected surrounding cells analysed is indicated (distal 𝛼
and proximal 𝛽), red asterisks denote the infected cells. (b) Maximum principal stress (𝑃𝑎)
distribution in the passive part of cells 𝛼 (distal) and 𝛽 (proximal) during the contraction
phase. (c) Displacements of 𝛼 (distal) and 𝛽 (proximal) cells during the protrusion phase.
Different cases analysed: (1) uninfected cells cannot form new cell-ECM adhesions, (2)
uninfected surrounding cells or 𝛽 (proximal) cells can form new cell-ECM adhesions, (3)
only uninfected cells close to the infection are able to create cell-cell junctions, (4) only
uninfected cells far from the infection are able to create cell-cell junctions.
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Figure 6: Protrusion degree and infected cell squeezing: (a) Plot showing the level of
cellular protrusion (𝑦-axis) versus degree of maximum stress asymmetry in the cell (𝑥-
axis) for the four cases considered; (b) Plot of the mean infected cell height (𝜇𝑚, 𝑦-axis)
versus percentage of stress asymmetry (𝑥-axis) considering the on-off protrusion law (blue
points) and the asymmetry dependent protrusion-law (orange crosses) for the four cases
analyzed. Different cases analysed: (1) none of the uninfected cells can form new cell-
ECM adhesions; (2) only proximal uninfected surrounding cells can form new cell-ECM
adhesions and all cells form cell-cell junctions; (3) only proximal uninfected surrounding
cells are able to form cell-cell junctions but not distal ones; (4) only distal uninfected
surrounding cells are able to create cell-cell junctions, but not proximal ones.
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Figure 7: Simulation of cell competition results in infected cell squeezing. (a) Cross-
sectional view of the cell monolayer and of the ECM on which cells reside. Blue arrows
indicate cellular displacements during the protrusion phase which lead to infected cell
squeezing. Infected cells are in red and uninfected cells in gray. Different cases analysed
(1) uninfected cells cannot create new cell-ECM adhesions, (2) uninfected surrounding
cells can create new cell-ECM adhesions, (3) only uninfected cells close to the infection
focus are able to create cell-cell junctions, (4) only uninfected cells far from the infection
focus are able to produce cell-cell junctions. (b) Cell monolayer displacements after one
cycle of contraction and protrusion. Orthogonal view maps of the magnitude of cellular
displacements. Top (x-y) and side (x-z) maps are shown in all the cases.
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