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ERK activation waves coordinate mechanical cell
competition leading to collective elimination via
extrusion of bacterially infected cells
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In brief

Collective infected cell extrusion (CICE)
enables uninfected epithelial cells to
eliminate adjacent infected cells and limit
infection spread. Hundsdorfer et al. show
that during infection with the intracellular
bacterium Listeria monocytogenes, CICE
depends on the propagation of ERK
waves across the epithelium monolayer,
triggering key changes in host cell
biomechanics.
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SUMMARY

Epithelial cells respond to infection with the intracellular bacterial pathogen Listeria monocytogenes by
altering their mechanics to promote collective infected cell extrusion (CICE) and limit infection spread across
cell monolayers. However, the underlying biochemical pathways remain elusive. Here, using in vitro (epithe-
lial monolayers) and in vivo (zebrafish larvae) models of infection with L. monocytogenes or Shigella flexneri,
we explored the role of extracellular-signal-regulated kinase (ERK) activity waves in coordinating the me-
chanical battle between infected and surrounder uninfected cells that leads to CICE. We discovered that
when ERK waves are suppressed, cells fail to exhibit alterations in cell shape and kinematics associated
with CICE and behave more like quiescent uninfected monolayers. In particular, uninfected cells surrounding
infection foci are unable to polarize, reinforce their monolayer stresses, and promote CICE. Our findings
reveal that crosstalk between ERK waves and cell mechanics is key to collective elimination of large domains

of infected cells.

INTRODUCTION

The food-borne facultative intracellular bacterial pathogen Listeria
monocytogenes (L.m.), like other bacterial and viral pathogens,
can non-lytically spread from cell to cell by triggering rapid assem-
bly of host cell actin filaments at one bacterial pole, forming “actin
comet tails.”"® Similar but distinct strategies are employed by
other bacterial pathogens like tick-borne Rickettsia parkeri (R.p.)
and enteropathogenic Shigella flexneri (S.f.).> After initial invasion
of a single epithelial cell, pathogens employing actin-based
motility replicate and spread to neighboring cells, leading to for-
mation of large domains of infected cells (infection foci)
comprising hundreds of cells.® In response, host cells alter their
biomechanics to counteract bacterial spread.*®” For example,
when epithelial cells in monolayer are infected with low doses of
L.m., a mechanical battle takes place, whereby stiffer and more

contractile uninfected surrounder cells (surrounders) collectively
move toward domains of infected cells, squeezing them and pro-
moting collective infected cell extrusion (CICE), ultimately leading
to infected cell death.®

CICE depends on alterations in cell contractility, cell stiffness,
and intercellular adhesions between infected and surrounder un-
infected cells, but little is known about the interplay between cell
mechanics and biochemical signaling during this process.® A
role for NF-kB signaling is supported by evidence that CICE oc-
curs only in epithelia infected with a Rickettsia mutant strain that
fails to inactivate NF-kB.%° Nevertheless, NF-kB inhibition only
partially reduces CICE (25%), suggesting that additional path-
ways are involved.® This hypothesis is further supported by the
upregulation of markers associated with epithelial-to-mesen-
chymal transition (EMT) in both infected and surrounder cells
and biochemical and biomechanical changes that are reminiscent
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of EMT.? Besides NF-«B, also the extracellular-signal-regulated
kinase (ERK) plays a role in this process.'®'" However, whether
ERK is involved in the mechanical cell competition driving CICE
remains unclear. Seemingly poorly understood is how NF-xB
and ERK signaling pathways spatiotemporally interact with host
cell biomechanics to regulate CICE and limit infection spread.

In recent years, the ERK pathway has drawn attention and has
been characterized as a fast and modular mechanosensitive
pathway involved in many processes ranging from wound heal-
ing to development and innate immune responses.' "> ERK
signaling can oscillate autonomously within single cells, modu-
lating their behavior based on internal cues.'® Additionally,
ERK signals can propagate as waves across neighboring cells,
coordinating tissue-wide responses.'”'® This dual mode of
ERK activation—both within individual cells and across cell com-
munities— provides a highly adaptable mechanism for cell orga-
nization and long-range intercellular communication at orders of
magnitude faster than diffusion alone would allow.'®2° The fre-
quency and amplitude of ERK waves may vary depending on
the external stimulus, leading to transient or sustained ERK acti-
vation, which in turn results in different cell fates (e.g., differenti-
ation versus proliferation).?'*> Cytokines and pro-inflammatory
ligands also modulate frequency and amplitude of ERK waves,
suggesting that changes in ERK dynamics could occur during
infection.”®>** However, despite extensive research in other bio-
logical contexts, 2> the role of ERK waves in facilitating rapid
information transmission between epithelial cell monolayers dur-
ing infection has not been investigated to date.

Based on this, and evidence implicating ERK waves in collec-
tive extrusion of UV-treated cells®” and apoptotic cells,”® we
speculated that ERK waves could regulate fast collective migra-
tion of surrounder cells toward infection foci (the driving force
behind CICE). Monitoring ERK activity dynamics across epithe-
lial monolayers infected with L.m. or S.f., we found that ERK ac-
tivity waves coordinate alterations in host cell shapes, kine-
matics, and dynamics that occur during infection and are key
in driving CICE. Importantly, ERK is key to CICE also in S.f.-in-
fected zebrafish larvae. Our findings highlight ERK waves as a
spatial alarm signal propagating across monolayers to modulate
cell biomechanics, thus enabling fast coordinated action against
the threat of infection spread.

RESULTS

ERK is activated by EGFR signaling during epithelial cell
infection with L.m. and is important for CICE

To determine whether ERK signaling is altered during L.m. infec-
tion of epithelial cells, we infected Madin-Darby Canine Kidney
(MDCK) epithelial cells with L.m. for 24 h until CICE occurrence.®
Western blot analysis revealed that the levels of the two ERK iso-
forms ERK1 and ERK2 (ERK1/2) remained constant during infec-
tion, while phosphorylated ERK1/2 (p-ERK1/2), a proxy for ERK
activation, increased in infected compared to uninfected cells
(Figures 1A and 1B). Consistently, the levels of auto-phosphory-
lated EGFR and phosphorylated MEK1/2 were significantly
higher in infected than in uninfected cells (Figures 1A and 1B).
These findings demonstrate that L.m. infection activates EGFR
and its downstream signaling kinases, MEK1/2 and ERK1/2.
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Next, to determine whether ERK is involved in CICE, we
treated infected MDCK cells with a MEK inhibitor (PD0325901)
to inhibit ERK activation (Figure S1A). Under these conditions,
CICE was suppressed, with mound volume decreasing by 60%
compared to control samples (Figures 1C and 1D), and infected
cells and their nuclei appeared no longer squeezed but regularly
organized (Figures 1C and S1B). Treatment with an EGFR inhib-
itor (PD153035) similarly reduced mound volume by 70%
(Figures S1C and S1D). Consistent with our previous findings,
reduced mound volume was associated with an increase in
infection foci area and bacterial load (Figures 1E and 1F;
Video S1).

To explore whether ERK inhibition affects pathways related to
the cytoskeleton, contractility, and cell adhesion—essential for
CICE—we performed phosphoproteomics followed by Gene
Ontology (GO) analysis.?® While uninfected samples treated with
MEK inhibitor displayed only a few differentially phosphorylated
proteins compared to untreated/uninfected samples (Figures 1H,
S1E and S1F), in infected samples, MEK inhibition led to a signifi-
cant increase in differentially phosphorylated proteins (Figure 1H).
Notably, multiple GO terms related to cell contractility and cell-cell
or cell-ECM adhesion were differentially regulated in infected sam-
ples, at both 8 and 24 hours post-infection (hpi) (see magenta-
labeled in Figure 11). These findings suggested a link between
ERK activation and cell biomechanics (e.g., contractility, motility)
during infection, which we further explored.

ERK inhibition prevents the polarization and collective
alignment of uninfected surrounder cells and the
squeezing of infected cells

Infected cells and their uninfected surrounders undergo distinct
changes in shape that are crucial for CICE.® To determine
whether ERK inhibition affects cell shape, we first analyzed
shape descriptors in uninfected monolayers. Both ERK-inhibited
and control MDCK cells formed regularly packed polygons with
random orientation, although in ERK-inhibited samples radial
alignment was even lower than in controls (Figure S2A). Howev-
er, there were no significant differences in mean cell area, aspect
ratio, radial alignment, or shape factor q (cell perimeter to square
root of area)’® between the two conditions (Figure S2B), ruling
out ERK may impact cell shape.

By contrast, ERK inhibition significantly altered the shape of
cells in L.m.-infected monolayers: infected cells appeared
enlarged rather than squeezed, while surrounder cells failed to
polarize and looked like cells in non-infected wells (Figures 2A-
2C). Additionally, surrounder cells failed to align their long axes
with neighboring cells, lacking the nematic order observed in con-
trol infected monolayers (Figures 2D and 2E). Also, no increase in
shape factor g, a measure of tissue fluidity, was observed in unin-
fected surrounders upon MEK inhibition (Figures 2F and S2B).
This suggests that ERK inhibition disrupts polarization, nematic
ordering, and tissue fluidity necessary for surrounder cells to
collectively take action and squeeze infected cells.

ERK inhibition abrogates increases in host cell speed
and migration coordination during L.m. infection

To determine whether ERK inhibition affects cell motility during
infection, we tracked MDCK cells infected with a low dose of
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L.m., treated or not with MEK inhibitor. We started live-cellimag-
ing at around 6 hpi and centered the imaged field of view around
a given infection focus to also monitor its growth (Figures 3A, 3B,
S3A, and S3B; Video S2). To ensure imaging of intracellular bac-
teria only, we used an L.m. strain expressing mtagRFP under the
ActA promoter control,®! which is active when L.m. enters the
host cell cytosol, and maintained the cells in gentamicin-contain-
ing medium to eliminate extracellular bacteria and prevent
further host cell invasion events.*> We also imaged control unin-
fected cells under same conditions. Using particle image veloc-
imetry (PIV) on the cell nuclei images, we calculated cell dis-
placements over time (Figures 3A, 3B, S3C, and S3D; Video
S2). The average migration speed of uninfected monolayers
was 4 um/h, consistent with previous studies and reflecting the
quiescent state of these confluent cells (Figures 3C and S3E).
ERK inhibition did not significantly affect uninfected cells’ migra-
tion speed, although this was consistently lower than in controls.

3 7 3 24 h. See also Figure S1, Video S1, and Table S1.
-log, (false discovery rate)

Thus, ERK has only a modest impact on cell movement in dense,
confluent cell monolayers, possibly related to the mild reduction
in collective cell alignment (Figures S2A and S3C-S3F).

In contrast, L.m.-infected cell monolayers showed a quasi-
linear increase in migration speed, starting 14 hpi and peaking
at 25 hpi (Figures 3A and 3C). The correlation length of move-
ment, a measure of how far the motion of individual cells remains
correlated to each other, also increased, highlighting the collec-
tive response of surrounder cells migrating toward the infection
focus (Figures 3D and S3F). Accordingly, displacement vector
maps showed that surrounder cells collectively moved toward
the infection focus (Figure 3A), as highlighted in the rose plots
(Figures 3E and 3F). However, ERK-inhibited infected mono-
layers exhibited no increase in migration speed and correlation
length over time post-infection (Figures 3B-3D, and 3G), indi-
cating that upon ERK inhibition, cells in infected monolayers
behave like those in non-infected samples.

Cell Reports 44, 115193, January 28, 2025 3
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Figure 2. ERK inhibition abrogates collective alignment of surrounder cells and alters the shape of infected cells

(A) L.m.-infected MDCK cells at 24 hpi, treated at 4 hpi with vehicle control (15t column) or 50 uM PD0325901 (2" column). Rows: phase contrast, L.m., cell nuclei,

E-cadherin fluorescence. White outline: infection focus contour.

(B) Same images as in (A) with cells in rows color-coded for: cell area (um?), radial alignment (°) of major cell axis, cell aspect ratio, shape factor (see STAR

Methods).

(legend continued on next page)
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Infection induces dynamic ERK activation waves that
travel between neighboring cells and are essential for
CICE

The lack of coordinated cell migration in L.m.-infected, ERK-in-
hibited samples suggested that ERK activation waves might
drive these behavioral changes. To test this, we treated cells
with phorbol-12-myristate-13-acetate (PMA), which acutely
and constitutively activates ERK,%°® thus abrogating ERK acti-
vation waves. Under these conditions, the volume of infection
mounds was significantly diminished (Figures S4A and S4B),
and cells showed random migration, similar to ERK-inhibited
cells, lacking the directional movement seen in untreated cells
(Figure S4C). Conversely, treatment with epidermal growth fac-
tor (EGF), which was previously shown to increase single-cell
ERK activity pulses and wave frequency occurrence, '*° led to
faster formation of mounds and thus significantly smaller infec-
tion foci than untreated infected samples, although the precise
factors driving accelerated CICE were not investigated further
(Figures S4B and S4D). Collectively, these findings suggest
that ERK waves, and not constitutive ERK activity, are crucial
for the directional migration of surrounder cells toward the infec-
tion focus and subsequent CICE.

To examine the spatiotemporal modulation of ERK activation
during infection, we performed Férster resonance energy trans-
fer (FRET) imaging on EKARE-NLS-expressing MDCK cells and
measured the increase in the FRET/CFP ratio in the cells’ nuclei
as proxy for ERK activation.">** In absence of infection, the fre-
quency of ERK waves propagating from one cell to neighboring
cells in densely packed MDCK cell monolayers was low. This is
consistent with previous findings suggesting that when mono-
layer cell density is increased, basal ERK activity and frequency
of waves are diminished (Figures S4E and S4F; Video S3).'°
Moreover, when cells were treated with MEK inhibitor, ERK ac-
tivity levels were decreased, and waves were completely abol-
ished (Video S3). In contrast, when cells were infected with
L.m., we observed a significant increase in the frequency of
ERK waves propagating through the monolayer, seemingly trav-
eling along both infected and surrounder cells (Figure 4A; Video
S3). To better quantify single-cell ERK activity and wave propa-
gation, we first constructed kymographs by considering the
infection focus center as the center of the new polar coordinate
system and averaging ERK activity radially while plotting it over
time (Figures S4F and S4G). We also constructed kymographs
by following individual cells ordered based on the distance
from the focus center (or field of view center for uninfected cells)
and plotted their mean ERK activity over time (Figures 4B and
4C). In both cases, the baseline ERK activity in single cells of in-
fected monolayers was increased as compared to non-infected
samples but decreased over time as confluence increased,
similar to uninfected samples (Figures 4B, S4F and S4G). Median
ERK activity was considerably lower in ERK-inhibited (with MEK
inhibitor) samples and higher in activated (with PMA) samples, ir-
respective of whether they were infected or not. Moreover, cells
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displayed neither single-cell oscillations in ERK activity (see me-
dian single-cell ERK activity in Figure 4B) nor waves (Video S3).
To ensure that cells did not photobleach, we performed FRET re-
cordings every 1 h instead of every 10 min in some wells, but
even under these imaging conditions, ERK activity decreased
over time (Video S3).

Using the ARCOS algorithm to analyze ERK waves from 8 to
16 hpi, we found that ERK wave frequency was significantly
higher in infected than in non-infected cell samples (Figures
4D and S4H)."® However, the size of ERK-activated cell clusters
did not significantly differ in infected compared to non-infected
cell samples (Figure 4E)."® At around 14—16 hpi, when extrusion
starts, we did not observe clear radial ERK waves traveling
away from the infection focus, consistent with these cells not
being apoptotic.®?® Nevertheless, cell displacement vectors
and spontaneous ERK waves suggested a connection between
the two processes, consistent with previous findings from non-
infectious contexts (Figure 4A)."° To investigate whether the in-
crease in ERK waves during infection is a global phenomenon,
we performed additional FRET imaging on an expanded field of
view imaged to capture surrounder cells up to 700 pm away
from the infection focus center. Under these conditions, we
observed no reduction in ERK activity or the frequency of
ERK-activated cell clusters with increasing distance from the
infection site, suggesting a global regulation of ERK waves
rather than a strictly local effect (Video S3 and Figure S4l).
Moreover, upon inhibition (marimastat) of matrix metallopro-
teases (MMPs),'® previously involved in ERK wave propaga-
tion, we observed a slight decrease in ERK activation waves
during infection and suppression of CICE, resulting in larger
infection foci than controls (Figures S4J and S4K). These obser-
vations suggest that MMPs also contribute to ERK wave dy-
namics and thus to CICE. Overall, we provide evidence for
that a global increase in baseline ERK activity and ERK waves
is crucial for the alterations in cell kinematics that occur during
infection, and lead to CICE.

Simulations predict that the inability of proximal
surrounders to increase their monolayer stresses may
be responsible for the lack of CICE in ERK-inhibited
infected cells

Since absence of ERK waves suppresses cell morphology and
kinematics’ alterations arising during L.m. infection, it is likely
surrounder and infected cells fail to engage in effective mechan-
ical competition.® To test this and determine the mechanical pa-
rameters that lead to CICE suppression, we employed a hybrid
computational approach, combining agent-based and finite
element models. This model simulates epithelial monolayer dy-
namics, accounting for infection spread by considering the
increasing number of infected cells over time (Figure S5). We
assumed that surrounder cells can vary their degree of protru-
sion based on our findings that ERK inhibition reduces polariza-
tion of surrounder cells and migration speed (Figure 5A left). We

(C-F) Box plots of cell area (C), radial alignment (D), cell aspect ratio (E), shape factor (F) of cells originating from uninfected wells, uninfected surrounders and
infected cells treated with vehicle control (grayscale) or 50 uM PD0325901 (bluescale). N = 4908 + 778 single cells were analyzed per condition. Dots show mean
of each of N = 3 independent replicates; ANOVA followed by Tukey’s multiple comparisons test: *p < 0.05, *p < 0.01, ***p < 0.001, ***p < 0.0001. See also

Figure S2.
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Figure 3. ERK inhibition stalls the increase in cell speed and coordinated migration of MDCK cells during L.m. infection

(A and B) Representative video microscopy images of L.m.-infected MDCK cell monolayers treated with vehicle control (A) or 50 uM PD0325901 (B) at three
indicated time points (rows). Columns: overlay of phase-contrast image with L.m. fluorescence, cell displacements (arrows, scaled 8x). Black outline: infection
focus contour.

(C and D) Mean cell speed (um/h, C) and correlation length (um, D) over time (hpi) shown for uninfected or L.m.-infected cells treated or not at 4 hpi with 50 uM
PD0325901 (see color legend). Solid line: mean, shaded area: SEM for three independent experiments, N = 7 and N = 18 recordings for uninfected and L.m.-
infected conditions, respectively. Dashed lines indicate representative time points shown in (A-B).

(E) Sketch of cell migration directionality angles quantified in (F-G). 0° and 180° correspond to cells moving toward or away from the center of the infection focus
(or field of view for uninfected cells), respectively.

(F and G) Rose plots showing cell displacement directionality angle (angle between radial direction and cell displacement, see STAR Methods) for uninfected (left)
or L.m.-infected cells in monolayer (right), treated with vehicle control (F) or 50 uM PD0325901 (G). See also Figure S3 and Video S2.
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Figure 4. ERK inhibition or constitutive activation abolishes ERK activation waves traveling between MDCK cells during L.m. infection

(A) Representative time-lapse images (columns) of L.m.-infected MDCK cells monolayers when extrusion of infected cells first occurs. Rows: overlay of phase
contrast and L.m. fluorescence (red), cell displacements (arrows, scaled 8x), ERK activity in cell nuclei with orange outline indicating ERK activity wave. Black/
white outlines: infection focus contour. Arrows point on first extruded infected cell.

(legend continued on next page)
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also assumed that contractility and stiffness of infected cells can
vary compared to surrounders (Figure 5A middle and right).®

We simulated four different cases (Figure 5; Video S4). In case
1, infected cells exhibit lower stiffness (250 Pa) than surrounder
cells (500 Pa), leading to polarization of surrounders toward the
infection focus because they protrude toward the site of mini-
mum stress, the focus® (Figure 5B). As a result, monolayer
stresses of uninfected cells surrounding the focus (proximal
surrounder) increase, leading to squeezing of infected cells, a
prerequisite for CICE. In case 2, we simulated in vitro ERK
wave inhibition by reducing the surrounder cell force (F°) so
that surrounder cells cannot polarize effectively toward the
focus, resulting in loss of infected cell squeezing and reduction
of monolayer stresses in proximal surrounders compared to
case 1 (Figure 5B). In case 3, we simulated case 2 but also
assumed that infected cells have the same stiffness as surround-
ers (500 Pa). This makes surrounders less competent in
squeezing infected cells compared to case 2 (Figure 5B). As in
case 2, monolayer stresses of proximal surrounder cells fail to in-
crease. Finally, in case 4, we simulated case 2 but also assumed
reduced contractility of infected compared to surrounder cells.
As a result, instead of being squeezed, infected cells increase
their area (Figure 5B). Similar to cases 2 and 3, monolayer
stresses of proximal surrounder cells are weakened.

To summarize, our model predicts that impairing surrounder
cell polarization (cases 2-4 versus 1) reduces infected cell
squeezing and monolayer stresses reinforcement. Additionally,
eliminating stiffness differences between surrounder versus in-
fected cells (case 3 versus 2) further decreases squeezing, albeit
slightly. Only when both surrounder cell force and infected cell
contractility are reduced (case 4), infected cells enlarge rather
than being squeezed.

ERK inhibition deescalates the mechanical competition
between infected and surrounder uninfected cells

The model suggested that for infected cell squeezing and CICE
to stall (as observed when ERK waves are abrogated), the rein-
forcement of monolayer stress in surrounder cells must disap-
pear. Additionally, a further reduction in contractility of infected
cells may result in cell enlargement rather than squeezing. To
confirm these findings in vitro, we first performed TFM to mea-
sure traction stresses exerted by cells on their matrix. These
stresses serve as proxy for how well focal adhesions are orga-
nized and connected to the underlying contractile cytoskeleton.
We found that the traction stress magnitude was always
increased during infection (Figures 6A-6C; Video S5) compared
to uninfected cells, which remained at steady state with minimal
fluctuations (Figures S6A-S6D). Although the average traction
stress magnitude appeared lower in ERK-inhibited versus con-
trol samples, this difference was not statistically significant. We
also measured transepithelial electrical resistance (TEER) to
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examine changes in monolayer barrier integrity and permeability
(Figure SG6E). Infected samples exhibited reduced TEER
compared to non-infected samples, regardless of pharmacolog-
ical treatment, indicating that infection compromises monolayer
barrier integrity independently of ERK waves. However, since
TEER provides only a scalar value representing the overall
permeability of the entire monolayer without offering spatial in-
formation, this conclusion should be interpreted with caution.

Since we have established that infected and surrounder cells
exhibit different mechanical properties, we quantified average
traction stresses for each cell population separately and found
that infected cells exerted 30% less traction compared to
surrounders, while ERK inhibition attenuated this difference by
10% (Figure 6D). Monolayer stress microscopy®® revealed that
proximal surrounders failed to increase their monolayer stresses
when ERK was inhibited, consistent with the model predictions
that stress reinforcement is crucial for infected cell squeezing
(Figures 6A and 6E). Accordingly, control infected cells displayed
an approximately 30% decrease in monolayer stresses as
compared to surrounder cells, while in ERK-inhibited samples,
both surrounders and infected cells exhibited lower monolayer
stresses than control samples (Figures 6A, 6E, and S6C and
S6D). This is consistent with the model prediction, suggesting
that an increase in monolayer stresses of proximal surrounders
is required for infected cell squeezing (case 2). However, we
do not have direct evidence that infected cell contractility is
decreased (case 4), which would explain the enlargement of in-
fected cells when ERK waves are absent.

Consistent with our previous findings,® the in silico model also
predicts that differences in stiffness between infected versus
surrounder cells promote squeezing, though the effect is subtle
(case 2 versus 3). To further investigate this, we examined
whether stiffness differences between infected versus
surrounder cells at 24 hpi persist when ERK is inhibited at
4 hpi. We found that both infected and surrounder cells exhibited
stiffness levels similar to uninfected samples (Figure 6F). Similar
results were obtained when ERK is constitutively activated with
PMA to abrogate waves (Figure S6F). Collectively, we discov-
ered that in the absence of ERK waves, infected and surrounder
cells display similar stiffness and attenuated differences in trac-
tion stress exertion. Under these conditions, proximal surround-
ers are unable to reinforce their monolayer stresses, a prerequi-
site for infected cell squeezing and CICE to occur.

ERK activation waves drive CICE in S.f.-infected
epithelial cells in vitro and in vivo

Intracellular bacterial pathogens such as S.f., which, like L.m.,
use actin-based motility to move within host cells, have been
shown to trigger ERK activation in other host cell types.*®*’
We thus examined whether S.f. infection of epithelial cells would
also induce ERK waves and CICE. Thus, we monitored ERK

(B and C) Median (top) and heatmap plots (bottom) of ERK activity over time for uninfected (B) and L.m.-infected (C) MDCK cells monolayers treated with vehicle
control (left), 50 uM PD0325901 (middle), or 200 nM PMA (right). Heatmap plots show individual cells’ ERK activity over time (h or hpi), and cells are ordered as a
function of distance from the center of the field of view (for uninfected) or the infection focus center (infected).

(D and E) Bar plots of mean frequency of ERK waves (events/(h-mm?), (D) and ERK-activated cell cluster area (1m?, (E) for uninfected and L.m.-infected MDCK cell
monolayers. N = 4 independent experiments, the median of which is shown as a circle overlayed on the box plot. Lines: mean + SD, WRST: *p < 0.05, ns:p > 0.05.

See also Figure S4 and Video S3.
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Figure 5. Modeling reveals that monolayer stress reinforcement of proximal surrounders is necessary for infected cell squeezing

(A) Schematic of hybrid model. Infected cells are denoted by green asterisk. Proximal surrounders exert force Fs pointing toward the focus (left), infected cells
versus surrounders can have varying contractility (middle) or varying cell stiffness (right).

(B) Four cases were simulated (columns) by varying the parameters shown in (A). In each case, shown are the cell topology with cells color-coded by area (um?,
top), and monolayer stresses (Pa, bottom). (1) Infected cells contract, their stiffness is half compared to surrounders, Fs = 10 x 10° pN. (2) Infected cells contract,
their stiffness is half compared to surrounders, Fs = 3 x 10° pN. (3) Infected cells contract, their stiffness is the same as for surrounders, Fs = 3 x 10° pN. (4)
Infected cells contract less, their stiffness is half compared to surrounders, F = 3 x 10% pN. White line: infection focus contour. Asterisks: infected cells. See also

Figure S5 and Video S4.

activity using our FRET-based biosensor in S.f.-infected and un-
infected MDCK cell monolayers. We observed increased ERK
activity and waves during S.f. infection compared to uninfected
cells (Figures 7A and 7B) and formation of large infection mounds
and CICE in control but not ERK-inhibited S.f.-infected MDCK
cells at 16 hpi (Figures 7C and 7D). These results showcase
that changes in cell mechanics associated with ERK waves
and leading to CICE likely play a crucial role in intracellular bac-
terial infections that trigger ERK activation and involve intercel-
lular bacterial spread (such as S.f. infection).

To complement our in vitro and in silico experiments, we in-
fected the two-layered skin epithelium of zebrafish larvae tails
with S.f., with or without MEK inhibitor treatment (Figure 7E).
CICE occurred at 6 hpi in control infected samples but was signif-
icantly reduced in ERK-inhibited samples (Figure 7F). Additionally,
in the controls, the surrounding cells were more polarized, radially
aligned, and had higher shape factor than ERK-inhibited cells,
consistent with the shape of surrounding MDCK cells in similar
in vitro experiments (Figures 7E and S7A-S7F). This suggests
that CICE driven by ERK-based mechanochemical competition

Cell Reports 44, 115193, January 28, 2025 9
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Figure 6. ERK inhibition stalls the increase in monolayer stresses in proximal surrounders and abolishes differences in stiffness between
surrounders and infected cells

(A and B) TFM and MSM on MDCK cells adherent on 3-kPa gels and infected at low MOI with L.m. such that single-infection foci emerge. Cells were treated with
vehicle control (A) or 50 uM PD0325901 (B) at 4 hpi. Rows: overlay of phase contrast with L.m. fluorescence, radial deformations that cells impart on their matrix
(um), traction stresses (Pa), and monolayer stresses (Pa). Columns: time (hpi). White line: infection focus contour.

(legend continued on next page)
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is relevant in vivo and potentially in other cell types in monolayer
and tissues.

DISCUSSION

Efficient clearance of bacterially infected cells from epithelial cell
monolayers is critical, especially at the delicate intestine surface,
where a single monolayer of cells separates the intestinal lumen
from the external milieu. CICE can facilitate remodeling of the
monolayer to limit infection dissemination. Here we show that
ERK activation exhibits spatiotemporal variations during infec-
tion and travels in the form of waves of increased frequency be-
tween neighboring cells. The presence of these waves tilts the
outcome of the mechanical battle in favor of the host and regu-
lates CICE. In the absence of ERK waves, CICE does not occur,
and the morphological and kinematical signatures of host cells
associated with CICE are completely absent. Moreover, charac-
terization of cell mechanics in vitro and in silico revealed that
reinforcement of monolayer stresses of surrounder cells prox-
imal to the infection focus is key in eliciting infected cell
squeezing and CICE and does not occur in absence of ERK
waves.

The implications of this work go far beyond L.m. infection as
we demonstrated that CICE also occurs during S.f. infection of
epithelial cells and zebrafish larvae. This provides evidence of
in vivo CICE and opens the gates for similar investigations using
other in vivo models. Furthermore, the proposed mechanism
could be relevant in infections with pathogens other than bacte-
ria. Supporting this idea, in monolayers of Hela cells infected
with vaccinia virus—where still images suggest the occurrence
of CICE and ERK activation—it is highly likely that a similar me-
chanical process modulated by ERK activation waves takes
place to enhance infection spread.38 In infections with L.m., we
showed that ERK activation limits infection spread along the
monolayer via CICE, potentially due to geometry since extruded
cells cannot spread bacteria through the monolayer. Addition-
ally, we speculate that since extruded cells eventually die due
to detachment from the basement membrane, in vivo in the intes-
tine they would just be discarded from the host via the fecal
route.® This is further supported by studies on other bacterial
pathogens where ERK activation occurs. For example, a study
examining still images of immunostained cells showed that
ERK activation in infected cells can propagate to neighboring
cells, making them produce higher amounts of cytokines like
IL-8, which amplifies innate immunity against infection with
L.m., S.f., and Salmonella l‘yphimurium.36 However, infected
cell squeezing or CICE was not examined or reported in this
study. Interestingly, a recent clinical study involving COVID-19
also supports a model whereby ERK activation acts in favor of
the host to limit infection spread.®®

ERK wave propagation allows for fast and long-range intercel-
lular communication in various biological contexts, including
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wound healing and tissue morphogenesis.'? Here, we discov-
ered that ERK wave propagation is also important during infec-
tion processes, such as when intracellular bacterial disseminate
through epithelia, and shed light into its spatiotemporal modula-
tion. ERK waves traveling between cells have been termed
“mechanochemical” because they are closely coordinated
with cell mechanics. For instance, during wound healing, ERK
activation waves are synchronized with cell strain and cooperate
with cell polarization to drive collective cell migration.'® Addition-
ally, ERK is mechanosensitive, meaning that cell extension,
including mechanical stretch applied to cells, leads to ERK acti-
vation and subsequent cell contraction. We observed a similar
pattern when analyzing displacements of cells during ERK
wave propagation, and also that abrogation of waves results in
lack of polarization of surrounder uninfected cells, necessary
for CICE.

Intercellular adhesions are essential for propagation of ERK
waves from cell to cell. For instance, in aE-catenin knockout
(KO) cells, which are unable to form robust intercellular junctions
in monolayer, ERK oscillates within individual cells but fails to
propagate between them in waves.'®> We previously found that
in oE-catenin KO cells, CICE is inhibited.® This finding, along
with additional evidence presented herein where ERK is either in-
hibited or constitutively activated, supports the idea that ERK ac-
tivity waves—rather than baseline ERK activity alone —regulate
CICE. Interestingly, a study on mammary epithelial cells found
that ERK activity is heightened when cells reside on stiffer
matrices compared to softer ones, although the study did not
assess ERK wave propagation.® We also previously observed
that MDCK cells residing on stiffer matrices exhibit enhanced
CICE as compared to those on softer matrices due to stronger
traction and monolayer stresses in uninfected cells surrounding
the infection focus.”' Herein we consistently show that in the
absence of ERK waves, the monolayer stress reinforcement in
surrounding cells is absent, and CICE does not occur.

In vitro and in vivo studies have shown that during apoptosis,
ERK activation propagates from the apoptotic cell(s) and then
spreads to neighboring cells in waves as a mechanism to ensure
the removal of damaged cells while maintaining homeostasis
during tissue remodeling or in response to damage.'®“? During
infection, when CICE occurs, we did not observe clear radial
waves traveling away from the infection mound toward the
surrounders.® Accordingly, the infected cells that get extruded
are not apoptotic and blocking apoptosis using different phar-
macological agents does not decrease the volume of infection
mounds.*" Instead, cell death appears to be a consequence of
extrusion rather than the cause of it. The question that remains
unanswered is what triggers ERK activation ERK to begin with
and its propagation subsequently. We speculate that the trigger
could be secreted pro-inflammatory ligands for EGFR and other
receptors, as recently shown.'%?® Indeed, we previously showed
that various cytokines that can activate ERK, including IL-8 and

(C) Box plots of mean traction stresses of L.m.-infected or not MDCK cells, treated or not with 50 uM PD0325901. ANOVA, ns: p > 0.05. (D and E) Box plots of ratio
of traction stresses (D) or monolayer stresses (E) of infected to surrounder cells. WRST: *p < 0.05. For (C-E) N = 3 independent experiments were analyzed for cells

followed from 10 to 16 hpi, dots show the mean of each sample.

(F) Box plots of cell stiffness (kPa) at 24 hpi for uninfected, surrounder cells, and infected cells, for samples treated with 50 pM PD0325901 at 4 hpi. N = 58+3 cells
were analyzed in each case originating from three independent experiments. ANOVA: ns: p > 0.05. See also Figure S6 and Video S5.

Cell Reports 44, 115193, January 28, 2025 11




¢? CellP’ress Cell Reports

OPEN ACCESS

A B Mean ERK activity
0.8 (FRET/CFP ratio) { 3
o [ el |
Q2
[ 8] 5
2lo 8
= il § €
2ls €| 8 E 200
2 Sle3
= cg
> 8 o
o|2 <28
Jo ] Ll 48
| ® ol % 3
Llx LIge
Sl % e
| w
(%) (%)
6 7 8 9 10 11 12 13
Time (hpi)
C Vehicle control PD0325901
l . .",.?J.r;:-‘-:". : Hﬁum YT 71116 m
D 2.0, (Hkk
.
| 5% 15
. s < 1.5
5 g ES
& e ¥ 29
3 - 5 910 .
Z % = = °
S % % £ °
L 3 3 *
=| 5054
o
*
50 um 00Lt—r—r—
o= Il | = -« L1 PD0325901 - +
E F
“ T 257
@ 5 *
= b4
= 2 201 o
= &
° 3 1.5
z o
© <}
ﬁ é 1.04
®
: 2 o5
@©
N §o) [
0.0l —o—vdw—
PD0325901 - +

Figure 7. ERK waves also drive collective extrusion of S.f.-infected cells in vitro and in vivo

(A) Representative snapshots of ERK activity in the nuclei of uninfected (top) and S.f.-infected MDCK cells (bottom) overlayed with S.f. fluorescence (red).
Columns: three consecutive time points (hpi).

(B) Kymograph of mean radial ERK activity (y axis) versus time (hpi, x axis) for uninfected (top) or S.f.-infected MDCK cells (bottom) (see Figure S4F).

(C) Orthogonal views of S.f.-infected MDCK cells 16 hpi treated with vehicle control (left) or 50 uM PD0325901 (right) at 4 hpi. Host nuclei: yellow; S.f.: black.
(D) Relative mound volume of S.f.-infected MDCK cells treated with vehicle control or 50 pM PD0325901. Normalization to mean of control cells. Mean + SD,
WRST: **p < 0.001.

(E) Representative overlay of phase-contrast images with S.f. fluorescence (red) of zebrafish larvae fin tails treated with vehicle control or 41 M PD0325901.
White lines: cell contours. Image on left shows the location of the area imaged in zebrafish larvae.

(F) Relative mound volume of S.f.-infected extruded epithelial cells from the skin of zebrafish larvae fin tails. Samples inspected at 6 hpi. Normalization with
respect to mean of control zebrafish fin tails. Mean + SD, WRST: *p < 0.05. See also Figure S7.
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MCP-1,8 are present in large amounts in infected samples, and
these same cytokines can increase ERK wave frequency also
in non-infected cell monolayers.?**** However, various additional
molecular mechanisms could lead to ERK activation,'® namely
(1) decrease in intercellular space volume, increasing ligand con-
centration and triggering EGFR-MEK/ERK signaling**; (2) open-
ing of stretch-activated ion channels, leading to calcium influx
and ERK activation'#; (3) disruption of E-cadherin/EGFR hetero-
trimeric complex due to elevated intercellular tension, enabling
EGFR dimerization and downstream signaling upon ligand bind-
ing*®; (4) decreased membrane tension, leading to increased en-
docytic ERK signaling®®; and (5) increased integrin clustering at
focal adhesions.”” The increase in traction stresses in infected
cell samples from the onset of our recordings (early infection)
corroborates integrin-mediated ERK activation (5). Opening of
stretch-activated ion channels (2) or disruption of E-cadherin/
EGFR complex due to increased monolayer stresses (3) could
play a role later in infection, when uninfected surrounders
become polarized and increase their cell stiffness and monolayer
tension. Further experiments are required to confirm these
hypotheses.

Our discovery that ERK waves orchestrate the mechanical
cell competition occurring during infection and leading to CICE
highlights that the interplay between cell-generated physical
forces and biochemical signaling critically dictates infection
outcomes.

Limitations of the study

We used the EKAREV biosensor to spatiotemporally track ERK
activity during epithelial cell infection via FRET. A limitation of
this biosensor is its potential responsiveness to cyclin-depen-
dent kinase 1 (CDK1) in addition to ERK, which can lead to
increased FRET/CFP signals during mitosis, even when MEK in-
hibitors are present.18 Therefore, the observed decrease in ERK
activity over time may partly reflect CDK1 activity during cell di-
vision. While we demonstrated the occurrence of CICE in zebra-
fish larvae skin epithelia, we did not explore this process in other
relevant tissues, such as the intestine or lung (common entry
points for pathogens), nor did we explore the role of hostimmune
cells like macrophages and neutrophils. This could be explored
in the future by using zebrafish deficient in immune cells,*® and
considering other sites of infection, including the zebrafish gut.
Additionally, we did not account for the influence of extracellular
physical cues in our assays, such as cell stretching*' and ECM
stiffness,*’ which could impact CICE dynamics by modulating
ERK waves. Incorporating organotypic devices that simulate
these conditions will be useful for understanding how biome-
chanical factors regulate CICE.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents may be directed to and will be
fulfilled by the lead contact Effie Bastounis effie.bastounis@uni-tuebingen.de
(E.E.B.).

Materials availability
Materials developed in this study are available on request to the corresponding
authors.
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Data and code availability

Data collected are available on request to the corresponding authors. The
(phospho)proteomics data (raw files) generated during this study and subse-
quent analysis are available on the PRIDE repository*® of proteomeXchange
(https://proteomecentral.proteomexchange.org/ui) with identifier PRIDE:
PXD055809. Analyzed (phospho)proteomic data and differential expression
analysis are in Table S1. All codes are uploaded in our GitHub repository
with the corresponding accession numbers as listed as follows: (1) ERK waves
analysis using ARCOS (https://doi.org/10.5281/zenodo.14287824); (2) Calcu-
lation of volume of extruded infected cells calculation (https://doi.org/10.5281/
zenodo.14287679); (3) Calculation of infection focus area (https://doi.org/10.
5281/zenodo.14287812); (4) Cell kinematics analysis (https://doi.org/10.
5281/zenodo.7155531) (5) Monolayer stresses calculation (https://doi.org/
10.5281/zenodo.7155523); and (6) Hybrid computational model (https://doi.
org/10.5281/zenodo.14289212).
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o Reagents for pharmacological perturbations

o Fixation of MDCK cells and quantitative microscopy for calculation
of infection mound volume, infection focus area, and total bacterial
fluorescence intensity

o Fixation and quantitative microscopy for characterization of cell
shape
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o Characterization of cell kinematics and migration coordination

o Characterization of ERK activity dynamics in (infected) MDCK cells
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o Polyacrylamide hydrogel fabrication and 2D traction force micro-
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(AFM)
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o Hybrid computational model to simulate infection in silico
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Antibodies

Anti-EGFR rabbit antibody Cell Signaling Cat#4267;RRID:AB_2797654
Anti-pEGFR rabbit antibody Cell Signaling Cat#3777;RRID:AB_2096270
Anti-pERK1/2 rabbit antibody Cell Signaling Cat#9101;RRID:AB_331646
Anti-ERK mouse antibody BD Biosciences Cat#610124;RRID:AB_397530
Anti-pMEK1/2 rabbit antibody Cell Signaling Cat#9121;RRID:AB_331648
Anti-MEK1/2 rabbit antibody Cell Signaling Cat#9122;RRID:AB_823567
Human anti-GAPDH antibody Bio-Rad Cat#12004168;RRID:AB_2941791
IRDye 680RD Goat anti-mouse Li-Cor Cat#92568070;RRID:AB_2651128
IRDye 800CW Goat anti-rabbit Li-Cor Cat#92632211;RRID:AB_621843

Bacterial and virus strains

L. monocytogenes: L.m.-ActAp:mTagRFP Ortega et al.*? N/A

L. monocytogenes: L.m.-GFP Ortega et al.*” N/A

S. flexneri MOOT Bernardini et al.”° N/A
Chemicals, peptides, and recombinant proteins

DMEM Thermo Fisher Cat#41965039
FluoroBrite DMEM Thermo Fisher Cat#A1896701
Phosphate buffered saline (PBS) Thermo Fisher Cat#10010023
Fetal bovine serum (FBS) Thermo Fisher Cat#10270106
L-glutamine PanReac-AppliChem Cat#A3704
Blasticidin S Sigma Cat#SBR00022
MS-222 (tricaine) Sigma-Aldrich Cat#A5040
PTU Sigma-Aldrich Cat#P7629
BBL Brain Heart Infusion (BHI) BD Cat#211059
Difco Agar, granulated BD Cat#214530
Streptomycin sulfate Thermo Fisher Cat#455340050
Chloramphenicol Corning Cat#56-75-7
Gentamicin Fisher Cat#15820243
Tryptone soya agar (TSA) Sigma-Aldrich Cat#22091
Carbenicillin Sigma-Aldrich Cat#C1389
Congo red solution Sigma-Aldrich Cat# C6767
Tryptone soya broth (TSB) Sigma-Aldrich Cat#T8907
Phenol red Sigma-Aldrich Cat#P0290
Polyvinyl-pyrrolidone (PVP) Sigma-Aldrich Cat#PVP40
NaCl Sigma Cat#S7653
KCI Sigma Cat#P9541
CaCl dihydrate Sigma Cat#21102
MgSO4 hexahydrate Sigma Cat#M2670
MEK inhibitor PD0325901 Sigma Cat#PZ0162
Dimethyl sulfoxide (DMSO) Sigma Cat#D2650
Low-melting point agarose Thermo Fisher Cat#R0801
Sulfo-SANPAH Fisher Cat#10474005
Collagen |, rat tail Thermo Fisher Cat#A1048301
Phorbol 12-myristate 13-acetate (PMA) Sigma Cat#P1585

(Continued on next page)
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MEK inhibitor trametinib Selleckchem Cat#S2673

Human EGF Sigma Cat#E9644

EGFR inhibitor PD153035 Sigma Cat#SML0564
Hoechst 33342 Invitrogen Cat#H3570
Formaldehyde 16% methanol-free Thermo Fisher Cat#28906

Bovine serum albumin (BSA) AppliChem Cat#A6588
(3-Aminopropyljtriethoxysilane Sigma Cat#A3648

40% Acrylamide Sigma Cat#A4058-100ML

Bis-acrylamide solution (2%w/v)

Fisher Scientific

Cat#BP1404-250

FluoSpheres carboxylate-modified Invitrogen Cat#F8803
microspheres, 0.2 um, yellow-green

fluorescent (505/515)

Ammonium persulfate Fisher Cat#BP17925
TEMED Sigma Cat#T9281-25ML
HEPES, free acid J.T. Baker Cat#4018-04
0.25% trypsin-EDTA, phenol red Thermo Fisher Cat#25200056
Benzonase Merck Cat#70746
SCH772984 Selleckchem Cat# S7156
Marimastat Selleckchem Cat# S7156
Deposited data

Phosphoproteomic data This paper ProteomeXchange, PRIDE: PXD055809
Experimental models: Cell lines

MDCK I Perez et al.”’ N/A

MDCK Il E-cadherin-GFP Perez et al.”’ N/A

Experimental models: Organisms/strains

WT AB strain zebrafish Ellett et al.>” N/A
Recombinant DNA

pT2A-EKAREV-NLS plasmid Kawabata et al.>® N/A

Software and algorithms

Fiji

MATLAB

GraphPad Prism

NIS-Elements software package

Igor Pro

MaxQuant software suite (version 1.6.14.0)
Perseus software (version 1.6.3.2)

STRING software
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Schindelin et al.>*

The MathWorks Inc.

GraphPad

Nikon

WaveMetrics, Lake

Oswego, OR, USA

Cox et al.>®

Tyanova et al.”®

Franceschini et al.””

RRID:SCR_002285
https://imagej.net/
RRID:SCR_001622
https://de.mathworks.com/
products/matlab.html
RRID:SCR_002798
http://www.graphpad.com/
scientific-software/prism/
RRID:SCR_014329
https://www.nikoninstruments.com/
Products/Software
RRID:SCR_000325
http://www.wavemetrics.com/products/
igorpro/igorpro.htm
RRID:SCR_014485
https://www.maxquant.org/
RRID:SCR_015753
https://maxquant.net/perseus/
RRID:SCR_005223
http://string.embl.de/
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R package ggplot2 Wilkinson et al.*® RRID:SCR_014601
https://cran.r-project.org/web/
packages/ggplot2/index.html

ERK waves analysis using ARCOS This paper https://doi.org/10.5281/zenodo.14287824

Calculation of volume of extruded infected cells This paper https://doi.org/10.5281/zenodo.14287679

Calculation of infection focus area This paper https://doi.org/10.5281/zenodo.14287812

Cell kinematics analysis This paper https://doi.org/10.5281/zenodo.7155531

Monolayer stresses calculation Aparicio-Yuste et al.%® https://doi.org/10.5281/zenodo.7155523

Hybrid computational model This paper https://doi.org/10.5281/zenodo.14289212

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mammalian cell culture

Epithelial type Il Madin-Darby Canine Kidney (MDCK) cells (originally provided by Nelson lab, Stanford University) were cultured in
high glucose DMEM medium (Thermo Fisher, 41965039) containing 4.5 g/L glucose and supplemented with 10% fetal bovine serum
(FBS, Thermo Fisher, 10270106) in a 5% CO, humidified incubator at 37°C. The cell passages were between P10-P50. During image
acquisition, the cells were cultured under the same conditions as indicated above, except that FluoroBrite DMEM (Thermo Fisher,
A1896701) supplemented with 580 mg/L L-glutamine (PanReac-AppliChem, A3704) and 10% FBS was used as cell culture medium.
To image the localization of E-cadherin over time with live-cell time-lapse microscopy, we used type Il MDCK E-cadherin GFP ex-
pressing cells (MDCK E-cadherin-GFP, kindly provided by the Nelson lab, Stanford University).°" For FRET-based time-lapse imag-
ing of ERK activity in the nuclei of MDCK cells, we used cells transfected with the pT2A-EKAREV-NLS (kindly provided by Hirashima
lab, Mechanobiology Institute, Singapore).'®3453

Establishment of MDCK cells expressing the FRET-based ERK activity biosensor

For the establishment of EKAREV-NLS-expressing MDCK cells, type || MDCK cells were transfected with the plasmid pT2A-
EKAREV-NLS using the Neon transfection system (Invitrogen, MPK5000). Briefly, type Il MDCK cells were resuspended in the resus-
pension buffer at a concentration of 1x10° cells in 100 uL and gently pipetted to get a single-cell suspension. Twenty-four-well glass
bottom plates were filled with 0.5 mL of complete cell culture medium and preincubated in the incubator at 37°C with 5% CO,. Ten
microliters of the plasmid at a concentration of 1.5 ng/mL was added in the cell suspension and cells were electroporated in 10-uL
tips using the following electroporation parameters: pulse voltage: 1650 V; pulse width: 20 ms; pulse number: 1. Following electro-
poration, the 10 uL of cell and plasmid suspension was added in one well of the 24-well plate. Medium was replenished the following
day and two days later when cells had proliferated, 10 pg/mL blasticidin (Sigma, SBR00022) was added for selection. Once cells
formed a monolayer, fluorescence microscopy was used to confirm that approximately 90% of cells were expressing the plasmid.
To obtain a pure population of MDCK cells expressing the pT2A-EKAREV-NLS plasmid the transfected cells were flow-sorted with
the MA900 cell sorter. Thereon, the cells were propagated in medium always supplemented with 10 pg/mL of blasticidin.

Bacterial strains used in this study

The Listeria monocytogenes (L.m.) strains used in this study are as follows: JAT607 (Species: L.m. 1043S, Genotype/Description:
ActApmTagRFP),** and JAT605 (Species: L.m. 1043S, Genotype/Description: Constitutive GFP).>* The Shigella flexneri (S.f.) strain
used in this study is S.f. srv. 5a str. MOOT constitutively expressing mCherry.>°

Zebrafish larvae used in this study

Animal experiments were performed according to the Animals (Scientific Procedures) Act 1986 and approved by the Home Office
(Project license: PPL P4E664E3C). Zebrafish embryos were obtained by natural spawning, and larvae were maintained at 28.5°C
in E3 embryo medium unless otherwise stated. E3 medium contained 5 mM NaCl (Sigma, S7653), 0.17 mM KCI (Sigma, P9541),
0.33 mM CaCl dihydrate (Sigma, 21102), and 0.33 mM MgS04 hexahydrate (Sigma, M2670) in distilled water. The AB wildtype zebra-
fish strain was used. For injections and live imaging, embryos were anesthetized in 200 pg/mL MS-222 (tricaine) (Sigma-Aldrich,
A5040) in E3 and recovered into fresh E3 supplemented with 0.036 g/L PTU (Sigma-Aldrich, P7629).

METHOD DETAILS
Bacterial infections of MDCK cells in monolayer

Listeria monocytogenes (L.m.) infection of MDCK cells in monolayer was performed as described previously®® using the L.m. 10403S
strain JAT607 ActApmTagRFP. This strain expresses mTagRFP under the control of the ActA promoter, which is activated once the
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bacteria have invaded the host cell, leading to intracellular fluorescent bacteria approximately 4 hpi.® In few assays where an alter-
native fluorescent protein was needed (e.g., when staining cells with propidium iodine to assess cell death), infection was done using
the 10403S L.m. strain constitutively expressing GFP.®" Briefly, the bacteria were streaked out from a frozen glycerol stock onto BHI
(BD, 211059) agar (BD, 214530) plates with 0.2 mg/mL streptomycin (Thermo Fisher Scientific, 455340050) and 7.5 pg/mL chloram-
phenicol (Corning, 56-75-7) and then maintained at 37°C for 2 days. To get flagellated L.m. prior to infection, cultures of 2 mL of 37 g/L
BHI, 0.2 mg/mL streptomycin and 7.5 ng/mL chloramphenicol were inoculated from colonies on the BHI agar plates, and kept in the
dark at room temperature without shaking for ~16 h, that is, until the cultures had reached an optical density (ODggo) of approximately
0.5. Afterward, the cultures were centrifuged at 2000 x g at room temperature for 5 min and resuspended in 2.5 mL DMEM cell culture
medium. The bacterial L.m.-suspension was diluted 1:16 in medium to get a multiplicity of infection (MOI) of 100-200 bacteria/host
cell, as determined by plating different dilutions of the L.m.-suspension on BHI agar plates and counting the colonies formed after 1-
2 days. The volume of L.m.-suspension added on the cell monolayers depended on the assay: we used 0.25 mL per 24-well transwell
insert, 1 mL per 24-well plate well, 1.5 mL per AFM cell culture dish, 2 mL per 6-well plate well, and 12 mL per T-175 flask. The
confluent host cell monolayers were incubated with the L.m.-suspension in a 5% CO, humidified incubator at 37°C for 30 min. Af-
terward, host cells were washed four times with phosphate buffered saline (PBS, Thermo Fisher, 10010023) and finally DMEM was
added containing 20 pg/mL gentamicin (Fisher, 15820243).

The Shigella flexneri (S.f.) infection was performed like L.m.-infections with pathogen specific modifications. The S.f. strain srv. 5a
str. MOOT constitutively expressing mCherry was streaked out from a frozen glycerol stock on 40 g/L tryptone soya agar (TSA, Sigma-
Aldrich, 22091) with 100 pg/mL carbenicillin (Sigma-Aldrich, C1389) and 1% Congo red solution (Sigma-Aldrich, C6767) which iden-
tifies colonies containing the virulence plasmid. For the overnight culture, 5 mL of tryptone soya broth (TSB, Sigma-Aldrich, T8907)
containing 100 pg/mL carbenicillin were inoculated with a virulent red colony. The bacterial S.f.-suspension for infection was pre-
pared 2-2.5 h before infection by inoculating 100 pL of S.f. overnight culture in 5 mL TSB containing 100 pg/mL of carbenicillin, fol-
lowed by incubation at 37°C and 200 rpm until the cultures reached an ODggg of about 0.6 (1.5-2 h). As with infection of MDCK with
L.m., 100% confluent MDCK cell monolayers were infected with 1 mL S.f.-infection mix, which corresponded to a MOI of 5 bacteria/
host cell. This was followed by centrifugation at 200 x g for 10 min, incubation for 30 min, washing away extracellular bacteria four
times and finally adding medium containing 50 ng/mL of gentamicin, to ensure killing of extracellular bacteria in the cell culture me-
dium that might result from lysis of infected cells. The MDCK monolayers were only infected for 16 h before being fixed, since we
found that S.f. spread intercellularly faster than L.m. and first extruded infected cells were observed at approx. 6 hpi as opposed
to approx. 15 h when infected with L.m.

Injection of zebrafish larvae tail fin with S.f

S.f. cultures for injection were prepared as mentioned earlier, with minor adjustments. Following overnight growth, 5 mL of TSB con-
taining 100 pg/mL of carbenicillin was inoculated with 100 pL of the overnight culture and incubated at 37°C, shaking at 200 rpm until
the ODggg reached approximately 0.3-0.5. Bacteria were then pelleted by centrifugation at 4000 x g for 4 min at room temperature.
Bacteria were washed in PBS resuspended in a mixture of phenol red (Sigma-Aldrich, P0290) and polyvinyl-pyrrolidone (PVP, Sigma-
Aldrich, PVP40) (final concentration 0.25% phenol red and 2% PVP) to a concentration of 10,000 CFU/nL. Embryos were injected into
the tail fin with 1-2 nL of inoculum and recovered into petri dishes containing either E3 + 41 uM PD0325901 (Sigma, PZ0162) or E3 +
DMSO (Sigma, D2650) as a vehicle control. At 6 hpi, S.f. infected embryos were immobilized in 1% low-melting point agarose
(Thermo Fisher, R0801) and positioned on glass-bottom MatTek dishes. Imaging was performed with a Zeiss LSM 880 with Fast Air-
yscan and 63x/1.4 NA oil objective. For fixed samples, S.f. infected embryos were collected at 6 hpi and fixed in 4% methanol-free
paraformaldehyde (PFA, Thermo Fisher, 28906) at 4°C overnight. Embryos were washed in PBS and imaged as above.

Reagents for pharmacological perturbations

Pharmacological perturbations were applied on MDCK cells at 4 hpi or later when indicated, by replacing the cell culture medium with
medium containing either vehicle control or the indicated pharmacological inhibitor or molecule. For MEK inhibition, we cultured cells
in 50 uM PD0325901. Stock concentration was 41 mM in DMSO, and we used as vehicle control the same volume of DMSO. ERK was
activated in cell culture with 200 nM Phorbol 12-Myristate 13-Acetate (PMA, Sigma, P1585) and stock concentration was 1.62 mM in
DMSO. Trametinib (MEK inhibitor, Selleckchem, S2673) concentration used in cell culture was 200 nM and the stock concentration
was 10 mM. EGF (Sigma, E9644-.2MG) was used in cell culture at a concentration of 10 and 25 ng/mL and the stock concentration
was 10 pg/mL. PD153035 (EGFR inhibitor, Sigma, SML0564-5MG) was used in cell culture at a concentration of 4 uM and stock con-
centration was 5 mM in DMSO.

Fixation of MDCK cells and quantitative microscopy for calculation of infection mound volume, infection focus area,
and total bacterial fluorescence intensity

For analysis of infection foci, MDCK cell nuclei were stained by replacing the medium with 5 pg/mL Hoechst (Invitrogen, H3570) con-
taining cell culture medium at 4 hpi (more details in section “Bacterial infections of MDCK cells in monolayer”). Samples were incu-
bated at 37°C and 5% CO, for 10 min. Subsequently, samples were washed once with pre-warmed PBS and cell culture medium
containing 20 pg/mL of gentamicin was added. The samples were fixed 24 hpi or 16 hpi for L.m.- or S.f.- infected MDCK samples,
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respectively, by carefully washing once with warm PBS, then adding 500 uL of 4% PFA diluted in PBS per well for 10 min, followed by
washing with and storing the samples in PBS at 4°C until imaging.

For 3D imaging of infection mounds different spinning disk confocal microscopes were used, depending on where and when the
experiments where performed. Infection mounds (resulting from L.m. infection) were initially imaged with a Zeiss AxioObserver SD
Spinning Disk microscope, with an Axiocam 503 mono CCD camera and a Plan-Apochromat 40x/1.4 NA Oil DIC objective (University
of Stuttgart). Samples infected with L.m. and treated with TPA, EGF, PMA, trametinib, and the EGFR inhibitor were imaged with our
newly installed spinning disk confocal microscope, a Nikon Eclipse Ti2 microscope equipped with a CSU-W1 spinning disc with 50-
um Disk and a digital camera C15440 (Hamamatsu), using a 40x/1.25 NA silicon oil objective. Finally, infection mounds resulting from
S.f. infection of MDCKs were imaged using a Zeiss LSM 880 with Fast Airyscan and 40x/1.2 NA oil immersion objectives.

In all cases described earlier and irrespective of the microscope, z stack confocal images of the bacterial fluorescence and host
MDCK nuclei fluorescence were acquired with a z-spacing between 0.2 and 1 um. Fields of view were selected so that the whole
mound could be imaged in all conditions investigated. To quantify the infection mound volume (i.e., the volume occupied by collec-
tively extruded infected cells) from the resulting images, we used custom written MATLAB (The MathWorks Inc., RRID:SCR_001622)
codes available at: https://github.com/ebastoun/Infection_mound_volume. In brief, the nuclei fluorescence images were first back-
ground corrected, then binarized and finally the MATLAB function alphaShape was applied to calculate the area covered by extruded
nuclei per z-plane, disregarding the basal cell monolayer. The alpha radius used was 50 px. The volume of the extruded infected cells
was determined by adding up the area of each z slice and multiplying by the increment between each z slice as described previ-
ously.*"° The calculated mound volumes were normalized to the mean of the control condition (without pharmacological perturba-
tions, i.e., vehicle control) for each independent experiment.

To quantify the area of the infection foci (i.e., the domain occupied by neighboring infected cells) and the total L.m. fluorescence
intensity of the infection foci (proxy of bacterial load within each focus), we performed epifluorescence imaging of the fixed samples.
We used an inverted Nikon Eclipse Ti2 microscope with a Prime 95B camera (Teledyne Photometrics) using a 40x/0.6 NA air objective
and the NIS-Elements (RRID:SCR_014329) software package. The bacterial fluorescence images were analyzed with the alpha-
Shape function (alpha radius 50 px) to infer the area of the infection foci, as described previously® and using custom-written codes
in MATLAB available at: https://github.com/ebastoun/Infection_mound_area_over_time. The bacterial load of each infection focus
was calculated by integrating the bacterial fluorescence intensity values within the infection focus area. For each independent exper-
iment values were normalized relative to the mean of the control condition (i.e., to the condition without pharmacological
perturbations).

Fixation and quantitative microscopy for characterization of cell shape

For cell shape quantification of MDCK cells in the uninfected and L.m.-infected monolayers, the infection assay was performed using
MDCK E-cadherin-GFP cells because E-cadherin localizes at the cell-cell junctions and thus enables accurate segmentation of the
cells comprising the monolayer (more details in section “Bacterial infections of MDCK cells in monolayer”). As described in the sec-
tion above, the live-cell samples were Hoechst-stained and then fixed 24 hpi. Phase-contrast and epifluorescence imaging (of nuclei,
E-cadherin, and bacterial fluorescence) was performed with an inverted Nikon Eclipse Ti2 microscope with a Prime 95B camera using
a20X/0.7 NA super plan fluor LWD ADM air objective and the NIS-Elements software package. The E-cadherin fluorescence images
were segmented with the Fiji plugin Tissue Analyzer.>* The segmented image was then used as input for a custom written MATLAB
code to determine for each cell in the image: (1) the cell area, (2) the radial alignment angle of the major axis of the cell, (3) the aspect
ratio of the cell (ratio of the length of the major axis to minor axis), (4) the shape factor determined as the ratio of the cell perimeter to
square root of cell area. The radial alignment angle is defined as the angle formed between the radial direction (center of field of view
which in the infected samples coincides approximately with the center of the infection focus) and direction of the major axis of the cell.
Moreover, while the aspect ratio quantifies the elongation/polarization of each cell, the shape factor parameter is an indicator of the
shear rigidity (or tissue fluidity) of the cells, with a shape factor of 3.81 indicating cells behaving more like solids and higher values
more fluid-like cells.®® To discriminate between infected cells and their uninfected surrounders in the L.m.-infected MDCK mono-
layers, we used the bacterial fluorescence images and cells were classified as infected if their maximum bacterial fluorescence in-
tensity exceeded a threshold value empirically determined.

Time-lapse (FRET) microscopy imaging

To characterize cell migration and ERK activity of uninfected and L.m.-infected MDCK monolayers, live-cell epifluorescence micro-
scopy imaging and FRET imaging was performed. To that end, glass-bottom 24-well plates (Cellvis, P24-1.5H-N) were coated with
30 pg/mL rat-tail collagen | at 37°C for 30 min. Then, we seeded 2*10° MDCK EKAREV-NLS expressing cells per well for 24 hto form a
confluent monolayer. The confluent monolayers were then infected with 1 mL/well of the bacterial L.m.-suspension (more details in
section “Bacterial infections of MDCK cells in monolayer”). Four hpi, we washed the uninfected and L.m.-infected monolayers once
with PBS, added FluoroBrite DMEM with pharmacological treatment or vehicle control, and started the multi-channel imaging.
Phase-contrast and epifluorescence (nuclei and bacterial fluorescence) live cell imaging was performed with an inverted Nikon
Eclipse Ti2 microscope with a Prime 95B camera using a 40x/0.6 NA air objective and the NIS-Elements software package. The mi-
croscope was surrounded by a box-type incubator (OKOlab) maintained at 37°C and humidified with 5% CO,. We took images for
20-30 hevery 2.5, 5, or 10 min. For FRET imaging of the ERK activity, first the CFP signal was imaged by using CFP 436/20 excitation
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and 480/40 emission filters. Then, the FRET signal was imaged with CFP 436/20 excitation and YFP 535/30 emission filters. From
here on, those images are referred to as CFP and FRET image, respectively. For imaging propagation of L.m. expressing mtagRFP,
we used an mCherry filter with 560/40 excitation and 630/75 emission. For imaging of S.f.-infected MDCK EKAREV-NLS expressing
or control uninfected cells, a similar approach was used, with the exception that a different microscopy system, the Zeiss LSM 880
with Fast Airyscan with a 20x/0.8 NA air objective, was used.

Characterization of cell kinematics and migration coordination

The time-lapse MDCK nuclei fluorescence images were used to compute the cell migration speed of the MDCK cells in monolayer
and coordination of their migration. To do so, particle image velocimetry (PIV) with a window size and overlap of 48 px and 24 px,
respectively, was applied on the nuclei fluorescence images.®® We calculated the speed of migration of cells by dividing the resulting
displacements to the time interval between frames, which was always 10 min. The coordination of migration was approximated by the
calculation of the correlation length of movement as done previously.®* We first calculated the spatial correlation function Cyy (R) that
averages the scalar product of all displacement vector pairs separated by a distance R. The correlation values show an exponential
decay over distance that could be fitted to the function C44(R) = exp (— R /Ro), where 2R, indicates the maximum non-random
correlated distance.®” The custom-written codes to calculate the correlation length were written in MATLAB and are available at:
https://github.com/ebastoun/Correlation_length_of_movement_of_epithelial_cells_in_monolayer. To calculate the directionality of
movement of surrounder cells and create the rose plots (Figures 3E and 3F), we tracked the movement of the cell nuclei with the
Fiji v2.14.0 plugin TrackMate v7.13.2 over the duration of the time-lapse recording. The cell migration directionality angle at each
instance of time was defined as the angle between the displacement of the cell nucleus, and the radial direction. For the radial di-
rection the center of the polar coordinate system was defined either as the center of the field of view or in the case of infection as
the center of the infection focus. For the construction of the histogram plots, we binned the calculated angles ranging from 0° to
180° in groups of 7.5°, where 0°/180° corresponds to a nucleus moving toward/away from the infection focus, respectively.

Characterization of ERK activity dynamics in (infected) MDCK cells in monolayer

To obtain the ERK activity in the nuclei of MDCK cells expressing EKAREV-NLS, which is represented by the FRET efficiency, the CFP
(CFP/CFP) and FRET (CFP/YFP) images were background-corrected by subtracting from them the CFP and FRET fluorescence im-
ages of an empty position also imaged overtime but not containing cells. Then, the ratio of background-corrected FRET to CFP image
was calculated, followed by multiplication with a binary mask of the cell nuclei to exclude regions not containing cell nuclei. That was
performed with the ImageJ/Fiji binarization method “Huang”. The resulting images containing the ERK activity in the nuclei of cells
over time were further analyzed with two different approaches.

First, we created kymographs of the mean radial ERK activity as a function of distance away from the center of the field of view
imaged (y axis) and over time (x axis). To that end, we moved to a radial coordinate system whose origin is at the center of the field
of view imaged, which for infected samples coincides approximately with the center of the infection focus (see Figure S4F).

Second, instead of averaging ERK activity to create kymographs, for all the cells one-by-one (y axis, cell count) we plotted the me-
dian of ERK activity in the cell nucleus at each given instance of time (x axis) (Figure 4B). To that end, live-cell images were pre-pro-
cessed with Fiji, and subsequent image processing was performed using a custom-written MATLAB script. Briefly, accurate nuclei
segmentation and subsequent individual nucleus tracking was performed with the Stardist detector and TrackMate plugin v.7.12.2,
respectively, in Fiji. Correction of false connections between nuclei in the segmentation mask was done with the “watershed irregular
features” option, while the convexity threshold value was set to 0.99 (Biovoxxel plugin v2.6.0). A custom MATLAB script was used to
read the TrackMate output file with the coordinates of each nucleus track, process the individual tracks to quantify cell orientation and
match ERK intensity to nuclei tracks. The segmentation mask and ERK signal image were matched for each nucleus position at every
frame. ERK activity for a single nucleus was calculated as the median of the values contained in the region of the ERK signal image
defined by the segmentation mask of that nucleus. Thus, kymographic heatmaps of single cell ERK activity display ERK activity over
time, where the single cell tracks of the nuclei are vertically organized by closest distance to the center of the image (Top: center;
bottom: edge of the image).

We further processed the single cell ERK activity signals (code available at: https://github.com/ebastoun/Single_cell_ERK_signal_
analysis) to identify clusters of ERK activated cells as well as how ERK activity propagates to neighboring cells in the form of waves.
To that end, we used MATLAB v2023b and the ARCOS v0.3.0, ggplot2 v3.5.1 and sf v1.0-16 packages in R v4.4.1, as previously
proposed for automatically characterizing the spatiotemporal ERK signaling patterns in cell collectives.'® We performed this analysis
in two steps. First, we performed some ERK activity signal filtering, then, the collective ERK activation events were detected and the
ERK wave characteristics were quantified, as described in detail below. To accurately detect an ERK activation event in a single cell
nucleus, we used a custom MATLAB script to remove the global long-term trend in ERK fluorescence intensity and also the intrinsic
noise from the single cell ERK fluorescence intensity signals. The global trend was calculated with a long moving median filter (50 time
points) considering the ERK signal intensity for all the cell nuclei in a given time point, and then subtracted from the single cell ERK
fluorescence intensity signal. The intrinsic noise of the global-trend-filtered single cell ERK fluorescence intensity signal was calcu-
lated with a short moving median filter (30 time points) and subtracted from itself. A threshold was applied to the resulting single cell
ERK fluorescence intensity signal (value of 0.02) so that values equal or higher than the threshold were considered as single cell ERK
activations. The results were saved in a.csv file and then read by a custom R script to quantify the ERK activation waves with the
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ARCOS algorithm as done previously.'® Briefly, the ARCOS algorithm finds clusters of activated cell nuclei (defined as collective
events) at every time point through the DBSCAN algorithm, which depends upon a search distance parameter. Then, the ARCOS
algorithm groups the clusters based on its members. We chose a search distance parameter of 25.8 um based on the distribution
of distances among the cell nuclei in the first time point. For further analysis, we filtered out collective events with less than four nuclei
and considered events that persist for at least two consecutive frames. Moreover, for the analysis in Figures 4D and 4E images taken
from 8 to 16 hpi were considered. Using this approach we calculated (1) mean ERK activated cell cluster area for each condition un-
der study and (2) frequency of ERK activated cell collective events, defined as the number of events per hour and normalized to the
area of the field of view examined, as done previously."®

Polyacrylamide hydrogel fabrication and 2D traction force microscopy

How well cell-ECM adhesions are organized and connected to the underlying cytoskeleton was assessed with TFM which allows the
calculation of the traction stresses that cells exert on their extracellular matrix (ECM). To perform TFM, two-layered soft elastic poly-
acrylamide hydrogels were prepared, where the uppermost one contained fluorescent tracer beads and was collagen I-coated to
enable subsequent cell adhesion. As cells adhere, move and contract on the hydrogel, they deform it inducing traceable movement
of the beads. By measuring the beads’ displacements, we then calculated the traction stresses that cells exert, as described previ-
ously.*%>® Using the calculated traction stresses one can infer the monolayer stresses (intra- and inter-cellular stresses) using
monolayer stress microscopy, as discussed in the section below.?”:%®

Briefly, we first manufactured polayacrylamide hydrogels to serve as the cells’ ECM. To that end, wells from a 24-well glass bottom
plate were pretreated by incubating at room temperature with 0.5 M NaOH for 30 min, 2% APTES in 95% EtOH for 5 min and 0.5%
glutaraldehyde for 30 min to 2 h, rinsed with distilled water in between each pretreating step and finally dried at 60°C. A 3 kPa stiff
polyacrylamide hydrogel was prepared by mixing 5% acrylamide (Sigma, A4058-100ML) with 0.1% bis-acrylamide (Fisher
BioReagents, BP1404250) in distilled water. For the preparation of the second layer, we also added 0.03% of 0.2 um fluorescent
beads to the mixture (Thermo Fisher, F8807). To initiate polymerization 0.43% TEMED (Sigma-Aldrich, 1107320100) and 0.06%
ammonium persulfate (APS) were added to the first mixture. Per well, 3.6 pL of the polyacrylamide solution mixture was added on
the pretreated glass surface. Immediately after, untreated 12 mm glass coverslips were pressed on top to flatten the gels. After
20 min polymerization, the glass cover slips were removed, and polymerization of the second layer mixture containing the fluorescent
beads was initiated with TEMED and APS. Per well, 2.5 uL of the second layer mixture was added on top of the first layer, followed by
flattening with 12 mm glass coverslips. The coverslips were removed after 20 min polymerization, the hydrogels were covered with
50 mM HEPES pH 8.5, sterilized 1h with UV, and stored at 4°C. The hydrogels were washed once with 50 mM HEPES, then activated
by addition of 200 uL/well of 0.1% w/v Sulfo-SANPAH (Thermo Scientific, 10474005) with 1% DMSO in 50 mM HEPES, and UV ra-
diation for 10 min. This was immediately followed by washing with 50 mM HEPES and addition of 200 uL/well of 0.25 mg/mL Collagen
I (Thermo Fisher, A1048301) diluted in 50 mM HEPES. The plate was incubated overnight at room temperature. Before seeding of the
cells on hydrogels, the hydrogels were washed with PBS and equilibrated with cell culture medium at 37°C for 30 min. To achieve
confluent cell monolayers 2.5*10° MDCK cells expressing EKAREV-NLS cells per well were seeded on the hydrogels and placed
in a 5% CO, humidified incubator at 37°C. After 24 h, when MDCK had formed confluent monolayers, some wells were infected
with 1 mL/well of the bacterial L.m.-suspension for 30 min (more details in section “Bacterial infections of MDCK cells in monolayer”).

After 4 hpi, the uninfected and L.m.-infected monolayers were washed once with PBS and FluoroBrite DMEM with drugs or vehicle
control was added, directly before the multi-channel live-cell epifluorescence microscopy imaging was to start. For imaging in all
cases, we used an inverted Nikon Eclipse Ti2 microscope with a Prime 95B camera using a 40x/0.6 NA air objective and the NIS-
Elements software package. The microscope was surrounded by a box-type incubator (OKOlab) maintained at 37°C, humidified
and with 5% CO,. Every 10 min for a period of 20-24 h we took the phase-contrast image of cells, the bacterial fluorescence image
and the fluorescence image of the tracer beads. At the end of the TFM recording, cells were detached using 10% SDS to obtain the
reference images of the fluorescent beads in the hydrogels in their undeformed configuration.

The 2D displacements of the beads were calculated in MATLAB by comparing the fluorescence bead image to the undeformed
reference image at each instance of time using a method similar to particle image velocimetry (PIV).%® The used window size and
overlap of the interrogation window were 32 px and 16 px, respectively. Using these displacements the traction stresses exerted
by the cell monolayers on the hydrogels were calculated in MATLAB as described before.**° To differentiate the traction stresses
exerted by the infected cells versus their uninfected surrounders, a custom written MATLAB code was used (available at: https://
github.com/ebastoun/Infection_mound_area_over_time) to border the infected area over time. This was done with the built-in alpha-
Shape function using an alpha radius of 50 px. With the resulting binary mask containing the area of the infected cells, the traction
stresses were allocated to surrounder or infected cells.

Calculation of cell monolayer stresses

We calculated inter- and intra-cellular stresses, herein referred to as monolayer stresses, using the technique Monolayer Stress Mi-
croscopy (MSM).”> MSM makes use of the traction forces exerted by cells on their ECM as input and assumes that these traction
forces are perfectly transmitted between the monolayer and the ECM, i.e., cell-ECM adhesions are perfect. This results in cells being
subjected to a force equal to traction forces but in opposite directions (third Newton’s Law). Furthermore, we only consider traction
forces in the plane of the monolayer, neglecting those in the vertical direction (out of plane). It is also assumed that the thickness of the
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monolayer is constant and uniform. Cell-cell adhesions are assumed to be perfect (the monolayer is considered as a continuum), the
mechanical properties of the monolayer are assumed to be uniform, so that cells within the monolayer can be modeled as linear
elastic isotropic materials.”® Another assumption MSM takes is that cell deformations are small, i.e., the displacements that occur
between two consecutive time frames and the changes in cell shapes and areas are small. These assumptions greatly simplify
the formulation of the problem, as a two-dimensional framework is adopted, with a plane stress formulation. In this case, the equi-
librium equations, compatibility, and constitutive equations yield the Beltrami differential formulation. This formulation, together with
Newton’s equilibrium equations, formulated at each point of the monolayer in a differential way, yield the distribution of the stresses in
the monolayer. The model equations are solved using the finite element formulation in a custom-built software.®® The monolayer was
discretized with square elements of size 4.5 um x 4.5 um, forming a finite element mesh of 10,000 elements. The Poisson’s coeffi-
cient was set to 0.49. The source code is available at: https://github.com/ebastoun/Monolayer-Stress-Microscopy.

Transepithelial electrical resistance (TEER) measurements of MDCK cells in monolayer

To assess barrier integrity of (infected) MDCK cells in monolayer overtime we performed TEER measurements, using the cellZscope
system (NanoAnalytics, Munster, Germany). For this, 24-well transwell inserts (0.4 um pore size, cellQuart, 9320402) were coated
with 400 pL of 30 pg/mL collagen | solution in PBS at 37°C for 30 min. This was followed by washing with PBS and seeding of
0.5*10° MDCKs per insert one day before infection. Two inserts were not seeded with cells and served as blank positions.
Twenty-four hours after cell seeding, when cell monolayers had formed, some were infected with 0.25 mL/insert of the bacterial
L.m.-suspension for 30 min (more details in section “Bacterial infections of MDCK cells in monolayer”). After washing four times
with PBS, all inserts were transferred from the 24-well plate to the chambers of the cellZscope system. Four hundred plL of cell culture
medium supplemented with 20 pg/mL gentamicin was added in each insert and 800 pL in the chamber outside of each insert. The
part of the cellZscope system containing the cells was placed in a 5% CO, humidified incubator at 37°C and the TEER was measured
every 30 min. For drug treatment the measurement was paused 4 hpi to add 50 uM PD0325901 and DMSO as vehicle control. The
TEER was monitored for 30 to 40 h.

Western blotting analysis

To determine protein expression and phosphorylation of EGFR, MEK, and ERK, in uninfected and L.m.-infected MDCK monolayers,
western blotting was performed. First, glass-bottom 6 well plates (Cellvis, P06-1.5H-N) were coated with 2 mL of 30 pg/mL collagen |
in PBS at 37°C for 30 min, washed once with PBS, and then 10*10° MDCK cells/well were seeded. After 24 h, the MDCK cell mono-
layers were 100% confluent and were either infected with 1.5 mL/well of bacterial L.m.-suspension for 30 min (more details in section
“Bacterial infections of MDCK cells in monolayer”) or not (control uninfected monolayers). Twenty-four hours after infection, the cell
samples were lysed with a buffer containing 0.5 M Tris-HCI, pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-40, 10 mM EDTA
and a protease inhibitor mixture (phenylmethylsulfonyl fluoride (PMSF), leupeptin, aprotinin, and sodium orthovanadate). The total
cell lysate was separated on an SDS-PAGE (4% stacking, 10% running), followed by transfer onto a nitrocellulose membrane (Im-
mobilon P, 0.45-mm pore size). Then, the membrane was incubated with the designated antibodies as follows anti-phospho-EGF
receptor (EGFR, Tyr1068, Clone D7A5) rabbit monoclonal antibody (Cell Signaling, #3777, RRID:AB_2096270); anti-EGF
receptor (EGFR, Clone D38B1) rabbit monoclonal antibody (Cell Signaling, #4267, RRID:AB_2797654); anti-phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) rabbit monoclonal antibody (Cell Signaling, #9101, RRID:AB_331646); anti-ERK (pan Erk, Clone
16/ERK) mouse monoclonal antibody (BD Biosciences, #610124, RRID:AB_397530); anti-phospho-MEK1/2 (Ser217/221) rabbit
polyclonal antibody (Cell Signaling, #9121, RRID:AB_331648); anti-MEK1/2 rabbit polyclonal antibody (Cell Signaling, #9122, RRI-
D:AB_823567); anti-GAPDH human Fab rhodamine antibody (BioRad, #12004168, RRID:AB_2941791). Immunodetection was per-
formed using the IRDye 680RD and 800CW-labeled secondary antibodies (Li-Cor, #925-68070, RRID:AB_2651128 and #926-32211,
RRID:AB_61843) under the Bio-Rad ChemiDoc imaging system. GAPDH was used as reference protein. Quantification was
performed using Fiji.

To verify that 50 uM of the MEK inhibitor PD0325901 abrogates phosphorylation of ERK, we performed western blotting of
L.m.-infected MDCK monolayers treated or not with PD0325901, using a slightly modified protocol since these experiments were
performed in a different laboratory/institution. The cells were lysed 24 hpi with RIPA buffer (Thermo Fisher Scientific, 89900) supple-
mented with phosphatase/protease inhibitor cocktail (1:100, Cell Signaling, 5872) on ice. The lysate was transferred to precooled
tubes and centrifuged at 14000 x g at 4°C for 20 min. The proteins in the supernatant were separated by SDS-PAGE with 15-well
Bolt Mini Gels 4-12% (Invitrogen, NW04125B0OX). Semi dry blotting was used to transfer the proteins from the gel to the PVDF trans-
fer membranes (0.45 um, Thermo Fisher, 88518). The membrane was blocked with 5% bovine serum albumin (BSA, AppliChem,
AB588) in tris-buffered saline with 1% Tween (TBST) at 4°C overnight. Incubation with primary and secondary antibodies and imaging
was performed as indicated in the paragraph just above.

Determination of bulk cell stiffness using atomic force microscopy (AFM)

To measure the stiffness of L.m.-infected cells and their uninfected surrounder cells and to compare those to the stiffness of cells
originating from uninfected wells, we conducted AFM. For sample preparation, we first added 1.5 mL/dish of 30 ng/mL collagen |
in PBS to glass-bottom cell culture dishes (50 mm, WPI, FD5040-100) and incubated them at 37°C for 30 min. Dishes were then
washed with PBS, cells seeded with 4.6*10° MDCK cells/dish and incubated for 24 h until 100% confluent monolayers had formed.
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At that point, monolayers were infected with 1.5 mL/dish bacterial suspension (more details in section “Bacterial infections of MDCK
cells in monolayer”) or were left untreated (uninfected controls). For ERK inhibition or activation, we added 50 uM PD0325901 or
200 nM PMA to the cell culture medium at 4 hpi. After 24 hpi the AFM measurements were performed using a commercial AFM setup
(MFP3D-BIO, Asylum Research, Santa Barbara, CA, USA) mounted on an inverted optical microscope (Ti-S, Nikon, Tokyo, Japan).
Cantilevers with 2 um diameter spherical tips and a nominal spring constant of 200 pN/nm (biosphere B1000-CONT, nanotools,
Munchen, Germany) were used. Before each measurement, the spring constant was calibrated using thermal calibration. Force
maps (50 x 50 um?, 30x30 px?) were recorded. The retract distance was set to 3 um, the sampling rate to 2 Hz and the trigger force
to 500 pN. Typical sample indentations were several hundred nanometers. Data were analyzed in Igor Pro (WaveMetrics, Lake Os-
wego, OR, USA, RRID:SCR_000325) using the Hertz Model. Force maps typically contained several cells. Regions of interest (ROls)
of individual cells were drawn manually and the median stiffness value for each cell was calculated.

Sample preparation for phosphoproteomics, nano LC-MS/MS analysis and data processing

Samples were prepared using the protocol for “in-solution protein digestion” as previously described for two biological replicates.”"
Briefly, to extract a high enough amount of proteins, we lysed one T175-flask (Sarstedt, 833.912.002) per condition. 100% confluent
MDCK cell monolayers residing on T175-flasks (3.68x107 cells per flask) were infected with 12 mL of L.m. bacterial suspension (more
details in section “Bacterial infections of MDCK cells in monolayer”) or not (uninfected controls). At 4 hpi L.m.-infected and control
monolayers were either treated with 50 uM PD0325901 or vehicle control (DMSO). Lysis of L.m.-infected monolayers was performed
either at 8 hpi or 24 hpi, while control uninfected monolayers were lysed and collected together with the 8 hpi infected sample.

For lysis, the cells were washed once with PBS, placed on ice, and immediately after, 1 mL lysis-buffer (4% w/v sodium dodecyl
sulfate (SDS), in 100 mM tris(hydroxymethyl)aminomethane (Tris)/HCI, pH 8.0, 1:100 protease/phosphatase inhibitor cocktail (Cell
signaling, #5872) was added. After 10 min, the cells were scraped with a cell scraper (Sigma, CLS3010-100EA) and transferred to
afalcon tube. To degrade DNA and RNA, 0.5 ul/sample benzonase (Merck, 70746) was added to the samples, which were then vor-
texed, incubated at room temperature for 10 min, and transferred to screw cap microtubes (Sarstedt, 72.694.700) containing 500 pL
glass beads (Roth, N033.1) for homogenization. The cells were homogenized at 6.5 m/s for 40 s twice by using a FastPrep-24 (MP
Biomedicals) and incubated on ice for 2 min in between. Afterward, samples were centrifuged at the maximum speed 21300 x g for
1 min and the supernatant was collected. For reduction of cysteine disulfide bonds, 10 mM dithiothreitol (DTT, Roth, 6908.1) was
added and samples were incubated at room temperature shaking (Thermomixer C, Eppendorf) for 45 min. For alkylation of cysteine
thiol groups, 5.5 mM iodoacetamide (IAA, Sigma, 16125-10G) was added and samples were incubated in dark again at room tem-
perature shaking for 45 min. Then, the suspensions were centrifuged at 12000 x g for 15 min. To precipitate the proteins, the super-
natant was diluted 1:8 with ice-cold acetone/methanol mixture (8:1 v/v) and incubated overnight at —20°C. The next morning, the
samples were centrifuged at 1000 x g for 5 min, followed by washing, resuspension of the protein pellet in 80% v/v acetone aqg.
and thoroughly vortexing. These steps were repeated two more times. The protein pellet was air dried for 10 min, rehydrated in
100 pL denaturation buffer (6 M urea, 2 M thiourea in 10 mM Tris/HCI, pH 8), and frozen at —80°C.

For the proteome analysis, for each experiment (MDCK monolayers infected for 8 h, 24 h and uninfected) mixtures with a ratio of 1:1
of samples treated with either 50 uM PD0325901 or DMSO (vehicle control) were prepared. This resulted in a total protein amount of
600 g, of which one part was used for proteome analysis (10 ug). Dimethyl-labeling was performed’? followed by label efficiency and
label channel mixing checks in separate LC-MS/MS runs. Phosphopeptides were enriched using MagReSyn Ti-IMAC (titanium-im-
mobilized metal affinity chromatography, ReSyn Bioscience) in two consecutive rounds of enrichment using total amount of 600 pg
proteins per mix.”"

The phosphoproteome and proteome of all samples were analyzed on an Q Exactive HF-X mass spectrometer (Thermo Fisher Sci-
entific). An online-coupled Easy-nLC 1200 UHPLC (Thermo Fisher Scientific) was used to separate peptides on a 20 cm analytical
column (75 pm ID PicoTip fused silica emitter) in-house packed with ReproSil-Pur C18-AQ 1.9 um resin (Dr Maisch GmbH Ltd). Phos-
phopeptides and dimethyl-labeled proteomes were eluted using a 90 min and a 130 min gradient, respectively.

Raw files were processed with the MaxQuant software suite (Version 1.6.14.0).>> MS/MS data were searched against UniProt
Canis lupus familiaris (containing 43678 entries) and L.m. databases, containing commonly observed contaminants. The mass toler-
ance for precursor ions was set to 4.5 ppm and for fragment ions to 20 p.m. All search parameters were kept to default values except
for the following: dimethylation for light (28.03 Da), intermediate (32.06 Da), and heavy (36.08 Da) labels was allowed on lysine res-
idues and peptide N termini for phosphoproteome data. For all phospho raw files, phosphorylation on STY was defined as variable
modification, while oxidation of methionine and protein N-terminal acetylation were set as variable modifications. Carbamidomethy-
lation of cysteine residues was allowed as fixed modification. All searches were performed in trypsin/P-specific digestion mode. Data
analyses were performed using Perseus software (Version 1.6.2.3)°° to identify significantly changed phosphorylation sites
(Threshold p < 0.05). The significantly changed phosphorylation sites that occurred in at least one replicate were analyzed with
STRING software to perform functional enrichment analysis.®” The resulting significant enriched GO subcellular localizations (Com-
partments) were visualized in a bubble plot using the R package ggplot2.°®

Hybrid computational model to simulate infection in silico

A hybrid computational model was employed to simulate a two-dimensional (2-D) epithelial cell monolayer, integrating discrete and
continuum modeling approaches, namely, an agent-based model (ABM) to simulate cells as individual entities and a finite element
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model (FEM) to simulate the monolayer as a continuum.”® Both techniques are integrated in an iterative loop, thus allowing the simu-
lation of epithelial cells in monolayer over several time steps. In this framework, cell centroids are first represented as independent
particles in the ABM, which are randomly distributed in the cell monolayer. Given the distribution of cells, we compute the balance of
cell forces by assuming a quasistatic equilibrium and considering cell-cell interaction forces (F/?e”*ce”). These forces depend on the
distance between cell centroids, and we assume that when cells are in close proximity, they repel each other (contact inhibition),
whereas two cells are pulled apart, there are attractive forces acting in both cells. This force-dependent behavior is assumed to follow
the Lennard-Jones potential.”* Additionally, we consider that cells are able to sense the stresses they are subjected to, responding in
an active manner by generating additional loads (mechanosensing mechanism). This cell mechanical response entails cell actomy-
osin contraction and cell protrusion. Regarding the actomyosin contraction force (FF°™), we assume that the greater the tensile
stress sensed by a given cell is, the more the cell contracts. Regarding the protrusion load (Ff“’”), itis assumed that the cell protrudes
in the direction of lower tensile stress, which defines the direction of polarization of the cell. The magnitude of this force is proportional
to the tensile stresses acting on the cell. Finally, it is assumed that surrounder cells proximal to the infection focus (proximal surround-
ers) exert forces pointing toward the infection focus (F ;), which reproduces the migration of surrounder uninfected cells during the
mechanical competition that occurs during bacterial infection with L.m.

Cell centroids are then used to determine the Voronoi tessellation, which provides a distribution of cell polygons in the monolayer
(polygons formed by the bisection of the connecting lines between neighboring points/cell centroids). It is assumed that each cell
occupies the area of the polygon associated with its centroid. These polygons are discretised with triangles to generate a finite
element mesh. Due to the geometrical properties of the cell (i.e., the thickness is much lower than the in-plane dimensions) we as-
sume that the cell monolayer can be modeled in the FEM as a plane stress model. The cell monolayer is assumed to behave as a linear
elastic isotropic material. We distinguish between infected and uninfected cells with varying elastic modulus (500 Pa for uninfected
cells and 250 or 500 Pa for infected cells,® depending on the assumed scenario) and a Poisson’s ratio of 0.49 for both of them. The
forces computed in the ABM are then introduced in the FEM as concentrated forces in the cell centroids and in the vertices of the
Voronoi polygons. To define the boundary conditions of the cell monolayer, we assume conditions of symmetry. The forces previ-
ously computed induce new deformations in the monolayer, which causes the movement of cells. The displacements of the cell cen-
troids and the stress distribution inside each cell are used as new inputs for the ABM in the new iteration of the loop. This process is
repeated until the end of the simulated period. The evolution of cell area, cell stresses and the displacements of the cells are then
compared against experimental results. The ABM is implemented through custom made MATLAB files and the FEM is calculated
with the commercial software ABAQUS CAE (Dassault systémes Simulia Corporation).

QUANTIFICATION AND STATISTICAL ANALYSIS

We performed statistical analysis with Graphpad Prism 10 (Graphpad, RRID:SCR_002798). All box plots in the manuscript (unless
otherwise indicated in the corresponding figure legends) show the following: horizontal line is the distribution’s median, boxes indi-
cate the 25% and 75% quartiles, whiskers indicate the 5 and 95% quantiles. Outliers are represented as dots unless the sample size
is very high in which case they are not shown (that is the case only in Figures 2C-2F). The mean parameter values per independent
recording are overlayed on the box plots and indicated with a circle (e.g., Figure 6C). Always at least three independent experiments
are performed unless otherwise indicated. In the box plots showing cell stiffness measured via AFM (i.e., Figure 6F), the mean stiff-
ness value is also superimposed on the box plots and indicated as dot. The figure legends indicate statistical test performed, p-
values, and sample size. For comparison of two samples, we either used the non-parametric test Wilcoxon Rank-sum test (denoted
as WRST) or the parametric Student’s t-test (denoted as t test). To analyze more than two samples simultaneously, we first performed
an ordinary one-way ANOVA to test whether there were significant differences among the samples (p < 0.05). If this was the case and
the normality test was passed, we performed multiple comparisons using a Tukey test, comparing each column with the mean of
every other column. The family-wise alpha threshold was 0.05 to get a 95% confidence interval.
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