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ABSTRACT

Listeria monocytogenes (Lm) is a human intracellular pathogen widely used to uncover
the mechanisms evolved by pathogens to establish infection. However its capacity to
perturb the host cell cycle was never reported. We show that Lm infection affects the
host cell cycle progression increasing its overall duration but allowing consecutive
rounds of division. A complete Lm infectious cycle induces a S-phase delay
accompanied by a slower rate of DNA synthesis and increased levels of host DNA
strand breaks. Additionally, DNA damage/replication checkpoint responses are
triggered in an Lm dose-dependent manner through the phosphorylation of DNA-PK,
H2AX and CDC25A and independently from ATM/ATR. While host DNA damage
induced exogenously favors Lm dissemination, the override of checkpoint pathways
limits infection. We propose that host DNA replication disturbed by Lm infection
culminates in DNA strand breaks, triggering DNA damage/replication responses and

ensuring a cell cycle delay that favors Lm propagation.



INTRODUCTION

Listeria monocytogenes (Lm) is a facultative intracellular foodborne pathogen able to
cross human tight barriers and spread from cell to cell causing listeriosis, a severe
human disease." Lm employs an arsenal of virulence factors to invade, survive and
multiply in both phagocytic and non-phagocytic cells,? hijacking host signaling
pathways to establish and sustain infection.?

Several bacterial pathogens were shown to modulate the host cell cycle to support
infection. Bacterial effectors such as cyclomodulins*® can inhibit or stimulate the
eukaryotic cell cycle, playing roles in disease. While Shigella and pathogenic
Escherichia coli block host cells in the G2/M phase transition,®® Neisseria gonorrhoeae
and Porphyromonas gingivalis inhibit cell proliferation via G1 arrest.®"° Reversely,
Helicobacter pylori enhances gastric epithelial cell proliferation by stimulating cell cycle
progression.” In addition, H. pylori was reported to induce host DNA double strand
breaks contributing to genetic instability and chromosomal aberrations typical of gastric
cancer."? Chlamydia trachomatis was epidemiologically linked to increased risk of
developing cervical cancer.” It affects genome stability by several mechanisms:
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multipolar spindle formation, spindle assembly checkpoint override,'® cytokinesis
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failure and induction of DNA damage coupled to impaired repair mechanisms.'®

The interplay between Lm and the host cell cycle is understudied. Albeit Lm remains

mostly cytosolic, it interferes with histone modifications?>?’

and chromatin regulatory
factors?® to modulate host gene expression.
As pathogens often exploit similar pathways to cause infection, we investigated if Lm

interferes with the host cell cycle progression to create a suitable replication niche.



RESULTS

Lm-infected cells show increased cell cycle duration

To investigate if Listeria-infected cells were able to undergo complete and consecutive
division cycles, we performed live-cell imaging of Caco-2 cells infected for 72h with
GFP-expressing Lm (hereafter Lm). Phase contrast images were acquired at 10 min
intervals, and Lm infection was confirmed by acquisition of intracellular GFP signal
every 40 min (Movie S1). Analysis of independent movies showed that infected cells
divide and undergo successive division cycles (Movie S2). Figure 1A shows
consecutive cell division steps of an infected cell giving rise to two infected daughter
cells. We observed that Lm is excluded from the mitotic spindle during mitosis (Figure
1B) as previously described,® and that both daughter cells inherited a comparable
number of bacteria (Figure 1A).

The cell cycle duration of uninfected (NI) and Lm-infected (Inf) cells was determined by
measuring the time elapsed between consecutive metaphase plates. The cell cycle
duration was 3.5 h longer in Inf (23.8 + 0.7 h) as compared to NI cells (20.3 + 0.4 h)
(Figure 1C). Importantly, infection did not affect cell viability for at least 40 h (Figure
1D). Together these data indicate that Lm infection does not prevent host cell division

but modulates cell cycle progression.

Lm infection alters the host cell cycle phase distribution

The Lm-induced increase in the host cell cycle duration prompted us to compare cell
cycle phase distribution profiles of infected and uninfected (NI) cells. Unsynchronized
Caco-2 and Jeg-3 cells were left NI or Lm-infected for 17 h (Inf). Flow cytometry
analysis of unfixed cells showed that viability was not affected by infection (Figure
S1A). In Caco-2 cells we detected 75% of infected and 25% of uninfected bystander
cells (Figure S1B), while 57% of Jeg-3 cells were infected (data not shown). Flow
cytometry DNA histograms were generated from three cell subsets: NI, cells containing
intracellular bacteria (Inf GFP+) and uninfected bystander cells (Inf GFP-). The Inf
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GFP+ Caco-2 subset revealed a significant and consistent increase of cells in S- and
G2/M-phases, and a concomitant decrease in G1/G0, as compared to NI and Inf GFP-
cell populations (Figure 2A). Importantly, NI and bystander Inf GFP- cells showed
comparable cell cycle phase distributions. Similar results were observed in Jeg-3 cells
(Figure 2A).

Since the majority of cells in Lm-incubated flasks have intracellular bacteria, we
assessed if the effect of Lm infection was still detectable in the mixed population
(GFP+ and GFP- cells). Compared to NI cells, DNA histograms obtained for Inf Caco-2
cells also revealed an increase of cells in S- and G2/M-phases and a decrease in
G1/G0 (Figure 2B). Similarly, Inf Jeg-3 cells showed a slight but consistent
accumulation of S-phase and a reduction in G1/G0 (Figure 2B). Moreover, in Caco-2
cells, these cell cycle phase distribution changes were Lm dose-dependent (Figure
2C). These effects were still observed in mixed populations with only 33% of Inf cells
(Figure S2). Sub-G1 peaks corresponding to hypodiploid or apoptotic cells were
undetectable (Figure 2A, 2B). These data indicate that Lm induces dose-dependent
cell cycle alterations in different cell lines, which require the presence of intracellular
bacteria but are independent on cellular or Lm-secreted factors acting from the

extracellular milieu.

Host cell cycle alterations require a complete Lm cellular infection cycle

To evaluate the role of well-known bacterial factors in the alterations on the host cell
cycle phase distribution, we performed infections with several engineered bacterial
strains. Cells were left uninfected (NI) or infected with Lm or L. innocua expressing InlA
(Li-InlA), a strain that mimics Lm invasion of Caco-2 cells but cannot escape from the
phagocytic vacuole and replicate in the host cytoplasm. We used a 100-fold higher
multiplicity of infection (MOI) for Li-InlA to obtain similar percentages of infected cells
17 h post-infection (77% for Lm and 70% for Li-InlA). However, colony-forming unit
(CFU) counting showed 10-fold less intracellular Li-InlA than Lm. The analysis of mixed
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populations (Figure 2D) and discriminated Inf GFP+ and Inf GFP- cells (Figure S3)
revealed that NI and Li-InlA-infected cells have similar percentage of cells in S- and
G2/M-phases. A slight decrease in G1/GO cell fraction was detected only after mixed
population analysis of Li-InlA-infected cells (Figure 2D). These results suggest that
cellular invasion is not sufficient to induce alterations of the host cell cycle profile.

To corroborate these data, Jeg-3 cells, in which Lm entry is driven by both InlA and
InIB invasins, were kept NI or infected with LmAinIA, LmAinIB or LmAinlAB mutants and
DNA histograms were obtained from Inf GFP+ and Inf GFP- cells. As found for Lm
infection, while cell cycle profiles were similar for Inf GFP- and NI cells, differences in
S- and/or G1/G0-phases were detected in LmAin/A- and LmAiniB-infected cells (Figure
2E). As expected LmAinIAB infected very few cells, inducing only slight but not
statistically significant differences in S- and/or G1/G0-phase cell fractions (Figure 2E).
These results indicate that Lm entry, and InlA- and InIB-activated signaling are not
sufficient to induce cell cycle stage alterations. In addition, Caco-2 cells infected by
LmAhly, a strain that invades cells but is impaired in vacuolar escape displayed a cell
cycle profile in-between NI and Lm-infected cells (Figure 2F), suggesting that the pore-
forming toxin listeriolysin O (LLO, encoded by hly) might be partially responsible but not
sufficient to induce host cell cycle alterations.

Together these data show that Lm interference with the host cell cycle distribution does
not fully depend on any of the major virulence factors tested, and that a complete Lm
cellular infection cycle appears required to cause host cell cycle alterations.

Albeit the analysis of mixed cell populations underestimates the effects, considering
our data and technical issues, we pursued analyzing the effects of Lm infection on

mixed populations of Caco-2 cells, comprising mainly infected cells.

Lm-infected cells are delayed in S-phase
The accumulation of cells in S-phase suggested that Lm could be delaying the
progression through this phase. To verify this, Caco-2 cells synchronized at the G1/S-
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phase boundary were simultaneously infected and released from the cell cycle arrest
and DNA histograms of NI and Inf cells were analyzed 5 h later. While both histograms
had perfectly superimposable G1 peaks, a leftwards shift was detected in the S-phase
curve of Inf cells, indicating a slightly delayed S-phase (Figure 3A). Analysis of split S-
phase statistics showed that, while the proportion of Inf relative to NI cells is higher in
early S-phase (S1/S2) it is lower in late S-phase stages (S3/S4) (Figure 3B),
suggesting again that Inf cells progress slower in S-phase. To strengthen our data, we
analyzed the progression of cells in S-phase by measuring the percentage of EdU (an
analog of thymidine incorporated in DNA during synthesis) positive cells.
Unsynchronized NI or Inf Caco-2 cells were incubated with EdU and analyzed
immediately or after a 5 h chase. Inf cells showed higher percentage of S-phase cells
and lower levels of EdU incorporation (EdU+ mean fluorescence intensity, MFI),
confirming that Lm infection slows S-phase progression and correlating the
accumulation of S-phase cells with slower DNA synthesis (Figure 3C, D, E). Five hours
after EAU washout we still detected a higher percentage of Inf cells in S-phase.
Consequently, the subsequent G1/GO cells were barely detected in infection conditions
whereas clearly present in NI cells (red arrow, EdU+) (Figure 3F, G). A slightly
decreased G2/M cell fraction was also observed in Inf samples (data not shown).

Our data show that Lm disturbs the rate of DNA synthesis inducing an S-phase delay,
which should account for the host cell cycle profile alterations and the increased cell

cycle duration.

Lm infection induces host cell DNA injury

Given that DNA integrity controls the progression through S-phase, we evaluated this
parameter in NI and Inf Caco-2 cells. We measured single and double strand breaks
(SSBs and DSBs) in individualized cells by single-cell gel electrophoresis (SCGE). Inf
cells showed a higher percentage of comet tail intensity as compared to NI cells
(Figure 4A), indicating that they suffer more DNA strand breaks. As expected, the DNA
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damage inducers etoposide (Etop) and y-irradiation (IR) caused higher tail intensity
percentages. To corroborate these results we performed pulse-field gel electrophoresis
(PFGE) to visualize intact and fragmented DNA. Bands corresponding to fragmented
DNA were faint in NI samples and more intense in Inf, Etop and IR cells, reflecting a
higher amount of undersized chromosomal DNA molecules (Figure 4B). Using different
amounts of Lm we showed that Lm genomic DNA was undetectable even in highly
concentrated samples (Figure S4), thus ruling out the possibility that Lm genomic DNA
could account for the presence of bands corresponding to fragmented DNA in Inf cells.
Host DNA injury was also monitored through the levels of histone H2A.X
phosphorylation (yH2A.X), a hallmark of DNA damage. Immunoblot assays showed
that levels of yH2A.X, normalized to total H2A.X, were augmented by 50% and 70% in
Lm- and LmAhly-infected cells, respectively (Figure 4C). As for the accumulation of
cells in S-phase, Lm triggers a dose-dependent yH2A.X increase (Figure 4D). In
addition, immunofluorescence analysis showed a 2-fold increase in the number and
intensity of yH2A.X foci in Inf as compared to NI cells (Figure 4E).

Altogether these data show that Lm infection induces host DNA strand breaks, an

event that appears independent of LLO.

DNA damage checkpoint override impairs Lm infection

Given that Lm induces host DNA strand breaks, we hypothesized that it could trigger
DNA damage checkpoint responses and that the effects on the host cell cycle would
come from a physiological response to DNA injury. We conducted infection assays in
the presence or absence of caffeine, a widely used pleiotropic inhibitor of DNA damage
checkpoint responses,?* and generated DNA histograms. Caffeine prevented the effect
of Lm infection on the host cell cycle as shown by the similar cell cycle profiles of Inf
and NI cells (Figure 5A). Caffeine-induced override of DNA damage checkpoints was

confirmed by the abrogation of the y-irradiation effects (IR). These data suggest that



Lm infection affects the host cell cycle progression via DNA damage checkpoint
responses.

To verify if the increased cell cycle duration of Inf cells was due to checkpoint
responses, we quantified the cell cycle duration of NI and Inf cells in the presence or
absence of caffeine. We found that caffeine abrogated the increase in cell cycle
duration detected in Inf cells as compared to NI cells (Figure 5B). Caffeine-induced
augmentation of cell cycle duration was previously reported.?® These data suggest that
host cell cycle delay is related to the Lm ability to cause host DNA injury and the
consequent engagement of checkpoint responses.

We then investigated the role of DNA damage checkpoints in Lm infection. We found
that the override of DNA damage checkpoints by caffeine leads to a 20% decrease in
the number of Inf GFP+ cells and a 40% decrease of GFP+ MFI, suggesting the
presence of fewer intracellular Lm (Figure 5C, 5D). In agreement, CFU counting
showed that caffeine decreased the number of intracellular bacteria to about 40%, as
compared to untreated cells (Figure 5D). We verified that caffeine had no effect on Lm
growth in pure culture (Figure S5). To confirm that DNA damage and checkpoints
activation favors Lm infection, we infected Caco-2 cells treated with increasing doses of
etoposide and evaluated the Lm infectious potential. We found that etoposide induced
a dose-dependent increase of both the percentage of GFP+ cells and their MFI,
indicating that Lm-infection is favored in DNA-damaged cells (Figure 5E, F).

Altogether, our results demonstrate that the Lm ability to induce host DNA damage and

activate checkpoint responses creates an advantageous dissemination niche.

Lm-induced effects on host cell cycle require DNA-PK

Lm ability to induce host DNA damage and activate DNA damage responses led us to
investigate the role of central kinases in this context, namely ATM and ATR, damage
sensors and enforcers of checkpoint activation; and DNA-PK, a key regulator of DSB
repair. We analyzed DNA histograms of Caco-2 cells treated with control (siCtr),
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ATM/ATR (siATM/ATR)- or DNA-PK (siDNA-PK)-specific siRNAs, in uninfected (NI)
and Lm-infected (Inf) conditions. Cell cycle distribution profiles of siCtr or siATM/ATR
Inf cells showed increased S- and decreased G1/G0-phase cell fractions, as compared
to NI cells (Figure 6A). In DNA-PK-depleted Inf cells, only slight but not statistically
significant changes were detected in S- and G1/G0-phases as compared to NI cells,
indicating that DNA-PK depletion abrogated the effects of Lm infection on the host cell
cycle (Figure 6A). In agreement, while similar percentages of Inf GFP+ cells and GFP+
MFI were detected in siATM/ATR and siCtr cells, DNA-PK depletion decreased the
percentage of infected cells and the number of intracellular bacteria (Figure 6B), as
observed in caffeine-treated cells (Figure 5C, D). In siRNA-treated cells, ATM and ATR
expression levels fell by 75%, whereas DNA-PK levels decreased only by 25% (Figure
6C). Altogether these results indicate that Lm induces host cell cycle profile alterations
in a DNA-PK-dependent manner and independently of ATM and ATR. In addition, our
data suggest that DNA damage/repair pathways driven by DNA-PK support Lm

infection.

Lm elicits DNA damage/repair mechanisms via DNA-PK and CDC25A

To further investigate the role of DNA-PK in Lm infection we monitored its
phosphorylation, which is involved in DSB sensing and repair.?® Caco-2 cells were
infected with increasing MOls (0.1-1) or treated with increasing doses of etoposide
(0.1-40 uM), and analyzed by immunoblot. Levels of phosphorylated DNA-PK (p-DNA-
PK) increased in a dose-dependent manner in response to increasing MOls and
etoposide doses (Figure 7A). As shown in Figure 4D, yH2A.X levels, which can be
regulated by DNA-PK,?"?® followed a similar trend (Figure 7A). Interestingly, using a
cell cycle antibody array (FullMoon Biosystems™) to identify proteins differentially
phosphorylated in response to Lm infection, we found a 2.5-fold increase in
phosphorylated CDC25A levels (data not shown), a key phosphatase in DNA damage
checkpoint responses and cell cycle regulation, particularly in S-phase.? Given that
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CDC25A is phosphorylated in response to DNA damage, preventing cell cycle
progression to allow DNA repair,?® we corroborated the array results by immunoblot,
confirming that phosphorylated CDC25A levels (p-CDC25A) increased upon infection
and etoposide treatment (Figure 7A). According to the results of dose-response
experiments we consider that the outcome of Lm infection (MOI=0.5, 17 h)
corresponds to the genotoxic effect induced by 0.1-1 uM etoposide. Altogether these
results suggest that Lm triggers DNA damage/repair signaling that possibly leads to S-
phase delay.

To assess if Lm-induced DNA damage and downstream signaling occur during in vivo
infection, immunoblots were performed using total cell extracts from spleens of Lm-
infected (Inf) and uninfected (NI) mice. While cell viability was similar in NI and Lm-
infected spleens (Figure S6), increased levels of yH2A.X were detected in spleen cells
from mice infected for 1 and 3 days (Figure 7B, C), strongly suggesting that DNA
damage is occurring in infected mice organs. In addition, CDC25A was phosphorylated
in spleen cells from 3-day infected mice (Figure 7C) showing the in vivo engagement of

host DNA damage/repair mechanisms.
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DISCUSSION

The interplay between Lm and the host cell nucleus has only been addressed from an
epigenetic viewpoint. Here, we evaluated if Lm interferes with the host cell cycle to
create a suitable colonization niche. We showed that Lm infection hinders the host cell
cycle progression increasing its duration without compromising cell division and
viability. Lm-infected cells have a slower rate of DNA synthesis accumulating in S-
phase and showing increased DNA strand breaks. Host cell cycle delay favors Lm
infection and relies on DNA damage/replication checkpoint responses triggered by
DNA-PK activation.

We showed for the first time in live cells that Lm-infected cells divide giving rise to
infected daughter cells. Contrarily to other pathogens causing cell cycle arrest, Lm
produces a mild phenotype that allows complete cell division yet adjusting cell cycle to
its own benefit. This can provide a dual advantage for Lm, favoring dissemination of the
infection and enabling the control of its intracellular numbers to avoid cell damage.
Albeit achieving cell division, different infected cell lines showed a consistent and dose-
dependent accumulation in S-phase that is not driven by bacterial adhesion or entry
and is independent of any cellular or bacterial secreted factors acting from the
extracellular milieu. The crosstalk between Lm and the host cell cycle should occur
when Lm is free in the cytosol and thus depends on a complete Lm infection cycle.
Besides the S-phase delay, we also detected an increase in G2/M and a decrease in
G1/G0 population. These effects deserve further studies to unravel if they result from a
direct action of Lm or are a consequence of the S-phase hindrance.

The consistently slower progression of Lm-infected cells through S-phase lead us to
propose that Lm could perturb host DNA replication, which can be disturbed by DNA
damage, DNA-bound proteins, aberrant DNA structures and nucleotide starvation.*
Free in the host cytosol Lm acquires nutrients from the host and multiplies as in rich

1

medium,®" rerouting resources available for the host metabolism. In particular, Lm

12



could be competing for dNTPs, whose pools are tightly regulated to preserve genome
integrity.*® Indeed, continued DNA synthesis in conditions of low dNTP shortage leads
to reduced replication rates and increased DNA breaks:,32 events that we observed in
infected cells. In turn, as host cell proliferation is a highly demanding process, the Lm-
induced cell cycle delay could offer bacteria extra nutrients favoring its own growth.
Another hypothesis relies in the capacity of several bacterial pathogens to trigger
histone modifications modulating host transcription through epigenetic features.®® Lm
modifies host gene expression via two virulence factors, LntA and LLO.2%%3* LLO
modulates host transcription from the extracellular milieu and is degraded once Lm
escapes the vacuole, being unlikely to modify host histones from the cytoplasm.?’ Our
data do not support a crucial role for LLO or any other bacterial secreted proteins
acting from the extracellular milieu. Nevertheless, it is plausible that pathogen-induced
DNA damage results from the crosstalk between host transcription modulation and
DNA replication, where cellular machineries would compete for the access to DNA.
Indeed, stalled replication forks may become unstable and prone to collapse, thus
activating DNA damage/replication responses.®® Our data indicate that Lm infection
elicits DNA damage/replication responses, which delay cell cycle progression to allow
possible DNA repair and/or fork protection.

Besides Lm, other bacterial pathogens have been shown to cause host DNA strand
breaks. Producers of genotoxins such as cytolethal distending toxins or colibactin,
cause direct DNA injury inducing genomic instability and ultimately cell cycle arrest and
cell death.”*>3” Other bacteria, such as C. trachomatis,'® Pseudomonas aeruginosa,*®
H. pylori,'* N. gonorrhoeae® and Shigella flexneri,*® induce the production of reactive
oxygen species (ROS) that promote oxidative DNA damage, thereby increasing
yH2A.X levels and impairing host DNA repair mechanisms. To our knowledge, Lm
does not express toxins that can directly injure host DNA. In addition, Lm was
described to inhibit ROS through the action of LLO,*" suggesting a new bacterial
mechanism to induce host DNA injury.
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Lm-induced DNA damage responses are independent from ATM and ATR, the major
DNA damage sensors, indicating that Lm infection does not engage the canonical DNA
damage response, as described for other pathogens.'? Lm signals via another DNA
damage sensor and key repair enzyme, DNA-PK. Upon infection, DNA-PK is
phosphorylated in an Lm dose-dependent manner, together with H2AX and CDC25A.
yH2AX is a central factor in the crossroad of several DNA damage/repair pathways,
responding to multiple sensors and targeting various effectors. CDC25A regulates early
and late cell cycle transitions and is phosphorylated in response to DNA damage or
stalled replication inducing an S-phase delay and preventing the cell cycle progression
of damaged cells.

Several pathogens that interfere with the host cell cycle cause persistent infections,
inducing host cell genomic instability, impairing DNA repair and promoting tumor
development.>*> Lm was never associated with enhanced risk in cancer development
and persistent Lm infections are yet poorly supported. However, wild type Lm and
highly attenuated mutants were found to persist in small foci in the mouse bone
marrow.*> Importantly, attenuated Lm strains have been used as a delivery system in
anti-cancer therapies** and considered serious candidates for anti-cancer vaccines**“°.
Our data are particularly important in this context, as we show that Lm causes DNA
damage in diverse host cells possibly contributing to genomic instability. Additionally,
Lm infection is potentiated in environments where host DNA is already injured. Our
study opens new perspectives to uncover the long-term effects of Lm infection.
Although other scenarios can be put forward, we propose that Lm proliferation in the
host cytoplasm interferes with host DNA replication, culminating in fork arrest and DNA
strand breaks. Infected cells would sense this damage and trigger DNA
damage/replication checkpoint responses via DNA-PK, ensuring a cell cycle
progression delay that allows DNA repair and/or replication fork protection. Such delay
would also insure a favorable environment for Lm replication, possibly through an
increase in resource availability.
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EXPERIMENTAL PROCEDURES

Infection assays

Caco-2 or Jeg-3 cells were seeded at 6x10° cells per 60-mm dish (Nunc) and
propagated for 48 h. Bacteria were grown to an ODgy of 0.7, washed and diluted in
EMEM. Cells were incubated with Lm at MOI 0.1-1, LmAhly at MOl 10, LmAinIA,
LmAinIB, or LmAinIAB at MOI 0.1, or Li-InlA at MOI 50. After 1 h of invasion cells were
kept for 16-19 h in complete medium supplemented with 50 pg/ml gentamicin, plus 2
mM caffeine or 0.1-10 uM etoposide. Intracellular bacteria were quantified as
described.*” Synchronized cells infections are detailed in Supplemental Experimental

Procedures.

Flow cytometry analyses

To assess cell viability and quantify infected cells, unfixed cells were resuspended in
PBS with 2% FBS and 2.5 ug/ml propidium iodide (PI). Percentage of infected cells
(%GFP+) and their mean GFP fluorescence intensity (GFP+ MFI) were evaluated on a
GFP-A/PE-A plot, after exclusion of debris, cell doublets and dead cells. To generate
DNA histograms, cells were fixed in 70% ethanol and incubated (37°C, 3 h) with 40
pg/ml Pl and 10 pg/ml RNase A. Alternatively, to avoid GFP signal quenching, cells
were fixed using a combined paraformaldehyde (PFA)/ethanol method. Single-cell
suspensions were fixed (1 h, 4°C) in Cytofix (BD Biosciences) and 70% ethanol (30
min) and incubated with Pl and RNaseA. At least 10 000 gated events were acquired in
a FACS Canto Il flow cytometer (BD Biosciences). DNA histograms were obtained on a
linear-scale PE-A histogram, after exclusion of debris and cell doublets. In
PFA/ethanol-fixed samples, GFP+ (infected) and GFP- (bystander) populations were
discriminated. Data were analyzed using FlowJo software (TreeStar, Inc.) and the
Watson pragmatic model to quantify the percentage of cells per phase. Whenever
stated, split S-phase statistics were performed, allowing the division of S-phase
Gaussian curve in four populations with equally spaced peaks (S1-4).
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Click-iT EdU Flow Cytometry Assay Kit (Invitrogen) was used to label cells in S-phase.
Infected (16 h) and uninfected Caco-2 cells were incubated for 2 h with 20 yM Click-iT
EdU. To evaluate S-phase exit, EQU was washed out and cells allowed to progress for
5 h. The percentage of EdU+ cells was analyzed by flow cytometry on an APC/PE

contour plot.

Time-lapse microscopy

Caco-2 cells seeded at 2x10* cells per Ibitreat p-dishes (Ibidi) were grown for 24 h and
left uninfected or infected with Lm at MOI 0.1. After 1 h of invasion, cells were cultured
in gentamicin-supplemented phenol red-free medium, plus caffeine (whenever stated),
and followed for 72 h by live-cell imaging. Images were acquired in an inverted epi-
fluorescence Axiovert 200M microscope (Zeiss) equipped with a NanoScan Piezo Z
stage (Prior Scientific Instruments). Cells were maintained at 37°C in a 7% CO,
humidified atmosphere. Shutters, filter wheels and point visiting were driven by Micro-
Manager 1.4 software*® and images captured with a CoolSNAP HQ camera (Roper
Scientific). Phase contrast images were acquired every 10 min and GFP signal images
every 40 min, at multiple points with a 20x (0.30 NA) objective. Fiji software was used
to compile images, merge phase contrast with GFP signal and analyze the resulting

movies.

Please refer to Supplemental Experimental Procedures for details concerning: bacterial
strains, cell lines and growth conditions, SCGE, PFGE, immunoblot and

immunofluorescence analyses, siRNA transfection and mice experiments.

Statistical analyses

Statistical analyses were performed with Prism 6 software (GraphPad Software, Inc.).
One-way ANOVA with post hoc testing analyses were used for pair-wise comparison of
means from three of more unmatched groups. Two-tailed Student's t-test was used to
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compare means of two samples and one-sample t-test to compare with samples
arbitrarily fixed to 100. Differences were not considered statistically significant for p

value 2 0.05.
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FIGURE LEGENDS

Figure 1. Lm-infected cells undergo consecutive rounds of division although
with increased duration.

(A-C) Uninfected (NI) or Lm-infected (Inf, MOI 0.1) Caco-2 cells were followed by live-
cell imaging for 72 h. Infection was confirmed by simultaneous acquisition of
intracellular GFP signal and phase contrast images. (A) Time-lapse microscopy images
from Movie S1 showing an infected cell dividing into two infected daughter cells. Top
panel: phase contrast images; bottom panel: merged phase contrast and GFP signal
images. Arrows show the dividing cell and resulting daughter cells. Specific cell cycle
stages are depicted: interphase (0 min), nuclear envelope breakdown (80 min),
(pro)metaphase (200 min), late anaphase (240 min), daughter cells in interphase (370
min). Partial time is indicated (O corresponds to 29 h 40 min post-infection). Scale bar =
15 uym. (B) Inset of Figure 1A showing Lm excluded from the mitotic spindle. Merged,
phase contrast and GFP signal images are shown. (C) Quantification of the cell cycle
duration in NI and Inf cells. The time elapsed between consecutive metaphase plates
was determined in time-lapse images. Each dot represents a cell and the number of
cells analyzed is indicated (n). Results are representative of five independent
experiments. *** p-value < 0.001 (Student's t-test). (D) Cellular viability was examined
40 h after infection by Pl incorporation and flow cytometry analysis. Results are means

+ SE from three independent experiments.

Figure 2. Lm infection induces alterations in the host cell cycle stage
distribution.

(A, B) Caco-2 or Jeg-3 cells were left uninfected (NI) or infected (Inf, MOI 0.5 and 0.1,
respectively) for 17 h. (A) Quantification of DNA histograms from PFA/ethanol-fixed
cells (top panels). Inf GFP- corresponds to bystander cells lacking intracellular bacteria

and Inf GFP+ to cells with intracellular bacteria. Representative DNA histograms are
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shown (bottom panels). Results are means + SEM from at least three independent
experiments. * indicate statistical comparisons to NI; # indicate statistical comparisons
between Inf GFP- and Inf GFP+ populations. * and # p-value < 0.05, ** and ## p-value
< 0.01, *** and ### p-value < 0.001 (one-way ANOVA). (B) Quantification of DNA
histograms from ethanol-fixed cells (top panels) and representative histograms (bottom
panels). Results are means + SEM from five independent experiments. * indicate
statistical comparisons to NI. * p-value < 0.05, ** p-value < 0.01 (Student's t-test). (C)
Quantification of cell cycle phase distribution of ethanol-fixed Caco-2 cells left NI or
infected with increasing doses of Lm (MOI 0.1-1). Results are means + SEM from three
independent experiments. * indicate statistical comparisons to NI. * p-value < 0.05, **
p-value < 0.01 (one-way ANOVA). (D) Quantification of DNA histograms from ethanol-
fixed Caco-2 cells left NI or infected for 17 h with Lm (MOI 0.5) or L. innocua-InlA (Li-
InlA, MOI 50). Results are means + SEM from five independent experiments. * indicate
statistical comparisons to NI. * p-value < 0.05, *** p-value < 0.001 (one-way ANOVA).
(E) Quantification of DNA histograms from PFA/ethanol-fixed Jeg-3 cells kept NI or
infected with LmAinIA, LmAinIB, or LmAinlAB (MOI 0.1, 17 h). Results are means %
SEM from four independent experiments. * indicate statistical comparisons to NI; #
indicate statistical comparisons between GFP- and GFP+ populations. * and # p-value
< 0.05 (one-way ANOVA). (F) Quantification of DNA histograms from ethanol-fixed
Caco-2 cells left NI or infected for 17 h with Lm (MOI 0.5) or LmAhly (MOl 50). Results
are means * SEM from three independent experiments. * indicate statistical
comparisons to NI; # indicate statistical comparisons between Lm and LmAhly. * and #

p-value < 0.05, ** p-value < 0.01 (one-way ANOVA).

Figure 3. Lm infection induces a delayed S-phase progression in Caco-2 cells.

(A, B) Caco-2 cells synchronized at G1/S-phase transition by double thymidine block
were released from the cell cycle arrest (0 h), left uninfected (NI) or infected with Lm
(Inf, MOI 20) and DNA histograms were generated from ethanol-fixed cells 5 h post-
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infection. (A) Representative DNA histograms of two independent experiments. (B)
Analysis of split S-phase statistics (S1, S2, S3 and S4, ranging from lower to higher
DNA content) representative of two independent experiments. (C-E) NI or Lm-infected
(Inf, 18 h) Caco-2 cells were allowed to incorporate EdU during the last 2h before
analysis. (C) Representative flow cytometry density plots showing the discrimination
and percentage of S-phase cells (EdU+ population). (D) Quantification of the
percentage of S-phase (EdU+) cells. Results are means + SEM from three independent
experiments. * p-value < 0.05 (Student's t-test). (E) Quantification of the mean
fluorescence intensity (EdU+ MFI). Results are means + SEM from three independent
experiments. Values are given relative to NI cells, arbitrarily fixed at 100. * p-value <
0.05 (one-sample t-test). (F, G) After EdU incorporation, NI or Lm-infected Caco-2 cells
were allowed to progress for 5h, before analysis. (F) Representative flow cytometry
contour plots showing the cell cycle progression of EdU-labeled cells 5 h after EdU
washout. Red arrow shows EdU+ G1/GO0 cells. (G) Quantification of the percentage of
EdU+ cells in S and G1/G0 phases, 5 h after EJU pulse. Results are means + SEM

from three independent experiments. * p-value < 0.05 (Student’s t-test).

Figure 4. Lm infection induces DNA strand breaks in host cells.

(A, B, E) Caco-2 cells were left uninfected (NI) or infected with Lm (Inf, MOI 0.5).
Etoposide-treated (Etop) and y-irradiated (IR) cells were used as positive controls. (A)
DNA strand breaks measured by single-cell gel electrophoresis (SCGE). Left panels:
representative images of comets with respective Comet Assay IV software screenshots
for each condition. Right panel: quantification of comet tail intensities. Each dot
represents a single comet. The number of comets analyzed per condition is indicated
(n). Data are representative of three independent experiments. * p-value < 0.05, *** p-
value < 0.001 (one-way ANOVA). (B) DNA integrity assessed by pulse field gel
electrophoresis (PFGE). Bands corresponding to intact and fragmented genomic DNA
are indicated (left panel) and their relative intensity was quantified (right panel). Data
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are representative of three independent experiments. (C) Caco-2 cells were left NI or
infected with Lm (MOI 0.5) or LmAhly (MOl 10) and the DSB marker yH2A.X was
evaluated by immunoblot. Levels of yH2A. X were normalized to total H2A.X and the
value for infected cells was expressed relative to the ratio of NI cells, arbitrarily fixed to
100. Graph shows means + SE from three independent experiments. * p-value < 0.05
(one-sample t-test). (D) Caco-2 cells were left NI or infected with increasing doses of
Lm (MOI 0.1-1, 20 h) and the DSB marker yH2A.X was quantified by immunoblot.
GAPDH was used as loading control. (E) Assessment of yH2A.X levels by
immunofluorescence. Merged images show yH2A.X foci in red and DAPI-stained nuclei
in blue (left panel). Scale bar = 20 ym. Graph shows means + SEM from four
independent experiments. Approximately 500 nuclei were analyzed per condition.
Integrated pixel density of yH2A.X foci was normalized to the total number of nuclei.
Infected sample values were expressed relative to the NI sample value arbitrarily fixed

to 100. * p-value < 0.05 (Student’s t-test).

Figure 5. DNA damage checkpoint function is required to favor Lm infection.

(A-F) Caco-2 cells were left uninfected (NI) or infected with Lm (Inf, MOI 0.5, 20 h), in
the presence or absence of 2 mM caffeine, or subjected to increasing concentrations of
etoposide (0-10 uM). y-irradiated cells (IR) were used as controls. (A) Quantification of
DNA histograms from ethanol-fixed cells (top panel). Results are means + SEM from
four independent experiments. Representative histograms are shown (bottom panels).
* indicate statistical comparisons to NI, in the presence or absence of caffeine; #
indicate statistical comparisons between groups, in presence and absence of caffeine.
* and # p-value < 0.05, ## p-value < 0.01, *** and ### p-value < 0.001 (one-way
ANOVA). (B) Quantification of the cell cycle duration of NI and Inf cells, in the presence
or absence of caffeine. The time elapsed between consecutive metaphase plates was
measured in time-lapse images. The number of cells analyzed is indicated (n). Results
are representative of two independent experiments. * p-value < 0.05, *** p-value <

27



0.001 (one-way ANOVA). (C-F) Caffeine and etoposide interfere with Lm infectious
potential in opposing manners. (C) Representative flow cytometry density plots
showing the percentage of infected cells (GFP+ population) and their mean GFP
fluorescence intensity (dotted line), in the presence or absence of caffeine. (D)
Quantification of the percentage of infected cells (left panel), mean GFP fluorescence
intensity (GFP+ MFI, middle panel) and intracellular bacteria (right panel), in the
presence or absence of caffeine. Graphs show means £+ SEM from three independent
experiments. Values are expressed relative to the infection without caffeine, arbitrarily
fixed to 100. * p-value < 0.05, ** p-value < 0.01 (one-sample t-test). (E) Representative
flow cytometry density plots showing the percentage of infected cells (GFP+
population) and their mean GFP fluorescence intensity (dotted line), in the presence or
absence of 10 uM etoposide. (F) Graphs show means + SEM of the percentage of
infected cells (left panel) and mean GFP fluorescence intensity (GFP+ MFI, right
panel), in the absence or presence of 1 and 10 uM etoposide, from three independent
experiments. Values are expressed relative to the infection in the absence of

etoposide, arbitrarily fixed to 100. ** p-value < 0.01 (one-sample t-test).

Figure 6. Lm-induced alterations of the host cell cycle profile are dependent on
DNA-PK.

(A-C) Expression of ATM, ATR and DNA-PK was silenced in Caco-2 cells by
transfecting simultaneously ATM and ATR (siATM/ATR) or DNA-PK (siDNA-PK)
specific siRNAs. Control cells were transfected with non-targeting siRNAs (siCtr). Cells
were left uninfected (NI) or infected with Lm (Inf, MOI 0.5, 20 h). (A) Quantification of
DNA histograms from ethanol-fixed cells. Results are means £+ SEM from at least three
independent experiments. * indicate statistical comparisons to NI siCtr; # indicate
statistical comparisons between control and targeting siRNAs. * and # p-value < 0.05,
## p-value < 0.01, *** p-value < 0.001 (one-way ANOVA). (B) Quantification of the
percentage of infected cells (GFP+) and the mean GFP fluorescence intensity (GFP+
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MFI) by flow cytometry. Graphs show means + SEM from at least three independent
experiments. Values are given relative to the infection of siCtr cells, arbitrarily fixed at
100. ** p-value < 0.01 (one-sample t-test). (C) Evaluation of ATM, ATR and DNA-PK
expression levels by immunoblot. Top panels show representative immunoblots.
Bottom panels show quantifications of GAPDH-normalized ATM, ATR and DNA-PK
expression levels. Expression levels in silenced conditions are given relative to siCtr,
arbitrarily fixed to 100. Graph shows means + SEM from two (siATM/ATR) or three

(siDNA-PK) independent experiments. * p-value < 0.05 (one-sample t-test).

Figure 7. DNA-PK and CDC25A are mediators of the DNA damage/repair
signaling cascade elicited by Lm infection, both in vitro and in vivo.

(A) Uninfected (NI)/untreated (NT) Caco-2 cells were exposed to increasing MOls or
etoposide doses for 20 h and phosphorylation levels of DNA-PK (p-DNA-PK), H2A.X
(yH2A.X) and CDC25A (p-CDC25A) were assessed by immunoblot. GAPDH was used
as loading control. Representative immunoblots are shown (top panels). Quantification
graphs (bottom panels) show means + SEM of three independent experiments. Values
for infected/treated conditions were expressed relative to NI or NT conditions, arbitrarily
fixed to 100. * p-value < 0.05 (one-sample t-test). (B, C) Analysis of yH2A.X and p-
CDC25A levels during Lm infection in vivo. BALB/c mice were left uninfected (NI) or
infected (Inf) for 1 (B) or 3 days (C) with Lm and the levels of yH2A.X and p-CDC25A
were evaluated by immunoblot on total extracts from mouse spleen cells. Two
independent experiments were performed using two mice per condition (#1, #2).
Immunoblot images (top panels) and quantifications of GAPDH-normalized

phosphorylation levels (bottom panels) are shown.
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SUPPLEMENTAL INFORMATION

Experimental Procedures

Bacterial strains, cell lines and growth conditions

Listeria monocytogenes EGDe-cGFP' (designated as Lm), isogenic hly-, inlA-, inlB-
and inlAB-defective mutants expressing GFP (this study, designated as LmAhly,
LmAinIA, LmAiniB, and LmAinlAB, respectively) and Listeria innocua expressing InlA?
(designated Li-InlA) were grown in Brain Heart Infusion (BHI, Difco Laboratories) broth
supplemented with 7 pg/ml chloramphenicol, at 37°C under aerobic conditions with
agitation. Human colorectal adenocarcinoma cell line Caco-2 (ATCC HTB-37) was
propagated in complete growth medium [Eagle's Minimum Essential Medium (EMEM),
20% (v/v) fetal bovine serum (FBS), 1 mM sodium pyruvate, 0.1 mM non-essential
amino acids], at 37°C in a 7% CO, humidified atmosphere. Human choriocarcinoma
cell line Jeg-3 (ATCC HTB-36) was cultured in similar conditions except that the
medium was supplemented with 10% FBS. Cell culture medium and supplements were
purchased from Lonza. Whenever stated, cells were treated with 0.1, 1, 10, 20, or 40
UM etoposide (Sigma) for 17-20 h, or exposed to y-rays (5 Gy) using a "*'Cs source

(Gammacell 1000 irradiator, Nordion) to induce DNA strand breaks.

Infection of synchronized cells

Caco-2 cell suspensions were seeded at 4x10° cells per 60-mm dish and synchronized
at the G1/S-phase boundary by a double thymidine block (2 mM thymidine for 18 h,
released for 8 h, and a second arrest with 2 mM thymidine for 18 h). Cells were
released from G1/S block, incubated for 1 h with Lm suspension at MOI 20 and allowed
to progress into S-phase for 4 h in complete medium supplemented with 50 pg/ml
gentamicin. Cells were washed, harvested by trypsinization and processed for flow

cytometry analyses.



Single-cell gel electrophoresis (SCGE or Comet assay)

Eukaryotic celDNA damage was measured by alkaline single-cell gel electrophoresis
according to methods previously described®.®> Approximately 10* cells harvested by
trypsinization were suspended in 0.6% low melting point agarose prepared in PBS. The
mixture was dispensed onto glass microscope slides previously coated with 1% normal
melting point agarose, and allowed to set on ice under a coverslip. Coverslips were
removed and slides kept overnight in ice-cold lysis buffer [10 mM Tris, 100 mM
disodium EDTA, 2.5 M NaCl, pH 10, with 1% Triton X-100 (v/v) freshly added], and
washed in ice-cold distilled water. In a horizontal electrophoresis tank, slides were kept
submerged in ice-cold alkaline electrophoresis solution (300 MM NaOH, 1 mM
disodium EDTA) for 20 min. Electrophoresis was performed for 1 h (0.66 V/cm,
300 mA) at 4°C. Slides were neutralized with PBS for 20 min and washed with double-
distilled water, before drying at 37°C. All procedures were carried out under subdued
light to minimize background DNA damage. Slides were rehydrated in distilled water,
stained with 2.5 ug/ml propidium iodide (Pl) for 20 min, washed for 30 min and allowed
to dry at 37°C. Comets were visualized under an Axioskop fluorescence microscope
(Zeiss) at 200x magnification, and images were captured by an AxioCamMR camera
(Zeiss). Approximately 150 cells were analyzed per sample, 50 per ftriplicate slide.
Comet Assay IV™ software (Perceptive Instruments) was used to score the
percentage of DNA in the comet tail (% tail intensity). The intensity of the tail relative to

the head reflects the extent of DNA breaks.*

Pulse-field gel electrophoresis (PFGE)

Detection of DNA double strand breaks (DSBs) by PFGE was performed according to
previously described methods®® with modifications. Trypsinized cells were washed and
0.75% agarose plugs of 5x10° cells were prepared with CHEF Mammalian Genomic
DNA Plug Kit following the manufacturer instructions (BioRad Laboratories). Plugs
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were incubated overnight with proteinase K at 50 °C, without agitation, washed and
submitted to electrophoresis for 21 h at 14 °C in 0.9% (w/v) SeaKem Gold Agarose
(Lonza) prepared in 0.5x Tris/borate/EDTA (TBE, BioRad Laboratories) using a CHEF
DR Ill apparatus (BioRad Laboratories) with three consecutively executing blocks of
running conditions (block 1: 9 h, included angle 120°, switch time 30 to 18 s, 5.5 V/cm;
block 2: 6 h, included angle 117°, switch time 18 to 9 s, 4.5 V/cm; and block 3: 6 h,
included angle 112°, switch time 9 to 5 s, 4.0 V/cm). Under these conditions,
mammalian genomic DNA fragments of lower molecular weight enter the gel, while
high molecular weight DNA remains in the well. Gels were stained with ethidium
bromide and images acquired wiith a Molecular Imager Gel Doc™ XR+ System

(BioRad Laboratories).

Immunoblot analyses

Cells were washed with ice-cold PBS and resuspended in 1x SDS-PAGE loading buffer
(3% glycerol, 5% mercaptoethanol, 2% SDS, 0.1% blue bromophenol in 1 M Tris-HCI
pH 6.8). Lysates were incubated with benzonase nuclease (Sigma) to shear DNA and
heated at 95°C during 5 min. Samples were resolved in a 4%15% Mini-Protean®TGX™
PreCast Gel (BioRad Laboratories) and transferred onto a 0.2 ym nitrocellulose
membrane (Trans-Blot®Turbo™ Transfer Pack, BioRad Laboratories) during 15 min at
1.3 Ain a TransBlot®Turbo System (BioRad Laboratories). After blocking with 5% non-
fat dry milk or 4% BSA in Buffer A (150 mM NaCl, 20 mM Tris-HCI pH 7.4 and 0.1%
Triton X-100), at least 1 h at room temperature, membranes were immunoblotted
overnight at 4°C with primary antibodies anti-pSer139 H2A.X (clone JBW301,
Millipore), anti-pSer2056 DNA-PK (ab18192; Abcam), anti-pSer76 CDC25A (ab75743;
Abcam), anti-ATM (sc-23921), anti-histone H2A.X (sc-54606), anti-ATR N-19 (sc-
1887), anti-DNA-PK (sc-9051), anti-CDC25A (sc-7389) and anti-GAPDH (sc-32233)
from Santa Cruz Biotechnology. Membranes were washed three times and incubated
during 1 h at room temperature with anti-mouse and anti-rabbit (PARIS Biotech) or
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anti-goat (Santa Cruz Biotechology) horseradish peroxidase-conjugated secondary
antibodies. After washing, antibody signal was revealed by chemiluminescent
autoradiography using Pierce® ECL Western Blotting Substrate (Thermo Scientific).

Band intensity was quantified using Image Lab 3.0 software (BioRad Laboratories).

Immunofluorescence analyses

Caco-2 cells grown on top of coverslips were infected or left uninfected, fixed with 3%
PFA (20 min), quenched with 50 mM NH4CI (30 min) and permeabilized with 0.1%
Triton X-100 (5 min). To quantify cells infected by Li-InlA, cells were incubated with
rabbit anti-L. innocua antibodies R6’ diluted 1:500 in blocking solution (1% BSA and
20% FBS in PBS), followed by incubation with AlexaFluor488-conjugated anti-rabbit
antibody (Invitrogen) diluted 1:150; phalloidin-TRITC (Sigma) diluted 1:500 and 2 ng/ml
DAPI (Sigma). Coverslips were mounted with Mowiol mounting medium (Kuraray
Specialties Europe GmbH). For quantification of Lm-infected cells, cells were only
incubated with phalloidin-TRITC and DAPI in blocking solution. Quantification of
infected cells was performed by visual inspection under an Olympus BX53 microscope.
For yH2A.X quantification, cells were incubated with mouse anti-pSer139 histone
H2A.X (Millipore) diluted 1:500 in blocking solution, followed by incubation with Cy3-
conjugated anti-mouse antibody (Jackson ImmunoResearch) diluted 1:150 and DAPI.
Images were acquired with a 20x (0.17NA) objective and Image J software® was used
for image quantification. Analyses were performed by quantifying the integrated density
of pixels corresponding to yH2A.X foci and normalizing the resulting values to the total

number of nuclei.

Transfection of siRNA duplexes

Caco-2 cells were transfected using the Amaxa Cell Line Nucleofector Kit T as
indicated by the manufacturer (Lonza). ATM siRNA (sc-29761), ATR siRNA (sc-
29763), DNA-PK siRNA (sc-35200) as well as siRNA control (sc-44232) were
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purchased from Santa Cruz Biotechnology. Cells were left uninfected or infected 72 h

after transfection and analyzed 18-20 h later.

Flow cytometry analyses

To distinguish cells infected with Li-InlA (Li-APC+) from the bystander population (Li-
APC-), samples fixed with PFA-ethanol were incubated with rabbit anti-L. innocua R6’
diluted in 1% FBS in PBS, followed by incubation with Cy5-conjugated anti-rabbit
antibody (Jackson Immuno Research). Cells were then analyzed on a APC-A/FSC-A
plot followed by an analysis on the PE-A channel, which allows the generation of

independent DNA histograms for each population.

Mice experiments

Infections were performed as previously described.® Six-week-old specific pathogen-
free female BALB/c mice (Charles River) were injected intravenously with a sub-lethal
bacterial inoculum, 10* CFUs and spleens were recovered (two animals per condition)
1 or 3 days after infection. Spleen cells were isolated by passing through a cell strainer
and washing them in PBS supplemented with 2% FBS. Cell viability was evaluated by
flow cytometry after PI incorporation as described before. The cell suspension was
centrifuged at 1000 g for 5 min and the pellet was resuspended in 1x SDS-PAGE

loading buffer for immunoblot analysis, as described above.

Ethics Statement

This study was carried out in accordance with European and Portuguese legislation for
the use of animals for scientific purposes (Directive 86/609/EEC; Decreto-Lei 129/92;
Portaria 1005/92). The work was approved by Direccdo Geral de Veterinaria, the

Portuguese authority for animal protection (ref. ERA-PTG/0003/2010).

Preparation of Lm genomic DNA plugs for PFGE



Plugs containing only Lm (10°-10® bacteria per plug) were prepared using the same

protocol described in Experimental Procedures.

In vitro growth of Lm
Lm growth curves were obtained in BHI broth at 37°C, under aerobic conditions, with
agitation, in the presence or absence of 2 mM caffeine. The ODgy values were

recorded every 45 min until the stationary phase.
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Figure Legends

Movie S1 (related to Figure 1). Lm-infected cells undergo cell division originating
infected daughter cells.

Caco-2 cells were infected (Inf, MOI 0.1) and followed by live-cell imaging during 72 h.
Lm infection was confirmed by simultaneous acquisition of GFP signal and phase

contrast images. Scale bar = 50 ym. Frame rate: 15 frame per second (MP4).

Movie S2 (related to Figure 1). Lm-infected cell undergoing consecutive rounds
of division.

Caco-2 cells were infected (Inf, MOI 0.1) and followed by live-cell imaging during 72 h.
Lm infection was confirmed by simultaneous acquisition of GFP signal and phase

contrast images. Scale bar = 25 pm. Frame rate: 15 frame per second (MP4).

Figure S1 (related to Figure 2). Lm infections of Caco-2 cells do not interfere with

cell viability.



(A) Caco-2 cells were left uninfected (NI) or infected with Lm (Inf, MOI 0.5, 17 h).
Representative flow cytometric PE-A/PerCP-Cy5-A density plots are shown. Viability
was examined in unfixed cells incubated in the presence of propidium iodide. (B) After
exclusion of dead cells, the percentage of infected cells (GFP+ population) was
determined on a GFP-A/PE-A plot. Graphs show means = SE from five independent

experiments (same as in Figure 2B, left panel).

Figure S2 (related to Figure 2). Lm-induced alterations in the host cell cycle are
detected at low percentages of infection.

Caco-2 cells were left uninfected (NI) or infected with Lm (Inf, MOI 0.5, 17 h). Similar to
Figure 2B (left panel), except that average infected cells is 33%. Results are means +
SE from five independent experiments. ** p-value < 0.01, *** p-value < 0.001 by

Student's t-test.

Figure S3 (related to Figure 2). Li-InlA infection does not interfere with the host
cell cycle.

Quantification of flow cytometric DNA histograms from Caco-2 cells left uninfected (NI)
or infected with Li-InlA (MOI 50, 17 h) and fixed with PFA-ethanol. Intracellular Li-InlA
bacteria were labeled with antibodies raised against Li allowing the discrimination of
bystander cells (Li-APC-) and Li-InlA-infected cells (Li-APC+) populations. Results are

means + SE from three independent experiments.

Figure S4 (related to Figure 4). Fragmented DNA detected by PFGE from Lm-
infected cells is not from bacterial origin.

Plugs containing different quantities of Lm (Lm-only) were prepared, and after
electrophoresis, gel images were acquired. Plugs containing uninfected (NI) and

infected (Inf) Caco-2 cells were used as controls.



Figure S5 (related to Figure 5). In vitro growth of Lm is not affected by caffeine.
Growth curve of Lm in BHI broth under aerobic conditions at 37°C with agitation, in the
absence (CTR) or presence of 2 mM caffeine. Data are representative of four

independent experiments.

Figure S6 (related to Figure 7). Lm infection does not interfere with mouse spleen
cell viability. Viability of cells isolated from infected mice spleens was evaluated
through flow cytometry by determining Pl exclusion. Two mice were evaluated per

condition, 1 day and 3 days after intravenous infection.

Tables

Table S1 (relative to Figure 4B). Relative intensity of fragmented DNA bands

obtained for three independent PFGE experiments.

#1 #2 #3

NI 100 100 100
Inf 148 185 113
Etop 152 246 144
IR 136 194 n.a.

n.a.: not applicable
























