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Listeria monocytogenes is a Gram-positive bacterium and a facultative intracellular pathogen that invades mammalian cells, dis-
rupts its internalization vacuole, and proliferates in the host cell cytoplasm. Here, we describe a novel image-based microscopy
assay that allows discrimination between cellular entry and vacuolar escape, enabling high-content screening to identify factors
specifically involved in these two steps. We first generated L. monocytogenes and Listeria innocua strains expressing a [3-lacta-
mase covalently attached to the bacterial cell wall. These strains were then incubated with HeLa cells containing the Forster reso-
nance energy transfer (FRET) probe CCF4 in their cytoplasm. The CCF4 probe was cleaved by the bacterial surface 3-lactamase
only in cells inoculated with L. monocytogenes but not those inoculated with L. innocua, thereby demonstrating bacterial access
to the host cytoplasm. Subsequently, we performed differential immunofluorescence staining to distinguish extracellular versus

total bacterial populations in samples that were also analyzed by the FRET-based assay. With this two-step analysis, bacterial
entry can be distinguished from vacuolar rupture in a single experiment. Our novel approach represents a powerful tool for
identifying factors that determine the intracellular niche of L. monocytogenes.

isteria monocytogenes is a Gram-positive pathogen responsible

for listeriosis, a human disease characterized by gastroenteritis
in immunocompromised individuals, miscarriage in pregnant
women, and meningitis in newborns (1). L. monocytogenes is able
to promote its own internalization in mammalian cells due to
interaction of the bacterial surface invasion proteins InlA and InlB
with their host cell plasma membrane receptors, the epithelial
adhesion molecule E-cadherin and the hepatocyte growth factor
receptor c-Met, respectively (2). This interaction leads to the ac-
tivation of signaling cascades triggering clathrin recruitment (3, 4)
and cytoskeletal rearrangements for bacterial engulfment (5-8).
Once inside host cells, secretion of the cholesterol-dependent
pore-forming toxin listeriolysin O (LLO) and of two bacterial
phospholipases, PlcA and PlcB, leads to disruption of the L. mono-
cytogenes internalization vacuole and pathogen escape into the
cytoplasm (9). An actin-based motility system dependent on acti-
vation of the Arp2/3 complex by the bacterial surface protein ActA
allows L. monocytogenes to spread to neighboring cells (2, 10).

While the cell invasion process by L. monocytogenes has been
extensively investigated (9), cellular components and signaling
pathways leading to vacuolar escape are less well characterized. In
macrophages, the small GTPase Rab5 and its interactor RABEP1
have been reported to negatively modulate L. monocytogenes sur-
vival in the vacuole (11, 12), and the heat shock protein 70 was
reported to inhibit vacuolar escape (13). Furthermore, the gam-
ma-interferon-inducible lysosomal thiol reductase (GILT) acti-
vates LLO and favors vacuolar rupture (14), while the cystic fibro-
sis transmembrane conductance regulator (CFTR) is exploited by
L. monocytogenes to escape the phagosome (15). It has been de-
scribed that under specific physiological conditions, L. monocyto-
genes can persist and multiply in membrane-bound compart-
ment-denominated Listeria large phagosomes (LAPs), but the
extent and relevance of this observation in cellular systems that
differ from macrophages have not been explored (16).

Assays to determine L. monocytogenes vacuolar escape have re-

January 2016 Volume 82 Number 1

Applied and Environmental Microbiology

lied on several methods, including the manual detection of micro-
scopically labeled bacterial intracellular clusters (17), identifica-
tion of actin comet tails present in the cytoplasm of infected cells
(12), and cellular transfection with the fluorescent cell wall-bind-
ing domain (CBD) of the L. monocytogenes phage endolysin
Ply118, which decorates bacteria early on disruption of their in-
ternalization compartment (18). Here, we present the develop-
ment of a microscopy-based approach designed to evaluate in a
single experiment factors affecting the invasion of L. monocyto-
genes and/or its escape from the vacuolar compartment in eukary-
otic cells. We constructed a fusion protein containing the LPXTG
motif of InlA coupled to a B-lactamase that is exposed at the bac-
terial surface. This chimeric protein is able to cleave the Forster
resonance energy transfer (FRET) probe CCF4, which was previ-
ously used to monitor vacuolar rupture of Shigella or Mycobacte-
rium tuberculosis (19). We observed that cells cytoplasmically
loaded with CCF4 emit a specific fluorescent signal at 535 nm in
resting conditions or when incubated with nonpathogenic Listeria
innocua strains; in contrast, under conditions where vacuolar rup-
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ture by L. monocytogenes takes place, the CCF4 is cleaved by the
surface B-lactamase, and fluorescence emission peaks at 450 nm.
Quantification of FRET signal changes provides precise informa-
tion on cytosolic access by L. monocytogenes. Furthermore, we
have coupled this readout with a differential immunofluorescence
staining method of extracellular versus total bacteria (20). To-
gether, our assays allow measurement of L. monocytogenes cell
invasion and vacuolar rupture in a single assay. These assays allow
high-throughput analysis with spatiotemporal resolution to per-
form screens of host and pathogen factors that differentially alter
cell invasion and vacuolar rupture.

MATERIALS AND METHODS

Construction of an LPXTG—-[3-lactamase fusion protein. To generate a
B-lactamase covalently anchored to the L. monocytogenes surface, we syn-
thesized a chimeric gene (cBLA-inlA) containing the Hyper-SPO1 consti-
tutive promoter (Phyper) fused to the hly 5'-untranslated region (previ-
ously shown to enhance expression of cis-associated genes) (21, 22),
followed by the region encoding the signal peptide of InlA and the B-lac-
tamase gene (codon usage optimized for expression in L. monocytogenes by
using the Web server Optimizer [http://genomes.urv.essfOPTIMIZER/]).
Finally, we added the region encoding the last 284 amino acids of InlA,
which code for an LPXTG motif, at the 3" end of the construct (see Fig. S1
in the supplemental material). This 1,940-bp fragment was synthetically
produced by gene synthesis (Eurofins Genomics) and cloned into Smal-
Sall restriction sites of pBluescript II SK(+) to generate the plasmid
pBluescriptIl-cBLA-inlA. The Smal-Sall restriction fragment was then
cloned into the Smal-Salll-digested pAD-PinlC-GFP plasmid (23). As a
result, the PinlC-GFP fragment was replaced by the fragment encoding
the tagged B-lactamase, yielding pAD-cBLA-inlA. The pAD-cBLA-inlA
plasmid construct was verified by sequencing using primers pPL2-Rv and
pPL2-Fw, and it was then transformed into L. monocytogenes EGDePrfA*
(BUG 3057) and L. innocua™® (BUG 1531) by electroporation with a
0.1-cm cuvette using a GenePulser apparatus (Bio-Rad) set to 25 wF, 400
), and 1.25 kV. Transformants were selected on brain heart infusion
(BHI) medium supplemented with chloramphenicol and ampicillin at 7
and 50 pg/ml, respectively. Integration into the chromosome at the tRNA
ARg-attBB site of the pPL2 vector was verified by PCR amplification using
primers NC16 and PL95 (23). The newly generated strains were named L.
monocytogenes EGDe PrfA*F12t (BUG 3358) and L. innocua®'2<Vni
(BUG 3614).

Nitrocefin test. One milliliter of overnight bacterial culture (optical
density at 600 nm [ODg,,] ~ 3) was washed 3 times with phosphate-
buffered saline (PBS) and resuspended in 1 ml of PBS. Five microliters of
these PBS-resuspended bacteria and 10-fold dilutions (10~ and 1072)
were incubated with 100 wl of 0.10 mM nitrocefin (VWR) in 100 mM
sodium phosphate buffer (pH 7) at 37°C for 30 min. Hydrolysis of nitro-
cefin produces a shift in the visible light spectrum from intact (yellow) to
degraded (red) nitrocefin.

Bacterial strains and cell lines. L. monocytogenes EGDe PrfA was
grown in BHI medium (Difco Laboratories, Detroit, MI) supplemented
with 7 pg/ml of chloramphenicol at 37°C. L. innocua®**"™™® was grown
in BHI medium supplemented with 7 pg/ml of chloramphenicol and 5
pg/ml of erythromycin at 37°C. Escherichia coli strains were grown in
Luria-Bertani (LB) broth at 37°C. When required, chloramphenicol was
used at a final concentration of 35 pg/ml for E. coli. Human epithelial
cervix (HeLa) cells (ATCC CCL-2) were used for tissue culture. Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco)
supplemented with 10% (vol/vol) fetal calf serum (Biowest). Cells were
grown at 37°C with 10% CO,.

CCF4 assay for Listeria vacuole rupture. HeLa cells were seeded in
96-well plates (Greiner) 1 day before infection at a density of 1 X 10* cells
per well in a final volume of 100 pl. The day of infection, HeLa cells were
loaded with CCF4/AM (Invitrogen) in HEPES buffer (120 mM NaCl, 7

*PB-lact
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mM KCl, 1.8 mM CaCl,, 0.8 mM MgCl,, 5 mM glucose, and 25 mM
HEPES at pH 7.3) containing 1 mM probenecid (Sigma) (which inhibits
CCF4 efflux) for 2.5 h at room temperature in the dark as previously
described (24). HeLa cells were washed once with 150 pl PBS-1 mM
probenecid before infection. Listeria species strains were grown for 18 hin
5 ml of BHI medium at 37°C and 180 rpm. Listeria species overnight
cultures grown under these conditions contained ~3 X 10? bacteria/ml.
Bacterial cultures were washed three times with PBS and finally resus-
pended in EM—1 mM probenecid buffer to infect host cells at the indicated
multiplicity of infection (MOI). After centrifugation at 179 X g for 3 min
for bacterial attachment and synchronization of invasion, plates were kept
at 37°C for 1 h. Cells were washed with 150 pul PBS—-1 mM probenecid,
fixed with 50 pl 4% paraformaldehyde—1 mM probenecid (Electron Mi-
croscopy Sciences) for 10 min in the dark, and stained with 30 pl of 10 uM
nuclei dye Draq5 (Biostatus) for 30 min. Finally, cells were washed with
150 pl PBS-1 mM probenecid and kept in 100 pl PBS—-1 mM probenecid
per well. For small interfering RNA (siRNA) experiments, a pool of four
different oligonucleotides (Dharmacon) for the c-Met gene was used.
Seven wells transfected with scrambled or c-Met siRNA were infected with
L. monocytogenes EGDe PrfA*B12<t (MOIs, 0.1, 0.2, 2, 5, 10, and 20).
Twelve negative-control wells, transfected with scrambled siRNA and
challenged with invasive L. innocuaP VB \were used. Reverse siRNA
transfection of HeLa cells was performed using the Lipofectamine RNA
interference (RNAi) Max reagent (Life Technologies) and a final
siRNA concentration of 10 nM for 72 h.

Cellular invasion assay. Microscopic assessment of extracellular ver-
sus total bacterial populations was used to study the entry of Listeria spp.
into host cells. Since the CCF4 signal is not stable for long periods (24), the
same plates containing HeLa cells previously analyzed for CCF4 cleavage
can be used to perform a differential staining procedure for cellular inva-
sion. One day after the CCF4 experiment, plates were washed with 150 pl
PBS and used for indirect immunofluorescence of invading Listeria spp.
Extracellular Listeria spp. were labeled with a primary polyclonal rabbit
anti-Listeria serum (25) and a secondary goat anti-rabbit antibody—Alexa
Fluor 647 conjugate (Life Technologies). Cells were then permeabilized
using 0.1%Triton X-100 for 4 min at room temperature, and total Listeria
spp. were labeled with the same primary antibody and a secondary goat
anti-rabbit antibody—Alexa Fluor 488 conjugate (Life Technologies). In-
cubation with antibodies was performed for 30 minutes. PBS buffer sup-
plemented with 1% bovine serum albumin was used to dilute the antibod-
ies. Four washes with PBS supplemented with 1% bovine serum albumin
were performed between each step of the immunofluorescence. Nuclei
were stained with Hoechst 33342 (dilution, 1/1,000) (ThermoScientific).

Imaging and statistical techniques. Acquisitions were performed us-
ing the automated confocal microscope Opera QEHS (PerkinElmer Tech-
nologies) in the following sequence: (i) vacuolar rupture detection: CCF4
(excitation/emission [ex/em] 405/535 and 405/450 nm on two separate
cameras) and Draq5 (ex/em 640/690) channels; (ii) internalized bacteria:
extracellular bacteria detected with an Alexa Fluor 647-conjugated sec-
ondary antibody (ex/em 640/690), and total bacteria detected with an
Alexa Fluor 488-conjugated secondary antibody (ex/em 488/540) and
Hoechst 33342 (ex/em 405/450). The acquisition for the immunofluores-
cence to differentiate extra- versus intracellular bacteria was performed 4
days after the CCF4 experiment in order to allow the escape of CCF4 from
the cytoplasm and subsequent interferences. Twenty-three fields corre-
sponding to ~6,000 cells were acquired per well usinga 10X air objective.
The images were transferred to the Columbus database (PerkinElmer
Technologies) for data storage, management sharing, and analysis. Co-
lumbus analysis building block routines were used for feature extraction
and automated scoring of the fluorescence signal for each individual cell.
Statistical analysis of the results was performed as previously described
(26). The strictly standardized mean difference (SSMD) statistical tests
were used for quality control (QC) analysis (26).
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FIG 1 Construction of a B-lactamase constitutively expressed at the surface of Listeria spp. (A) Modular domain construction of the gene for constitutive
expression of a surface B-lactamase in Listeria. The construction consists of the constitutive promoter Phyper fused to the hly 5'-untranslated region and the
B-lactamase gene (codon usage optimized for L. monocytogenes) with the signal peptide of InlA. Finally, the region encoding the last 284 amino acids of InlA,
which code for an LPXTG motif to anchor the protein to the peptidoglycan, was added at the 3’ end. (B) A chromogenic cephalosporin test based on nitrocefin
confirms B-lactamase activity on the surface of L. monocytogenes EGDe PrfA*P2< and L. innocua®'*</™® strains. Hydrolysis of nitrocefin produces a shift in the
visible light spectrum from intact (yellow) to degraded (red) nitrocefin. Tubes 1, 2, and 3, L. monocytogenes EGDe PrfA*P3 and 10-fold dilutions 10~ and 1073
tubes 4, 5, and 6, L. innocua® "™ and 10-fold dilutions 10~ ' and 10~ % tube 7, L. monocytogenes EGDe PrfA*; tubes 8, 9, and 10, B-lactamase diluted to 1, 0.1,
and 0.01 mg/ml, respectively. The volume in all tubes was 105 L. Bacterial concentration in tubes 1, 4, and 7 was ~1.4 X 108 bacteria/ml.

RESULTS

Construction of reporter Listeria species strains that constitu-
tively express a surface 3-lactamase. In order to generate a 3-lac-
tamase covalently anchored to the L. monocytogenes surface, we

synthesized a chimeric gene (pAD-cBLA-inlA) containing the se-
quence encoding the signal peptide of InlA to direct the protein to
the plasma membrane, the B-lactamase gene, and the region en-
coding the last 284 amino acids of InlA, which code for an LPXTG

A B

FIG 2 Tracking of L. monocytogenes vacuolar escape using a FRET-based microscopic assay. Cellular infection with L. innocua®*</™'® (A) or L. monocytogenes
EGDe PrfA*P< (B). HeLa cells were loaded with CCF4-AM for 2.30 h and infected with bacterial strains for 1 h. After paraformaldehyde fixation for 10 min,
nuclei were stained with Draq5, and cells were imaged using an Opera QEHS confocal microscope with a 10X objective. Pictures were obtained with the following
merged channels: the intact CCF4 probe peaks at 535 nm (green), and the cleaved CCF4 probe peaks at 450 nm (blue). As shown, L. monocytogenes EGDe
PrfA*P12t can escape its vacuolar compartments and induce the cleavage of the CCF4 probe (B). Bar = 10 wm. Panels at the bottom show Draq5 staining of
images A and B.
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motif that is used by the sortase A to covalently anchor proteins to
the peptidoglycan (27) and allows exposure of the -lactamase to
the bacterial surrounding environment (Fig. 1A). This entire frag-
ment was inserted at the tRNA Arg-attBB site of the pPL2 vector
(23).

For imaging purposes, pAD-cBLA-inlA was introduced into
the strain L. monocytogenes EGDe PrfA*, which contains a
Gly145Ser substitution in the transcriptional activator PrfA that
causes constitutive overexpression of virulence factors and en-
hances cellular invasion (28), generating the strain L. monocyto-
genes EGDe PrfA*P< Penicillin G, ampicillin, and trim-
ethoprim-sulfamethoxazole MICs were determined for the newly
generated strain L. monocytogenes EGDe PrfA*P2<!, Figure S2 in
the supplemental material shows that L. monocytogenes EGDe
PrfA*P1a<t js as sensitive to trimethoprim-sulfamethoxazole (an
effective antibiotic for listeriosis cases) as the EGDe PrfA* strain
(MIC, 0.064 pg/ml). The ampicillin MICs were 0.38 g/ml for
EGDe PrfA*#"* and 0.125 pg/ml for the EGDe PrfA* strain. The
penicillin G MICs were was 0.50 wg/ml for EGDe PrfA*P12<t and
0.19 pg/ml for the EGDe PrfA* strain.

To construct a negative-control bacterium that can invade host
cells but is unable to escape the internalization vacuole, we inte-
grated the B-lactamase-containing plasmid into an L. innocua
strain, which constitutively expresses InlB at its surface (29), and
therefore can invade host cells by activating the InIB receptor c-
Met, but does not express LLO and remains trapped in a vacuolar
compartment; this strain was named L. innocugP1acvmIB,

The chromogenic cephalosporin test based on nitrocefin
was used to detect B-lactamase activity on the Listeria species
strains generated in the present study. A red color for undiluted
overnight cultures or orange color for the 10" diluted cultures
clearly indicated the presence of B-lactamase activity in these
strains (Fig. 1B).

Monitoring L. monocytogenes access to the host cytosol us-
ing a FRET-based assay. To quantify the access to the host cy-
toplasm of the newly generated Listeria species strains, HeLa cells
were preloaded with the FRET probe CCF4 as previously de-
scribed to track vacuolar rupture by Shigella and Mycobacterium
(24). On HelLa cell infection with the invasive nonpathogenic L.
innocua®'*™® strain for 1 h, the CCF4 probe displayed a
535-nm fluorescent emission (green) when excited at 405 nm (Fig.
2A), indicating that the probe was not cleaved. In contrast, infec-
tion with the pathogenic L. monocytogenes EGDe PrfA*P1>" re-
sulted in most cells in a shift of the CCF4 emission toward 450 nm
(blue), revealing that the FRET probe had been cleaved by the
B-lactamase on the surface of bacteria that access the host cytosol
(Fig. 2B).

In order to determine whether the CCF4 assay and the newly
generated Listeria species strains expressing the surface B-lacta-
mase are suitable to study factors involved in the infectious pro-
cess, we first transfected HeLa cells in 96-well plates with scram-
bled or specific siRNAs targeting the InlB cellular receptor c-Met
and then infected them using different MOIs (0.1, 0.2, 2, 5, 10, and
20). Images from replicate wells were automatically acquired and
analyzed using a customized image analysis algorithm (26). We
observed a strong reduction in the 450 nm/535 nm fluorescence
ratio of the c-Met siRNA-treated cells compared to the scrambled
siRNA-treated cells that was dependent on the MOI used (Fig.
3A), indicating that inactivation of the cellular c-Met-mediated
entry pathway, as expected, inhibits bacterial access to the cyto-
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FIG 3 Quality control by MOI for the efficiency of the CCF4 assay. HeLa cells
transfected with scrambled or InlB cellular receptor c-Met siRNAs were in-
fected using a dynamic range of MOIs (0.1, 0.2, 2, 5, 10, and 20). Seven wells
per MOI were automatically acquired and analyzed to extract the 450 nm/535
nm ratio for each condition. (A) The 450 nm/535 nm ratio as a function of
MOI for c-Met (purple) and scrambled (blue) siRNA-treated cells. Each plot
corresponds to the mean ratio between the intensity in the 450- and 535-nm
channels on 405 nm excitation (n = 7 for each experimental condition). Ver-
tical bars represent the standard deviation. (B) Quality control for the effi-
ciency of the CCF4 assay for each MOI. For quality control, SSMD statistical
tests were used to quantify the magnitude of difference between negative and
positive controls for each MOL. This test yields a score for each pair of controls
per assay condition. The SSMD scores to qualify the robustness of an assay
were defined by Zhang (30, 31) as follows: SSMD = 5 for extremely strong
(purple), 5> SSMD = 3 for very strong (red), 3 > SSMD = 2 for strong
(orange), 2 > SSMD = 1.645 for fairly strong (yellow), 1.645 > SSMD =
1.28 for moderate (green), and SSMD < 1.28 for weak or no effects.

plasm and cleavage of the CCF4 FRET probe and correlates with
the bacterial load. To determine which multiplicity of infection
was the most suitable to perform an siRNA screen, we then calcu-
lated the SSMD on the pair of controls for each MOI condition as
a QC assessment of the assay. SSMD calculation provides power-
ful metrics of the magnitude of differences between two popula-
tions and has been widely used for both QC and hit selection in
RNAI screening since its introduction by Zhang in 2007 (30, 31).
The calculated values showed that MOIs of 5, 10, and 20 yielded
very strong to extremely strong QC criteria (Fig. 3B), indicating
that these conditions were suitable for performing a robust RNAi
screen on this assay. To avoid undesirable effects caused by cyto-
toxic factors secreted by L. monocytogenes, we decided to use an
MOI of 10 for all subsequent experiments.
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FIG 4 Differential immunofluorescence staining for quantification of extracellular versus total L. monocytogenes numbers. HeLa cells were previously transfected
with control (A) or c-Met-specific (B) siRNAs in 96-well plates and infected with L. monocytogenes EGDe PrfA*P'2<!, Indirect immunofluorescence was
performed 1 day after CCF4 cleavage acquisition, and plates were kept at 4°C without probenecid for 4 days in order to decrease the CCF4 cell load. Extracellular
bacteria were labeled with a secondary goat anti-rabbit antibody—Alexa Fluor 647 stain (red), and total bacteria were labeled with a secondary goat anti-rabbit
antibody—Alexa Fluor 488 stain (green) after cell permeabilization. Nuclei were stained with Hoechst 33342 (blue). Intracellular and extracellular bacteria are
seen in green and red, respectively. Inactivation of c-Met reduces the number of intracellular bacteria displaying a very distinct green signal. Bars = 100 pm; inset
bars = 8 wm. (C) Measurement of the number of intracellular bacteria per cell from images displayed in panels A and B. The experiment was repeated three times
(4 wells per condition in each experiment). The results from one representative experiment are shown and were statistically analyzed using a ¢ test. *, P < 0.05.

Differentiating between L. monocytogenes cell entry and cy-
tosolic access by combinatorial indirect immunofluorescence
and CCF4 vacuolar rupture measurements. The reduction in the
450 nm/535 nm fluorescence ratio after gene silencing may be the
consequence of a reduction in bacterial entry efficiency (as shown
above) or in vacuolar escape. In order to establish an assay that can
differentiate between these two critical steps in infection, we com-
bined the vacuolar rupture assay with inside-outside staining of
fluorescently labeled Listeria. This distinguished extracellular and
total L. monocytogenes bacterial numbers in cells transfected with
scrambled siRNA (Fig. 4A) or with siRNA against c-Met (Fig. 4B).
For this purpose, we simultaneously visualized both bacterial pop-
ulations (the extracellular bacteria and the total bacterial number)
in plates previously analyzed for CCF4 cleavage after cellular in-
fection with L. monocytogenes using an MOI of 10. In order to
avoid interferences caused by CCF4 emission during the micros-
copy acquisition of the extracellular/total bacterial staining, 96-
well plates fixed with 4% paraformaldehyde without probenecid
were kept at 4°C for 4 days, resulting in a decreased CCF4 cell load.
Differential staining was performed as previously published (20,
32). Images of ~6,000 cells per well were automatically acquired
and analyzed with a specific image analysis algorithm to segment
bacteria. c-Met-silenced cells presented a significantly reduced
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number of intracellular L. monocytogenes cells compared with that
found in scrambled siRNA-treated cells with a similar MOI (Fig.
4C). Calculation of the SSMD QC criterion yielded a score of 6,
qualifying this assay as extremely strong for the bacterial entry
assay (30, 31). This combinatorial assay can therefore be applied
to the screening of siRNA libraries with the aim of obtaining in-
formation on either bacterial entry or vacuolar rupture (33).

DISCUSSION

Internalization of L. monocytogenes within host cells leads to the
rapid rupture of its vacuolar compartment and to bacterial escape
into the cytosol (18). The pore-forming toxin LLO and two bac-
terial phospholipases play a major role in this intracellular step,
but it is increasingly recognized that host factors also positively or
negatively modulate L. monocytogenes vacuolar escape (11-13,
15). Here, we present a microscopy-based method that detects L.
monocytogenes escape from its internalization compartment and
that can be applied to the identification of host factors affecting
vacuolar rupture. Since cytoplasmic access also depends on cellu-
lar invasion, we designed a supplementary microscopy readout to
discriminate the number of extracellular versus total bacterial
numbers, allowing investigation of the cell invasion step and the
vacuolar rupture step in a single experiment.
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Previous methods have been described to investigate the dif-
ferent steps of the L. monocytogenes intracellular cycle. Genome-
wide siRNA screens performed in Drosophila S2 cells relied exten-
sively on manual visual inspection of the images (17, 34) and were
not specifically designed to measure vacuolar escape. A more spe-
cific method to identify host factors involved in vacuolar escape
relied on the detection of bacterial proliferation in the cytoplasm
of host cells (12), which required extensive infection periods; this
method used phalloidin labeling to distinguish vacuolar from cy-
tosolic L. monocytogenes, since free bacteria in the cytoplasm re-
cruit F-actin after vacuolar rupture. Finally, a method was devel-
oped by Henry et al. (18), who designed a new indicator of L.
monocytogenes vacuolar escape by using a fluorescent cell wall-
binding domain (CBD) of the L. monocytogenes phage endolysin
Ply118. This last method allowed identification of cytosolic bacte-
ria shortly after escape and unravelling of the characteristics of the
markers of the newly lysed vacuoles but was restricted to the pop-
ulation of cells effectively transfected with a plasmid encoding a
CBD-YFP (yellow fluorescent protein) fusion protein.

Our method may be used in conjunction with time-lapse stud-
ies (19), fluorescence-activated cell sorter analysis (35), and high-
throughput screening (26), allowing deciphering of which factors
are associated with L. monocytogenes entry into host cells and iden-
tification of factors driving vacuolar rupture. We have generated a
reporter system that can be adapted to studies in other Gram-
positive bacteria for which internalization in host cells has been
reported (36).
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