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Listeriolysin O allows Listeria monocytogenes
replication in macrophage vacuoles
Cheryl L. Birmingham1,2, Veronica Canadien1, Natalia A. Kaniuk1, Benjamin E. Steinberg1,3, Darren E. Higgins4

& John H. Brumell1,2,3

Listeria monocytogenes is an intracellular bacterial pathogen that
replicates rapidly in the cytosol of host cells during acute infec-
tion1. Surprisingly, these bacteria were found to occupy vacuoles
in liver granuloma macrophages during persistent infection of
severe combined immunodeficient (SCID) mice2. Here we show
that L. monocytogenes can replicate in vacuoles within macro-
phages. In livers of SCID mice infected for 21 days, we observed
bacteria in large LAMP11 compartments that we termed spacious
Listeria-containing phagosomes (SLAPs). SLAPs were also
observed in vitro, and were found to be non-acidic and non-
degradative compartments that are generated in an autophagy-
dependent manner. The replication rate of bacteria in SLAPs
was found to be reduced compared to the rate of those in the
cytosol. Listeriolysin O (LLO, encoded by hly), a pore-forming
toxin essential for L. monocytogenes virulence1, was necessary
and sufficient for SLAP formation. A L. monocytogenes mutant
with low LLO expression was impaired for phagosome escape
but replicated slowly in SLAPs over a 72 h period. Therefore, our
studies reveal a role for LLO in promoting L. monocytogenes rep-
lication in vacuoles and suggest a mechanism by which this patho-
gen can establish persistent infection in host macrophages.

L. monocytogenes is a Gram-positive bacterial pathogen that causes
acute infection in immunocompromised individuals and pregnant
women1. After entry into host cells, this pathogen initially occupies a
phagosome. LLO, a cholesterol-dependent pore-forming toxin3,
blocks phagosome–lysosome fusion by generating small pores that
uncouple pH and calcium gradients across the phagosome mem-
brane4. A second function for LLO, in concert with the action of
two phospholipases, is to promote phagosome escape by the bac-
teria1. Once within the cytosol, L. monocytogenes replicates rapidly
and usurps the host actin polymerization machinery to move
through the cytosol and spread into neighbouring cells1. LLO is
essential for virulence in animal models of infection1 and its function
is known to be impaired by host innate immune defences5,6. LLO is
also a major antigen for adaptive immune responses, which normally
mediate clearance of L. monocytogenes infection7.

In severe combined immunodeficient (SCID) mice, which lack
adaptive immunity, L. monocytogenes can cause persistent infection2.
In these mice, bacteria are localized to macrophages in tissue gran-
ulomas (particularly within the liver) and are largely absent from
other cell types2. Surprisingly, L. monocytogenes occupy vacuoles dur-
ing persistent infection, although the nature of these compartments is
unclear (Fig. 1a)2. To characterize Listeria-containing vacuoles in
host cells during persistent infection, we analysed liver sections from
SCID mice that had been infected with wild-type L. monocytogenes
for 21 days. The vacuoles containing bacteria were labelled with
lysosomal-associated membrane protein 1 (LAMP1; Fig. 1b, c),

indicating that these are endocytic compartments. In agreement
with previous findings2, ,86% of bacteria within the liver sections
were found in LAMP11 vacuoles (Fig. 1c). Approximately half of
the L. monocytogenes-containing vacuoles were large (up to 7 mm in
diameter), with only limited internal membranes (Fig. 1a, c). There-
fore, we termed these compartments spacious Listeria-containing
phagosomes (SLAPs). SLAPs often contained multiple intact bac-
teria, indicating that bacterial replication was occurring in these
compartments.

SLAP formation was also observed in vitro after L. monocytogenes
infection of RAW 264.7 macrophages (Fig. 2a), J774 macrophages
(data not shown) and primary bone-marrow derived macrophages
(Supplementary Fig. 1). We used RAW 264.7 macrophages for the
remainder of our in vitro studies. Although most L. monocytogenes
escaped phagosomes and grew rapidly in the cytosol of RAW 264.7
macrophages as described previously1, we consistently observed a
population of intracellular bacteria within vacuoles. The small per-
centage of intracellular bacteria that localized to SLAPs (,13% by 4 h
post infection) was easily masked by robust replication of cytosolic
bacteria and was difficult to observe without vacuolar markers.
However, ,46% of infected cells formed SLAPs by this time in infec-
tion (Supplementary Fig. 2), and these structures were morphologi-
cally indistinguishable from the bacteria-containing compartments
formed during persistent infection in vivo. Therefore, to gain further
insight into the possible mechanisms governing persistent infection
by L. monocytogenes, we further characterized the SLAP phenotype
in vitro.

SLAPs often contained multiple intact bacteria (Fig. 2a) and colo-
calized with LAMP1 (Fig. 2b), similar to those observed in SCID
mice. SLAPs also labelled with the autophagy marker LC3 (Fig. 2b,
c), suggesting a role for autophagy in the formation of these com-
partments. Most SLAPs did not contain the lysosomal enzyme cathe-
psin D. In contrast, significant amounts of cathepsin D were observed
in phagosomes containing bacteria killed with paraformaldehyde
(PFA; Fig. 2d, e). These observations indicate that viable L. mono-
cytogenes block SLAP maturation into degradative phagolysosomes.

L. monocytogenes within SLAPs often exhibited septa (Fig. 2a,
arrow), and the number of bacteria within these compartments
increased over time (Fig. 2a, f). This increase in bacterial number
within SLAPs was independent of cell-to-cell spread (because it
also occurred with non-motile actA mutant bacteria) and required
bacterial protein synthesis (Fig. 2f). These data suggest that
bacteria replicate within SLAPs. To test this further, we stained
L. monocytogenes-infected macrophages with bromodeoxyuridine
(BrdU)—a thymidine analogue that is incorporated into replicating
DNA. As shown in Fig. 2g and h, SLAPs often contained actively
replicating bacteria that labelled with BrdU. It is possible that bacteria
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enter SLAPs after replication in the cytosol. However, non-motile
actA mutant bacteria within SLAPs did not label with ubiquitin,
which normally occurs when these bacteria are exposed to the cyto-
sol8 (Supplementary Fig. 3a). Also, monomeric red fluorescent pro-
tein expressed in the cytosol was not observed within SLAPs
(Supplementary Fig. 3b), indicating that cytosolic contents are not
delivered to these structures. Therefore, it seems that bacteria within
SLAPs are not delivered from the cytosol, but may arise from a viable
population that does not escape from the primary phagosome.
Multiple bacteria-containing phagosomes may fuse together to form
SLAPs. However, treatment of cells with either cytochalasin D or
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Figure 1 | L. monocytogenes colonize SLAPs during chronic infection of
SCID mice. a, Mice were infected for 21 days and liver granulomas analysed
by transmission electron microscopy (TEM). Shown are spacious vacuoles
(SLAPs) containing multiple bacteria. Magnification, 35,200. Region 1 and
2 (white boxes) are enlarged in the lower panels. b, SCID mice were infected
as in a and liver sections stained for LAMP1 (green), bacteria (red) and DNA
(blue). Shown is a LAMP11 SLAP. c, The percentage of bacteria in LAMP11

compartments was quantified and characterized as either spacious or tight-
fitting. Mean 6 s.e.m. for three mice examined. The image in a (from ref. 2)
and the tissue sections were provided by E. Unanue.
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Figure 2 | L. monocytogenes replicate slowly in SLAPs during in vitro
infection of macrophages. a, RAW 264.7 macrophages infected for 4 or 8 h
were analysed by TEM. Shown are spacious vacuoles (SLAPs) containing
multiple bacteria. The arrow indicates septum of dividing bacteria. Scale
bars, 0.5 mm. b, The arrow indicates a LAMP11 SLAP colocalizing with green
fluorescent protein (GFP)–LC3 in cells infected for 4 h. d, The arrowhead
indicates a LAMP11 SLAP devoid of cathepsin D in cells infected for 4 h.
Scale bars, 5mm. c, e, The percentage of GFP–LC31 (c) or cathepsin D1

(e) SLAPs was quantified, and compared to GFP–LC3 or cathepsin D
colocalization with cytosolic (Cyto.) bacteria (actin1 or LAMP1–) or PFA-
killed bacteria in phagosomes (LAMP11). Mean 6 s.e.m. for three
independent experiments. P values for conditions significantly different
from PFA-killed bacteria are shown. f, GFP–LC3-transfected macrophages
were infected with wild-type or DactA bacteria. Where indicated,
chloramphenicol (CM) was added to the media at 3 h post infection. The
number of bacteria per SLAP was quantified. Brackets indicate significant
differences, and corresponding P values are shown. g, Macrophages were
infected with wild-type bacteria for 7 h, pulsed with BrdU for 1 h, and stained
for LAMP1 (red), bacteria (blue) and BrdU (green). Magnified images and
the arrow indicate SLAPs containing actively replicating bacteria (BrdU1).
h, The percentage of BrdU1 bacteria in SLAPs, compared to cytosolic and
PFA-killed bacteria, was quantified as in c.
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nocodazole—inhibitors that disrupt the actin and microtubule
cytoskeletons, respectively, and thus impair membrane traffic—did
not affect the number of bacteria within SLAPs (Supplementary Fig.
3c). Therefore, our data are consistent with bacterial replication
within SLAPs.

SLAP formation required continuous bacterial protein synthesis
(Supplementary Fig. 2). Therefore, we tested for bacterial virulence
factors involved in the formation of these structures. PrfA is a main
transcriptional regulator of virulence genes in L. monocytogenes9. A
prfA mutant did not form SLAPs (Fig. 3a). An hly-deletion mutant,
which does not express LLO, also did not form SLAPs, indicating that
LLO is necessary for the formation of these compartments (Fig. 3a).
Two bacterial phospholipase Cs (PLCs) encoded by plcA and plcB
assist LLO in mediating bacterial escape from the phagosome1.
However, bacterial mutants of these genes had only minor defects
in SLAP formation. hly expression in a prfA mutant (DprfA 1 hly)
rescued SLAP formation, indicating that LLO is sufficient for the
formation of SLAPs (Fig. 3a). LLO was expressed within SLAPs, as
shown by specific staining with monoclonal antibodies (Fig. 3b).
Therefore, a localized effect of LLO on the vacuole seems to allow
bacterial replication within SLAPs.

LLO is known to uncouple pH gradients of the primary phago-
some by creating small pores in the phagosomal membrane10. This is
thought to allow a window of opportunity for LLO- and PLC-
mediated lysis of the phagosome, as well as bacterial escape into
the cytosol10. Because LLO was both sufficient and necessary for
SLAP formation and was acting within SLAPs, we hypothesized that

LLO might also uncouple pH gradients across SLAP membranes.
Consistent with this hypothesis, most (84 6 4.8%) SLAPs were nega-
tive for the acidotropic dye Lysotracker Red (Fig. 3c). To measure the
pH of SLAPs directly, we used ratiometric imaging of bacteria pre-
labelled with the pH-sensitive dye fluorescein isothiocyanate
(FITC)11. As shown in Fig. 3d and Supplementary Fig. 4, SLAPs were
found to be neutral compartments (average pH 7.3 6 0.29).
Phagosomes containing PFA-killed bacteria or zymosan particles
acidified to an average pH of 5.8 6 0.16 and 5.4 6 0.02, respectively
(Fig. 3d and Supplementary Fig. 4b), consistent with previous studies
of phagolysosomes12. However, SLAPs were positive for v-ATPase
staining (Fig. 3e, f), indicating that the proton pump was present
on these compartments. These results are consistent with LLO form-
ing small pores in the SLAP membrane to uncouple the pH gradient.
Acidification is known to be required for phagosome and auto-
phagosome maturation13,14. Therefore, by blocking acidification of
SLAPs, LLO effectively blocks fusion of this compartment with lyso-
somes, allowing a population of bacteria to replicate within vacuoles.

LLO expression is required for SLAP formation. However, L.
monocytogenes within SLAPs seem to arise from a bacterial popu-
lation that does not successfully escape from the primary phagosome.
Therefore, bacteria within SLAPs may have reduced LLO expression
or inefficient LLO activity. It has been shown previously that LLO
activity is impaired by innate immune factors in activated macro-
phages, and is inefficient in LAMP11 compartments and alkaline
environments5,6,10,15. Therefore, we hypothesized that experimentally
reducing LLO expression would block L. monocytogenes entry into
the cytosol but promote bacterial replication within SLAPs. To test
this, we used an LLO-deficient (hly mutant) of L. monocytogenes
that expresses LLO under a tightly controlled isopropyl b-D-1-
thiogalactopyranoside (IPTG)-inducible promoter (iLLO)16. With
maximal induction, the haemolytic activity of the iLLO strain is
approximately 33% that of wild-type L. monocytogenes16.

We compared the intracellular replication of the iLLO strain in
macrophages to that of wild-type bacteria. As expected, wild-type L.
monocytogenes exhibited rapid replication and most bacteria were
LAMP1– (Fig. 4a, c). Consistent with localization in the cytosol, we
observed wild-type bacteria associated with actin ‘comet tails’ and
undergoing actin-based motility (Fig. 4a). Intracellular numbers of
wild-type bacteria peaked at 12 h post infection and then declined
(Fig. 4d). In contrast, the iLLO strain grew slowly in macrophages,
approaching the same intracellular numbers as wild-type L. mono-
cytogenes only after 48 to 72 h post infection (Fig. 4b, d). Replication
of iLLO bacteria required continuous induction of LLO expression
(Fig. 4d), and removal of IPTG at 12 h post infection blocked sub-
sequent growth (data not shown). Most iLLO bacteria remained
LAMP11 (Fig. 4b, c) and did not display evidence of having entered
the cytosol throughout the course of infection (Supplementary Fig.
5). Therefore, LLO permits replication of L. monocytogenes within
vacuoles when its activity is not sufficient to drive escape into the
cytosol.

SLAPs were positive for the autophagy marker LC3 (Fig. 2b, c), and
we have shown previously that L. monocytogenes can be targeted
by autophagy early in infection17. Therefore, we hypothesized that
autophagy may be involved in SLAP formation. In support of this,
we found that autophagy inhibitors blocked SLAP formation
(Supplementary Fig. 6). Because SLAP formation required LLO
(Fig. 3a), we hypothesized that autophagy targets damaged phago-
somes to prevent bacterial escape into the cytosol. To test this hypo-
thesis, we infected autophagy-deficient (Atg52/2) mouse embryonic
fibroblasts (MEFs)18 with iLLO bacteria. On induction of LLO
expression, these bacteria grew rapidly in Atg52/2 MEFs (Fig. 4e).
Under these conditions, most bacteria did not colocalize with
LAMP1 (Fig. 4f). In contrast, autophagy-competent MEFs main-
tained iLLO bacteria within LAMP11 vacuoles and delayed the
kinetics of their replication (Fig. 4e, f). In the absence of induction,
iLLO bacteria did not replicate in either cell type (Fig. 4e). In control
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Figure 3 | SLAP formation requires bacterial LLO expression. a, GFP–LC3-
transfected macrophages were infected for 4 h, and the percentage of infected
cells exhibiting SLAPs was quantified. Mean 6 s.e.m. for three independent
experiments. P values for strains with significant differences from wild-type
levels are shown. b, The arrow indicates a GFP–LC31 SLAP with internal
LLO expression in cells infected for 4 h. Scale bar, 5 mm. c, Arrowheads
indicate GFP–LC31 SLAPs devoid of Lysotracker Red in cells infected for
4 h. d, The pH of FITC-labelled bacteria in SLAPs, PFA-killed bacteria or
zymosan particles was determined by ratiometric imaging. P values
compared to bacteria in SLAPs are shown. e, The arrow indicates a LAMP11

SLAP colocalizing with v-ATPase staining in cells infected for 4 h. Scale bar,
5 mm. f, The percentage of v-ATPase1 SLAPs was quantified as in Fig. 2c.
Mean 6 s.e.m. for three independent experiments. P values for conditions
significantly different from PFA-killed bacteria are shown.
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experiments, ,90% of wild-type bacteria were LAMP1– throughout
infection in both autophagy-competent and autophagy-deficient
MEFs (data not shown), demonstrating that normal LLO expression
is sufficient to drive phagosomal escape in this cell type. These studies
demonstrate that autophagy restricts L. monocytogenes replication to
LAMP11 vacuoles under conditions when LLO expression is
impaired.

Here we present the first study of mechanisms governing L. mono-
cytogenes replication in vacuoles of host cells. We characterize a novel
compartment, the SLAP, which is permissive for bacterial replica-
tion. L. monocytogenes replicate rapidly in the cytosol (doubling
time of approximately 40 min1,19) but slowly within SLAPs (doubling
time of approximately 8 h, Fig. 2f). It is not known whether the

mechanisms governing SLAP formation in vitro are the same as those
involved in the morphogenesis of bacteria-containing vacuoles dur-
ing infection of SCID mice2. However, the fact that these structures
both label with endocytic markers, are morphologically comparable
and contain multiple bacteria suggests that the mechanisms of
formation are similar.

Bacterial replication within SLAPs seems to represent a delicate
balance between virulence factors of the pathogen and innate
immune mechanisms of the infected cell. LLO was necessary and
sufficient for L. monocytogenes replication within SLAPs. Therefore,
LLO can be ascribed several key virulence functions: blocking nascent
phagosome maturation by uncoupling the pH gradient across the
phagosomal membrane4; mediating phagosome escape1; and trigger-
ing autophagy of damaged phagosomes and blocking their matura-
tion, leading to SLAP formation and bacterial growth in vacuoles
(this study). Therefore, differential LLO activities seem to give rise
to different fates of L. monocytogenes within host cells (Fig. 4g). Our
studies also demonstrate that a host cellular process, namely auto-
phagy, maintains L. monocytogenes in vacuoles, particularly when
LLO activity is impaired. SLAPs seem to represent a ‘stalemate’ for
L. monocytogenes infection. The host cell is able to sustain viability by
preventing bacterial colonization of the cytosol, but is unable to
eradicate the pathogen. At the same time, the pathogen is able to
replicate in SLAPs but at a reduced rate compared to that in its
favoured niche, the cytosol. It remains to be seen whether other
bacterial pathogens that express cholesterol-dependent cytolysins3

utilize these toxins in a manner similar to LLO to promote their
growth in vacuoles in host cells.

METHODS SUMMARY

The L. monocytogenes strains used are listed in Methods. Infections of C.B-17/

ICR SCID mice were performed as described previously2. In vitro infections were

performed in the presence of gentamicin to prevent extracellular growth at a

multiplicity of infection (MOI) of 10 for RAW 264.7 macrophages and an MOI

of 50 for MEFs (unless otherwise stated in Methods). LLO expression in iLLO

bacteria was induced as described previously16. Any pharmacological agents used

are listed in Methods.

TEM and immunofluorescence were performed as described8,20,21. Antibodies

and dyes used are listed in Methods. Antigen retrieval (boiling in 10 mM sodium

citrate) was performed for tissue and BrdU staining.
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Figure 4 | Impaired LLO expression allows slow bacterial replication within
vacuoles. a, Arrows indicate LAMP1– wild-type bacteria with actin ‘comet
tails’ in cells infected for 6 h. The boxed region is magnified in the bottom left
panels. The merged image for this region is shown at the bottom right. Scale
bar, 5mm. b, Macrophages were infected with IPTG-induced iLLO bacteria.
Arrowheads indicate actin– iLLO bacteria within LAMP11 vacuoles.
c, Macrophages were infected with wild-type (triangles) or IPTG-induced
iLLO (circles) bacteria, and the percentage of LAMP11 bacteria was
quantified. Mean 6 s.e.m. for three independent experiments.
d, Macrophages were infected as in c with or without IPTG induction.
Intracellular bacterial replication was determined using a gentamicin-
protection assay. Shown is fold replication compared to 2 h post infection.
Clear triangles, wild type; filled triangles, wild type 1 IPTG; clear circles,
iLLO; filled circles, iLLO 1 IPTG. Mean 6 s.e.m. or range for three (wild
type, wild type 1 IPTG, iLLO 1 IPTG) or two (iLLO–IPTG) independent
experiments, respectively. e, Wild-type or Atg52/2 MEFs were infected with
iLLO bacteria, and intracellular bacterial replication was determined as in
d. Mean 6 s.e.m. for three independent experiments. Clear circles, wild-type
MEFs; filled circles, wild-type MEFs 1 IPTG; clear squares, Atg5–/– MEFs;
filled squares, Atg5–/– MEFs 1 IPTG. f, Wild-type (circles) or Atg52/2

(squares) MEFs were infected as in e with IPTG induction. The percentage of
LAMP11 bacteria was quantified as in c. Mean 6 s.e.m. for three
independent experiments. g, Model of the different fates of L. monocytogenes
in host cells. High LLO activity allows bacterial escape from phagosomes.
Under conditions where LLO activity is not sufficient to drive escape (low
LLO), autophagy maintains bacteria within non-degradative vacuoles
(SLAPs) that allow slow bacterial growth. Bacteria can also be degraded in
phagolysosomes.
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Most colocalization quantifications were performed by direct visualization on a
Leica DMIRE2 epifluorescence microscope. All images shown are confocal z slices

taken using a Zeiss Axiovert confocal microscope and LSM 510 software. Live

imaging was performed on a Leica DMIRE2 inverted confocal microscope with a

Hamamatsu Back-Thinned EM-CCD camera and spinning disk scan head.

Volocity software (Improvision) was used to analyse images and to assemble z

slices. Figure assembly was done using Adobe PhotoShop and Adobe Illustrator.

For pH measurements, wild-type bacteria, PFA-killed IgG-opsonized bacteria

or zymosan particles were covalently labelled with 0.5 mg ml–1 FITC and added

to RFP-LC3-transfected RAW 264.7 cells for 45 min or 4 h as indicated.

Ratiometric imaging was performed as described previously11 on a Leica DM

IRB microscope with 485 nm and 438 nm excitation filters and a Cascade II CCD

camera. Where appropriate, a corresponding red channel image (545 nm excita-

tion) was acquired. Calibrations were performed with isotonic K1 solutions of

known pH values containing 1 mM nigericin.

The mean 6 standard error (s.e.m.) is shown in figures, and P values were

calculated using a two-tailed two-sample equal variance Student’s t-test. A P

value of less than 0.05 was determined to be statistically significant.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
In vivo infections. Infections of C.B-17/ICR SCID mice were performed as

described previously2.

Cell culture and bacterial strains. RAW 264.7 macrophages and wild-type and

Atg52/2 MEFs18 were maintained in DMEM medium (HyClone) with 10% FBS

(Wisent) at 37 uC in 5% CO2 without antibiotics. Bone-marrow derived macro-

phages harvested from NOD mice were provided by J. Danska and maintained

in supplemented growth media containing 10 ng ml–1 granulocyte monocyte

colony stimulating factor for 6–7 days before use.

L. monocytogenes were grown in brain-heart infusion (BHI) broth and the

following strains used: wild-type 10403S (ref. 22), DactA (DP-L3078, ref. 23),

DprfA (DP-L4137, ref. 24),DprfA 1 hly (DH-L919, ref. 17),Dhly (DP-L2161, ref.

25), Dhly 1 hly (DP-L4818, ref. 26), DplcA (DP-L1552, ref. 27), DplcB (DP-

L1935, ref. 28), DplcADplcB (DP-L1936, ref. 28), iLLO (DH-L1239, ref. 16)

and DactA iLLO (DH-L1257, ref. 16).

In vitro infections. Most infections of macrophages were performed as

described previously17. An MOI of 10 was used, except for Fig. 4b in which an

MOI of 100 was used. Infection of macrophages with iLLO bacteria was per-

formed as described previously16. Bacteria were induced with 0.5 mM IPTG for

2 h before infection, and 10 mM IPTG was maintained in the media for the

duration of the experiment. For infection of MEFs with iLLO L. monocytogenes,

bacteria were grown overnight at room temperature (,22 uC). Cells were

infected as above at an MOI of 50, and gentamicin added to the media at 1 h

post infection. Gentamicin-protected intracellular replication assays were per-

formed as described previously17. Fold replication was determined by dividing

CFUs at the desired time by CFUs at 2 h post infection. For IPTG pulse-chase

experiments, macrophages were infected with IPTG-induced iLLO bacteria as

above. At 12 h, cells were extensively washed with PBS, and media without IPTG

was added for the remainder of the experiment.

To kill bacteria with PFA, bacteria grown overnight in BHI broth were har-

vested, washed in PBS and rotated at room temperature for 30 min in 13% PFA.

Bacterial killing was confirmed by plating on growth plates.

Chloramphenicol (200mg ml21) was added at 3 h post infection. Autophagy

inhibitors wortmannin (Sigma; 100 nM), 3-methyladenine (Sigma; 10 mM)

and LY294002 (Sigma; 100mM) were added at 30 min post infection.

Nocodazole (Sigma; 5 mM) and cytochalasin D (Sigma; 10 mM) were added at

1 h post infection.

Transmission electron microscopy, immunofluorescence and transfection.
For TEM, cells were fixed in 2% glutaraldehyde overnight (,16 h) at room

temperature and processed as described previously8.

Immunofluorescence of tissue sections was performed as described pre-

viously21 with an antigen-retrieval step (boiling in 10 mM sodium citrate buffer

(pH 6.0) for 30 min). For immunofluorescence of tissue culture cells, cells were

fixed with 2.5% PFA for 10 min at 37 uC, except for LLO staining (methanol at

220 uC for 10 min) and cathepsin D and v-ATPase staining (post-fix with meth-

anol at 220 uC for 10 min). Permeabilization and blocking were performed with

0.2% saponin and 10% normal goat serum overnight at 4 uC. Staining was

performed as described previously20. Quantifications were performed on a

Leica DMIRE2 epifluorescence microscope. All images shown are confocal z

slices from a Zeiss Axiovert confocal microscope using LSM 510 software.

The following antibodies and dyes were used: rabbit anti-L. monocytogenes

(generated as described previously29), rat anti-LAMP1 (Developmental Studies

Hybridoma Bank under the auspices of the NICHD and maintained by the

University of Iowa), mouse anti-ubiquitinated proteins (Affiniti Research

Products Ltd), mouse anti-LLO (generated as described previously30), rabbit

anti-cathepsin D (Scripps Research Institute), rabbit anti-v-ATPase (from

D. Brown) and phalloidin conjugated to AlexaFluor 488 or 568 (Molecular

Probes). All secondary antibodies used were AlexaFluor conjugates (Molecular

Probes). DAPI (Molecular Probes) was used according to the manufacturer’s

instructions.

BrdU was added to the media for 1 h and cells were fixed in methanol at

220 uC for 20 min. Antigen retrieval was performed (boiling in 10 mM sodium

citrate buffer (pH 6.0) for 10 min) before samples were permeabilized/blocked in

5% BSA with 0.2% saponin. Staining was performed as above. Goat anti-BrdU

was from J. Gordon.

Cells were transfected with FuGene 6 (Roche Diagnostics) or ExGen 500

(Fermentas) according to the manufacturers’ instructions. GFP–LC3 and the

plasmid expressing monomeric red fluorescent protein were generated as

described previously31,32.

Lysotracker labelling. Coverslips seeded with cells were maintained in imaging

chambers in RPMI media with HEPES (without bicarbonate) (HyClone).

Bacteria grown overnight at 37 uC shaking were diluted 1:10, subcultured for

2 h, and added to the cells at an MOI of 30. Cells were incubated at 37 uC with 5%

CO2. At 30 min, extracellular bacteria were removed by washing and gentamicin

was added to the media. At 4 h, live imaging was performed on a Leica DMIRE2

inverted confocal microscope with a Hamamatsu Back-Thinned EM-CCD cam-

era and spinning disk scan head. Volocity software (Improvision) was used.

Lysotracker Red (Molecular Probes; 100 nM) was loaded into cells at the time

of infection.

pH measurements. Bacteria were labelled with 0.5 mg ml21 FITC in PBS

(pH 8.9) for 20 min shaking at 37 uC, followed by extensive washing. For PFA-

killed samples, labelled L. monocytogenes were treated with PFA as above and

were opsonized in 10 mg ml21 human IgG by rotating for 1 h at room temper-

ature. Zymosan (Molecular Probes) particles were incubated with 0.5 mg ml21

FITC and were IgG-opsonized using zymosan opsonizing reagent (Molecular

Probes).

RFP–LC3-transfected RAW cells were used for all experiments. Live bacterial

invasion was performed with FITC–L. monocytogenes as above. FITC–PFA-killed

bacteria were centrifuged onto cells at 250g for 5 min at 4 uC. Cells were incu-

bated at 37 uC to allow phagocytosis. At 30 min, cells were placed on ice, and goat

anti-human AlexaFluor 568 (Molecular Probes) was added to the coverslip for

2.5 min to label extracellular bacteria. The antibody was washed off and cells

incubated at 37 uC for a further 15 min (total of 45 min after addition of PFA-

killed bacteria). FITC–zymosan were centrifuged onto cells at 550g for 1 min.

Cells were incubated for 5 min at 37 uC to allow for particle internalization, and

then vigorously washed to remove uninternalized particles. Phagosome matura-

tion was allowed to proceed for 45 min.

Samples were maintained at 37 uC and imaged with a Leica DM IRB

microscope. pH was measured by fluorescence ratiometric imaging. Light

was transmitted alternately through 485 6 10 nm and 438 6 12 nm excitation

filters and directed with a 505 nm dichroic mirror. Emitted light filtered with

a 535 6 20 nm emission filter was captured by a Cascade II CCD camera. The

filter wheel and camera were controlled with Metafluor software (Molecular

Devices). Where appropriate, a corresponding red channel image (545 6

15 nm excitation filter, 570 nm dichroic mirror, and 610 6 37 nm emission

filter) was acquired to discern either extracellular PFA-killed bacteria or RFP–

LC3 signal.

In situ calibrations were performed by sequentially bathing the cells in isotonic

K1 solutions (145 mM KCl, 10 mM glucose, 1 mM MgCl2, 1 mM CaCl2 and

20 mM of either HEPES or MES or acetate) buffered to pH values from 5.0 to

7.5 and containing 1 mM nigericin. The resulting fluorescence intensity ratio

(490/440 nm) as a function of pH was fit to a Boltzmann sigmoid and was used

to interpolate pH values from the experimental ratio data.

All image analysis was carried out using background-subtracted fluorescence

intensities for user-defined regions-of-interest with MetaFluor software.

PFA-killed-bacteria-containing phagosomes were identified by the lack of extra-

cellular secondary antibody (red) staining. SLAPs were identified as large RFP–

LC31 structures that colocalized with bacteria.

Statistics. Colocalization quantifications were performed by direct visualization

on a Leica DMIRE2 epifluorescence microscope (except confocal z slices were

used for Fig. 4c). At least 100 bacteria, cells or SLAPs were counted for each

condition in each experiment. For pH measurements, 15–25 SLAPs, at least 60

PFA-killed bacteria or at least 170 zymosan particles were analysed. At least three

independent experiments were performed unless otherwise indicated (two

independent experiments were performed for Lysotracker studies). The

mean 6 s.e.m. is shown in figures unless otherwise indicated, and P values were

calculated using a two-tailed two-sample equal variance Student’s t-test. A P

value of less than 0.05 was determined to be statistically significant.
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