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Abstract

Listeria monocytogenes is a gram positive, intracellular, food-borne pathogen that can cause
severe illness in humans and animals. Upon infection, it is actively phagocytosed by
macrophagesl. It then escapes from the phagosome, replicates in the cytosol, and subsequently
spreads from cell to cell by a non-lytic mechanism driven by actin polymerization2. Penetration of
the phagosomal membrane is initiated by the secreted hemolysin listeriolysin O (LLO), which is
essential for vacuolar escape in vitro and for virulence in animal models of infection3. Reduction
is required to activate the lytic activity of LLO in vitro 4-6, and we show here that reduction by
the enzyme Gamma-interferon Inducible Lysosomal Thiolreductase (GILT) is responsible for the
activation of LLO invivo. GILT is a soluble thiol reductase expressed constitutively within the
lysosomes of antigen presenting cells7, 8, and it accumulates in macrophage phagosomes as they
mature into phagolysosomes9. The enzyme is delivered by a mannose-6-phosphate receptor-
dependent mechanism to the endocytic pathway, where N- and C-terminal pro-peptides are
cleaved to generate a 30 kDa mature enzyme7, 8, 10. The active site of GILT contains two
cysteine residues in a CXXC motif that catalyzes the reduction of disulfide bonds7, 8. Mice
lacking GILT are deficient in generating MHC class Il-restricted CD4* T cell responses to protein
antigens that contain disulfide bonds11, 12. Here we show that these mice are resistant to L.
monocytogenes infection. Replication of the organism in GILT-negative macrophages, or
macrophages expressing an enzymatically inactive GILT mutant, is impaired because of delayed
escape from the phagosome. GILT activates LLO within the phagosome by the classical thiol
reductase mechanism shared by members of the thioredoxin family. In addition, purified GILT
activates recombinant LLO, facilitating membrane permeabilization and red blood cell lysis. The
data show GILT is a critical host factor that facilitates L. monocytogenes infection.
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GILT is the only known thiol oxidoreductase present in phagosomes and we speculated that
it might activate LLO in vivo. Consistent with this idea, when we infected wild type and
GILT-deficient mice with L. monocytogenes we observed more rapid bacterial clearance
from the spleen and liver of the GILT-deficient mice (Fig. 1a). Initial infection was as
effective as in wild type mice, based on the similar bacterial colony forming units (CFUs)
observed at day one post infection. No difference in the clearance rates of Salmonella
typhimurium was seen between wild type and GILT knockout mice (data not shown). To
determine if the difference in clearance was a function of defective intracellular growth, we
examined bacterial growth in bone marrow-derived macrophages in vitro. Replication of L.
monocytogenes was clearly impaired in macrophages from GILT-deficient mice (Fig. 1b).
This was not due to an inherent defect in phagocytosis or bacterial killing by GILT-/-
macrophages, which cleared an in vitro infection by non-pathogenic E. coli as efficiently as
wild type macrophages (Supplemental Fig. 1). Nor was it due to a problem in phagosomal
acidification; acidification of both lysosomes and phagosomes occurred with the same
kinetics in GILT —/- and wild type macrophages (Supplemental Fig. 2).

Since GILT is active in phagosomes it seemed likely that the growth deficiency was due to a
defect in phagosomal escape. Once in the cytosol, L. monocytogenes polymerizes host actin,
which allows movement through the cytosol and facilitates intercellular spread2, and actin
polymerization provides a convenient assay for cytosolic entry. Indeed, we saw a delay in
actin polymerization, detected by phalloidin staining, in infected GILT-deficient
macrophages, consistent with impaired escape from the phagosome (Fig. 2a and b). In wild
type macrophages actin polymerization was observed as early as 30 min. after infection.
This typically results in overwhelming infection and cell death within 36 to 48 h. In GILT-
deficient macrophages actin polymerization was not observed until 6-8 h. When wild type
or GILT-deficient macrophages were infected with an LLO-negative L. monocytogenes
strain the rate of actin polymerization was reduced to a level below that seen with wild type
bacteria in the GILT-negative cells (Fig. 2a and b). Consistent with a role for GILT in L.
monocytogenes infection, a dramatic increase in cytosolic access was observed upon
infection of the GILT-negative human promonocytic cell line THP-1 when human GILT
was expressed by retroviral transduction13 (Supplemental Fig. 3). GILT is induced in
THP-1 cells upon exposure to bacteria, but more than 24 h is required13.

To confirm the escape defect we examined infected cells by electron microscopy (Fig. 2c).
After 2 h virtually no bacteria were seen outside of membrane-bound phagosomes in GILT-
deficient macrophages, and only limited actin polymerization was observed even 8 h post
infection. Furthermore, defective phagosomal escape, detected by the delay in the induction
of actin polymerization, was reversed when GILT was expressed in GILT-negative
macrophages by retroviral transduction (Fig. 2d and e). However, expression of a double
cysteine mutant of GILT (C69S, C71S), lacking both active site cysteine residues and unable
to catalyze disulfide bond reductionl1, failed to reverse the escape defect.

LLO has a single cysteine residue at position 485 and a mutant with an alanine substitution
at that position does not require reduction for activation14. To determine if the mutation also
reversed GILT dependence, we repeated the in vitro infection experiments described above
with an L. monocytogenes strain expressing this LLO variant. For this organism growth was
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equivalent in wild type and GILT —/- macrophages (Fig. 3a), as was the rate of escape from
the phagosome (Fig. 3b and c). We also examined the capacity of recombinant
enzymatically active precursor GILTS8, 10, 15 to induce lytic activity in purified
recombinant LLO (characterized in Supplemental Fig. 4). GILT clearly was able to activate
LLO, determined by lysis of purified bone marrow-derived macrophages (Fig. 3d) and
hemolysis of sheep red blood cells (Fig. 3e). Similar lytic curves for macrophages were
obtained using trypan blue exclusion (data not shown). Lysis was abrogated if the enzymatic
activity of GILT was eliminated by pretreatment with the thiol-reactive reagent, N-
ethylmaleimide (NEM).

GILT shares with thioredoxin a reduction mechanism in which the N-terminal cysteine
residue in the CXXC active site reduces a substrate disulfide bond by a nucleophilic attack
on one of the involved cysteine residues. This generates a disulfide-linked mixed enzyme-
substrate intermediate that is rapidly resolved by an attack of the second active site cysteine
residue on the first7, 8. The second step in the reaction, known as the escape pathway16, can
be prevented by mutation of the second active site cysteine, generating a ‘trapping mutant’
which allows mixed enzyme-substrate dimers to be isolated. To determine whether GILT
uses this mechanism to activate LLO, bone marrow derived macrophages from wild type
and GILT -/- mice were again infected with L. monocytogenes, together with GILT —-/-
macrophages that were retrovirally transduced with a GILT trapping mutant (C71S).
Infected cells were lysed in detergent and immunoprecipitated GILT was subjected to SDS-
PAGE followed by western blotting to detect associated LLO. LLO co-precipitated with
GILT only from infected macrophages expressing the trapping mutant (Fig. 4a).
Immunofluorescence microscopy confirmed that in wild type macrophages the organism
colocalizes with GILT in LAMP-1-positive phagosomes (data not shown). Thus GILT uses
the classical thiol reductase mechanism to activate LLO in phagosomes and initiate the
escape of L. monocytogenes to the cytosol.

In the absence of LLO, L. monocytogenes may eventually escape from the phagosome, just
as in the absence of GILT (Fig. 2a). However, when active GILT is present escape of LLO-
positive bacteria is extremely rapid. The identity of the disulfide bond targeted by GILT is
unclear. The single cysteine present in LLO lies in a short tryptophan-rich sequence that
initiates pore formation upon binding to membrane cholesterol. It has been suggested that a
small thiol-containing molecule is disulfide linked to the cysteine residue, and that this
inhibits activation of the hemolysins17. The equivalent cysteine residue in Perfringolysin O
(PFO), a related hemolysin derived from Clostridium perfringens, is not necessary for
binding to cholesterol in the membrane, but is necessary for the formation of a pre-pore
complex18-20. GILT-mediated exposure of the critical cysteine residue in LLO may
facilitate a conformational change that allows the formation of the pre-pore complex and full
activation. Notably, the ability of GILT to activate hemolysins is not limited to LLO; GILT
can also activate Streptolysin O (SLO), derived from Streptococcus pyogenes, as measured
by the hemolysis of sheep red blood cells, but it is not required to activate an SLO mutant
that lacks the characteristic single cysteine residue21 (Supplemental Fig. 5).

In most cell types GILT can be induced by IFN-vy, and IFN-vy induction during the early
stages of infection may enhance the ability of L. monocytogenes to infect other cells,
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including hepatocytes where it also replicates in vivo22, 23. The ability of GILT to activate
SLO as well as LLO suggests that it may activate other members of this highly conserved
family of hemolysins. Phagocytosis of hemolysin-expressing organisms may not be essential
for activation of the lytic activity, as we have recently found that Toll-like receptor (TLR)-
mediated activation of macrophages by E. cali lipopolysaccharide induces secretion of the
enzymatically-active precursor form of GILT13, 24 that activates SLO in vitro
(Supplemental Fig. 5). GILT is functional even at neutral pH, retaining approximately 30%
of the activity seen at pH4.57, 8, and it has been reported that the local pH can be as low as
5.7 at sites of bacterial infection25. Secretion of GILT by macrophages at such a site could
facilitate local hemolysin-mediated tissue damage, perhaps including lysis of inflammatory
cells recruited for the purpose of host defense.

METHODS SUMMARY

The L. monocytogenes strains used are listed in the Methods. Infections in C57BL/6 and
C57BL/6 GILT knockout mice were performed as described26. Bone marrow derived
macrophages were prepared as described24. In vitro infections were done in the presence of
gentamicin to prevent extracellular bacterial growth, and at an MOI of 5 (unless otherwise
stated in the on-line Methods).

Electron microscopy and immunofluorescence experiments and antibodies used are
described in on-line Methods. Colocalization and quantification were performed by direct
visualization on a Leica DMIRE2 confocal microscope. Figure assembly was done with
Adobe Photoshop and Adobe Illustrator.

LLO protein was purified according to published protocols with modifications described in
Methods 27.

The mean +/- standard error is shown in the 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.

METHODS

Bacterial strains

L. monocytogenes were grown in brain heart infusion (BHI) broth (BD). The strains used
were: wild type (10403s), L. monocytogenes-GFP (1039), L. monocytogenes ALLO
(1039ALLO) (gifts from Dr. Herve Agaisse at Yale University)28, and DP-L4391 (C485A
LLO) (a gift from Dr. D. Portnoy, UC Berkeley). LLO was purified from the DP-E3570 E.
coli strain (donated by Dr. D. Portnoy, UC Berkeley) grown in Luria-Bertani (LB) broth
(BD) supplemented with kanamycin. Production of LLO was induced by 1mM isopropyl-
beta-D-thiogalactopyranoside (IPTG) at 30°C. E. coli used for infection was grown in LB
supplemented with ampicillin.
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In vivo bacterial infections

Infections of C57BL/6 and C57BL/6 GILT—deficient mice were performed as described
previously26. 6-8 week old mice were used for each experiment.

Cell culture

Bone marrow derived macrophages were cultured as described24. Briefly, bone marrow was
harvested from the femurs of 8-10 week old mice and cells cultured for 5-6 days in RPMI
1640 containing 20% fetal calf serum (Hyclone), 100 units/ml penicillin (GIBCO), 100
pg/ml streptomycin (GIBCO), 10mM HEPES (GIBCO), 1% non-essential amino acids
(GIBCO), 2mM L-glutamine (GIBCO), 1mM sodium pyruvate, and 0.035% beta-
mercaptoethanol, supplemented with 10 ng/ml granulocyte-monocyte colony stimulating
factor. HEK 293 cells were grown in DMEM with 10% bovine calf serum (Hyclone).

In vitro infections

Infections of macrophages for in vitro growth assays were at an MOI of 5 except for Fig. 1b
where an MOI of 0.1 was used and Fig. 3a when an MO of 0.5 was used. For infection, 16
h L. monocytogenes cultures were diluted 1:10 in fresh BHI and grown for an additional 2 h
at 37°C with shaking. Aliquots of mid-log phase bacteria (~5x108 CFU/mI) were washed
once in PBS and used to infect macrophages in medium without antibiotics. After 30 min. at
37°C gentamicin (50 pg/ml) was added and the cells incubated for another 30 min. at 37°C,
washed, and incubated in 1 ml fresh medium at 37°C. Cells were lysed at 0, 2, 4, 6, 8, 10,
12, and 24 h in 1 ml water for 5-10 min. Serial dilutions were plated on BHI plates
containing chloramphenicol and colonies were counted the next day to determine CFUs.

Transmission electron microscopy and immunofluorescence

For TEM, cells were fixed in 0.2% glutaraldehyde in 0.1M cacodylate buffer for 1 h at room
temperature and processed as described24. For immunofluorescence, macrophages were
plated on coverslips 12 h before infection. The cells were fixed in 2% glutaraldehyde for 20
min at room temperature at each time point. For phalloidin staining, the coverslips were
washed in PBS and permeabilized with 0.1% Triton X-100 in PBS for 3 min. After washing,
methanolic phalloidin stock solution was diluted 40X into 1% BSA in PBS and the
coverslips stained for 20 min. at room temperature. Intracellular antibody staining was done
after cell permeabilization in 0.1% saponin for 20 min. at room temperature. Primary
antibodies were added for 30 min. and secondary antibodies for a further 30 min. The
antibodies used were: R.mGILT11, MaP.mGILT6 (mouse anti-mouse GILT mAb)24,
phalloidin conjugated to Alexa 546 (Molecular Probes), and rabbit anti-Listeria sp. FITC
(Affinity BioReagents). AlexaFluor 546 and 633 conjugated secondary antibodies were used
(Molecular Probes). Coverslips were mounted using ProLong Gold mounting solution
(Molecular Probes).

Retroviral constructs and spinfection

Wild type mouse GILT cDNA was cloned into the pLPCX vector (Clontech) using Bglll
and Hindlll restriction enzymes. GILT mutants were made by site directed mutagenesis with
the following primers: C69S, C71S: 5
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GAGTCCCTGTCCGGAGCTAGCCGCTACTTCCTCCG 37, and C71S: 5’
CCCTGTGTGGAGCTAGCCGCTACTTCCTC 3’. To produce retrovirus, HEK 293 cells
were transfected with 12g of each pLPCX construct and 12ug pCL-Eco with 60pl
Lipofectamine 2000 (Invitrogen). After 12 h the medium was changed to macrophage
culture medium and the cells were shifted to 32°C. After 24 h filtered supernatant was added
to day 2 macrophage cultures. The cells were spinfected at 32°C, at 2900 rpm for 90 mi. and
cultured at 37°C and differentiated as usual.

LLO purification

Purification of LLO was as described except that the p-mercaptoethanol was omitted from
all the buffers and 0.5 mM DTT was used for storage27.

Cell lytic assays

Precursor GILT, purified from supernatants of baculovirus infected insect cells as
described11, was activated with 25uM DTT at room temperature for 10 min., and for some
experiments inactivated with NEM (1.5mM) followed by dialysis against normal saline (pH
5.5). It was then incubated with LLO at 37°C for 30 min. An aliguot of LLO was activated
using DTT (2mM) as a positive control. The samples were incubated with macrophages at
37° for 30 min. Viability was assessed by propidium iodide staining and FACs analysis. For
hemolysis assays LLO was added to sheep red blood cells (Innovative Research) in PBS, pH
5.5, in 96 well plates on ice. After 30 min. at 37°C lysis was determined
spectrophotometrically, with Triton-X100 lysis serving as 100% release. One hemolytic unit
(HU) is the amount of toxin that releases half the hemoglobin. SLO (Aalto Bio Reagents
Ltd.) was activated by 4mM DTT. Purified SLO with a cysteine to alanine mutation at
position 53021 was a gift from Dr. Norma Andrews, Yale University.

LLO co-immunoprecipitation

Macrophages were infected with L. monocytogenes for 2 h and extracted in Tris-buffered
saline, pH7.4, containing 1% Triton X-100, protease inhibitors (Roche), and 10mM methy!I
methanethiolsulfonate for 30 min. on ice. GILT was immunoprecipitated using the mAb
MaP.mGILT8, the samples separated by reducing SDS-PAGE and LLO detected by western
blot using a rabbit anti-LLO antibody and goat anti-rabbit g conjugated with horse radish
peroxidase (HRP). An anti-H2-KP mAb, Y-3, was used as a control. The blot was developed
with ECL reagents.

Lysosomal and phagosomal acidification

Lysosomal pH was determined after uptake of Oregon green-labelled dextran (10,000 MW,
25ug/ml) (Molecular Probes) over 45 min. on ice as described29, 30. Cells were extensively
washed in PBS at neutral pH and read on a SpectraMax M5 plate reader (Molecular
Devices), and analyzed with SoftmaxPro software (Molecular Devices). Fluorescent
emission at 520nm was measured with alternating excitation at 450nm and 490nm for 40
min. Conversion of the 450:490 excitation ratio to pH was calculated based on a standard
curve generated using excitation ratios of the dextran in standard buffers. Phagosomal pH
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was determined after the uptake of 3um carboxy-beads (Polysciences Inc.) covalently
labeled with carboxyfluorescein-SE (Molecular Probes) using a similar approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Growth of L. monocytogenes is decreased in GILT-deficient mice and GILT-deficient
macrophages. a, In vivo colony counts of L. monocytogenes (strain 10403s) injected
intravenously in wild type B6 or GILT-deficient mice. At each time point three mice per
group were sacrificed and spleens and livers were harvested each day for bacterial colony
counts to obtain CFU/gram. A representative of three individual experiments is shown. b, In
vitro growth of L. monocytogenes in bone marrow-derived macrophages from wild type B6
and GILT-deficient mice. The cells (10° per well) were lysed at each time point shown and
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Statistically significant differences with a p < 0.05 are indicated by *, and with a p < 0.01 by
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Figure 2.
Phagosomal escape of L. monocytogenes is delayed in GILT-negative macrophages. a, Actin

polymerization in wild type and GILT knockout macrophages infected with wild type L.
monocytogenes or ALLO L. monocytogenes. Both strains of bacteria express GFP and are
green. Phalloidin staining of actin is in red. b, Quantitation of actin polymerization. 1000
cells per sample were counted for each time point. The data derive from the average of three
experiments, and statistical significance was assessed by comparing the infection of wild
type and GILT —/- macrophages with wild type bacteria. Differences with a p < 0.05 are
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indicated by *, and those with a p< 0.01 are indicated by **. ¢, Transmission electron
micrographs of wild type or GILT-/- infected macrophages. The arrows indicate intact
phagosomal membrane, and the reordering of the cytoplasm in the initial stages of actin
polymerization, can be seen around bacteria in the cytosol. The bars represent a length of 1
pum. No arrows are present in the 8 h image for wild type cells because no bacteria are
contained within membrane-bound compartments. d, Actin polymerization in infected wild
type and GILT-negative macrophages, and GILT-negative macrophages expressing GILT or
inactive mutant GILT (C69S, C71S). e, Quantification of actin polymerization in
macrophages infected as in (d). The data derive from the average of three experiments and
statistical significance was assessed by comparing the wild type and untransduced GILT -/
—macrophages and, separately, the GILT—/- macrophages transduced with wild type and
mutant GILT retroviruses. Differences with a p < 0.05 are indicated by *, and those with a p
<0.01 by **.
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Figure 3.

LLO is activated by GILT reduction during infection and in cell-free assays. a, In vitro
growth of wild type and C485A LLO mutant L. monocytogenes in wild type and GILT -/~
macrophages. The experiment, performed as described in Fig. 1b, was repeated three times
and a representative experiment is shown. Differences with a p < 0.05 are indicated by *,
and those with a p < 0.01 by **. b, Actin polymerization in wild type and GILT -/
—macrophages infected with wild type L. monocytogenes or C485A LLO mutant L.
monocytogenes. The bacteria were detected by immunofluorescence (green) and phalloidin
staining of actin is in red. ¢, Quantitation of actin polymerization as described in Fig. 2b.
The data represent an average of three independent experiments, and all points after 0.5 h
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are statistically significant to a p < 0.01. d, Viability of GILT-negative macrophages
assessed by propidium iodide staining after incubation of 1x10° cells with 300ng LLO for
30-45 min. Cells were incubated alone, with activated GILT (1pg) and 25uM DTT, with
unactivated LLO and 25uM DTT, with DTT-activated LLO, or with LLO and 1ug, 100ng or
10ng activated GILT. The data represent the average of three independent experiments and
P values for the samples with significant differences are shown. g, Hemolytic activity of
purified LLO pre-incubated with active GILT or GILT inactivated by NEM treatment. The
data represent the average of three independent experiments and P values for the samples
with significant differences are shown.
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Figure4.

GILT activates LLO by using the classical thioredoxin reduction mechanism. Wild type
macrophages, GILT —/— macrophages, or GILT —/- macrophages reconstituted with the
C71S GILT trapping mutant were uninfected or infected with either wild type L.

monocytogenes or ALLO L. monocytogenes for 2 h prior to detergent solubilization,

immunoprecipitation, and SDS-PAGE; (top panel), western blot of LLO in the detergent
extracts; (middle panel), western blot with an LLO-specific antiserum of
immunoprecipitates isolated from the extracts using a control mAb (left three lanes) or an
anti GILT mADb (right nine lanes). LLO is only co-precipitated with the C71S trapping

mutant; (bottom panel), western blot for GILT in the immunoprecipitates.
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