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Autophagic Control of Listeria

Determines the Infection-

Induced Death of Macrophages
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Listeria induces cell death in macrophages, hepatocytes and dendritic
cells. It is accepted that the cell death is induced by listeriolysin
O (LLO), which has a crucial role in the escape of Listeria from the
vacuole. To re-evaluate the requirement of LLO for inducing cell
death, we used an hly"#?4 mutant that possesses a mutation in codon
Trp-492 of LLO, with leads to a 1000-fold decrease in the hemolytic
activity. Although the hly¥#??A mutant possesses decreased hemolytic
activity, it can still escape from the phagosome into the cytosol and
induces cell death in macrophages. An aroA-deficient mutant that
has normal LLO activity and a reduced replication capacity in the
cytosol because of the deficiency of menaquinone failed to induce
cell death in macrophages. The addition of menaquinone, which is
a component of the electron-transfer pathway, accelerated the
cytotoxicity and bacterial growth in aroA-deficient mutant-infected
macrophages. These results indicate that the Listeria-infected cell
death in macrophages depends on the cytosolic Listeria numberin
addition to the LLO activity. Although the autophagy system fails
to exclude wild-type Listeria from the infected macrophages, the
aroA-deficient mutant was co-localized with autophagy marker
LC3, suggesting the involvement of an autophagic mechanism to
rescue the host cells when Listeria grows slowly in the cytosol. In cases
with the growth of wild-type Listeria, the intermediate substances of
oxidative metabolism or the rapid replication of Listeria might allow
for an escape from the autophagy machinery, which induces death
in the host cells. Therefore, our findings suggest that LLO is necessary
for the bacteria to invade the cytosol, but is not sufficient for inducing
Listeria-infected cell death in macrophages. An autophagy system
apparently rescues host cells from infection-induced cell death even
in the presence of LLO when the Listeria is growing slowly in the cytosol.

Abbreviations

BMMs: Bone Marrow Derived Macrophages; CFU: Colony-
Forming Units ; LLO: Listeriolysin O; TGC-PEC: Thioglycollate-
Elicited Peritoneal Macrophages

Introduction

The Gram-positive intracellular bacterium Listeria monocytogenes
(Lm) has been used as a classic model to study immune responses
against intracellular bacteria [1-3]. Host cell infection begins with
the internalization of the bacteria either by phagocytosis in the case
of macrophages, or by induced phagocytosis in the case of non-
phagocytic cells [4]. Following internalization, Lm resides within
the phagosome before lysing the membrane. Within a half hour, Lm
lyses the vacuolar membrane. This event is achieved by a potent pore-
forming toxin, LLO [5,6]. Mutant bacteria not expressing LLO are
avirulent in the mouse, demonstrating that the escape of the bacteria
to the cytosol is critical for the establishment of an infection [5]. After
escape into the cytosol, the bacteria replicate and concomitantly
become covered with actin filaments. When moving bacteria come
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in contact with the plasma membrane, they induce the formation
of bacterium-containing protrusions. Contact between these
protrusions and neighboring cells results in the internalization of the
protrusion [6]. Therefore, once Lm has entered the cytoplasm, it can
disseminate directly from cell to cell.

Apart from its crucial role in the escape from the vacuole, LLO
is also able to induce apoptosis [7]. It has been reported that Lm
induces cell death in macrophages, hepatocytes and dendritic cells,
and that this phenomenon involves LLO [4,5,8]. The type of cell death
induced by Lm involves a variety of complex mechanisms, including
apoptosis, necrosis or pyroptosis depending on cell type [9,10].

Pathogen-infected host cells utilizean autophagy system as a
defense against intracellular pathogens [11-13]. Autophagy is a
ubiquitous degradation system in eukaryotic cells and contributes to
the removal of damaged organelles and the degradation of misfolded
protein aggregates [14]. Cytosolic Lm interacts with the host
autophagy system and is surrounded by double-membrane vacuoles
that are colocalized with microtubule-associated protein light chain
3 (LC3) [15-17]. ActA and the phospholipases (PIcA and PlcB) play
important roles in the escape from the autophagy system [16-18].

During a study comparing intracellular Lm growth and the
induction of cell death in macrophages, we noticed the presence
of cell death mechanism in addition to the LLO in Lm-infected
macrophages. In the present report, we demonstrate that LLO is
necessary for Lm to invade into the cytosol, but is not sufficient for
inducing Lm-infected cell death in macrophages. A mutant possessing
decreased LLO activity induced cell death, while a mutant possessing
normal LLO activity but a low replication rate in the cytosol failed to
induce cell death in macrophages. The latter mutant appeared to be
surrounded by an autophagosome, suggesting the involvement of an
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autophagic mechanism in rescuing the host cells from Lm-induced
cell death when Lm grows slowly in the cytosol.

Materials and Methods
Mice and cells

BALB/c mice were purchased from the Clea Japan (Tokyo,
Japan) and GFP-LC3 transgenic mice were provided by the RIKEN
BRC through the National Bio-Resource Project of the MEXT,
Japan [19]. Animals were used in accordance with our institutional
guidelines for animal experimentation. Thioglycollate-elicited
peritoneal macrophages (TGC-PEC) were collected from mice by
peritoneal lavage four days after intraperitoneal injection of 2 ml of
4% thioglycollate (Difco Laboratories, Detroit, MI). Bone marrow-
derived macrophages (BMMs) were prepared by cultivating bone
marrow cells with 10% L1929 cell culture supernatant. TGC-PEC,
BMMs and mouse macrophage cell lines RAW264.7 and J774A.1
were cultured in RPMI 1640 medium supplemented with 2mM
L-glutamine, 1mM sodium pyruvate, 1x nonessential amino acids, 50
uM 2-mercaptoethanol and 10% heat-inactivated FCS.

Bacteria and reagents

The wild-type (WT) Lm strain (EGDe strain) and hly mutants
of Lm were provided by Dr. P. Cossart, Pasteur Institute, Paris,
France. The mutants used in this study were the following: hly null
mutant (Ahly), which is deficient in hemolytic activity; hlyW**
mutant (W492A), which has a point mutation in LLO from Trp-
492 to Ala and exhibits a 1000-fold reduced hemolytic activity
and comparable growth rate as WT Lm [20]; aroA null mutant
(AaroA), which is deficient in of 3-deoxy-D-arabino-heptulosonate
7-phosphate synthase and has a deficiency in the common amino acid
biosynthesis pathway [21]. The mutant has a comparable level of hly
gene expression and a 2-fold higher LLO activity in comparison to
WT Lm [22]. Lm was cultivated overnight at 37° C in 2 ml brain heart
infusion (BHI) broth (Difco Laboratories). The bacterial culture was
diluted 1:20 in fresh BHI medium and grown to the mid-exponential
phase. Menaquinone (Sigma-Aldrich, St. Louis, MO) was dissolved in
isopropanol and added to the culture medium to a final concentration
of 50 ug/ml. Shikimic acid (WAKO, Japan) and folic acid (Sigma-
Aldrich) were dissolved in water and used at concentrations of 0.3
mg/ml and 0.1 mg/ml, respectively. Wortmannin (Sigma-Aldrich)
was dissolved in dimethyl sulfoxide and diluted in culture media to
achieve a final concentration of 100 nM.

Macrophage cytotoxicity assay

Cytotoxicity was determined by measuring the relative
release of the cytosolic enzyme lactate dehydrogenase (LDH)
from macrophages. At various time points, the LDH activity in
macrophages was measured after lysis with 1% Triton X-100 using
a kit purchased from Roche (Mannheim, Germany) according to
the manufacturer’s protocol. Absorbance values at 490 nm were
determined photometrically with a 96-well plate reader.

Bacterial infection and intracellular infection assays

TGC-PEC cells were seeded at 2 x 10° cells in 96-well plates
containing 10% FCS-RPMI 1640 without antibiotics. After 3 h of
cultivation, non-adherent cells were removed by washing with
PBS. J774A.1 cells and RAW264.7 cells were seeded at 5 x 10* cells
in 96-well plates and cultured for 24 h. Bacteria grown to the mid-
exponential phase were washed, resuspended in cell culture medium
and added to the cell monolayer at a MOI of 2-10. At this time point,

the Lm infection was defined as t = 0. After 1 h incubation, the wells
were washed and overlaid with fresh cell culture medium containing
50 pg/ml of Gentamicin (Sigma-Aldrich) to kill the extracellular
bacteria. After the indicated periods, the cultures were washed again,
lysed and homogenized with 0.05% Triton X-100 in PBS, and the
number of colony-forming units (CFUs) of intracellular bacteria was
determined.

Immunofluorescence microscopy

For the immunofluorescence analysis, cells were fixed by
immersion in 4% paraformaldehyde in PBS. After 15 min, the fixed
cells were further incubated with 1% FCS-PBS containing 0.2% Triton
X-100 for 20 min. Cells were stained with DAPI (Dojindo, Japan)
for 1 h. The stained samples were examined with a fluorescence
microscope (Olympus, Japan).

Results
aroA-deficient Lm are less cytotoxic to macrophages

It has been reported that Lm induces death in infected
macrophages and dendritic cells [4,5,8]. The activity of the hly gene
product, LLO, was shown to be essential for Lm-induced cell death
[7]. To examine whether genes other than hly can induce cell death,
we used the hly mutant Lm, hly"*#?4, which possesses a mutation in
codon Trp-492 of LLO, which is necessary for its hemolytic activity.
The W492A mutation decreased the hemolytic activity in vitro by
99.9%, and the W492A mutant was reported to be 1000-fold less
virulent in mice based on the LD, [20]. After a 24 h Lm infection,
the cytotoxicity of the bacteria to macrophages was determined
by measuring the cytosolic LDH activityin the viable adherent
RAW264.7cells. WT Lm and W492A mutant infections both induced
cell death in RAW264.7 cells, while infection with the Ahly mutant
failed to induce cell death (Figure 1 left). The number of CFU in the
cytosol of cells infected with W492A mutant was equivalent to that
of cells infected with WT Lm (data not shown). Although it has been
reported that there is a correlation between Lm infection-induced cell
death and the activity of LLO [20], the above results suggested the
importance of the cytosolic invasion of Lm for the cytotoxicity.

We screened many Lm mutants to further evaluate the genes
involved in Lm infection-induced cell death. Among the Lm mutants
screened, we found that the AaroA mutant failed to facilitate cell
death in spite of their normal LLO activity and capacity to invade the
cytosol invading capability in RAW267.4 and J774A.1 cells (Figure
1 left and middle) [21,22]. Infection of J774A.1 cells with WT Lm
resulted in almost complete destruction of the cells (Figure 1 middle).
We further evaluated the effect of the AaroA mutant on TGC-
induced heterogeneous macrophage cells. As shown in Figure 1 right,
the effect of AaroA mutant on TGC-PEC was similar to that on the
RAW?264.7 and J774A.1 cells. These results suggested that the AaroA
mutant provides a good tool to examine what mechanisms other than
LLO are involved in Lm infection-induced cell death.

Menaquinone accelerates the death of AaroA mutant-
infected macrophages

The aroA gene product is the first enzyme in the aromatic amino
acid biosynthesis pathway in Lm (Figure 2A). It has been reported that
the AaroA mutant exhibited an attenuated virulence in mice because
of its slow replication and cell-to-cell spread. The AaroA mutant is
unable to grow without aromatic acids in minimal medium. The
addition of menaquinone (an essential component of the respiratory
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Figure 1: The W492A mutant, but not the AaroA mutant induces cytotoxicity in infected macrophages. The indicated macrophage cells and cell lines were infected
with WT, W492A, Ahly and AaroA mutant, and the cytotoxicity of the Lm strain was determined by measuring the LDH activity as described in the Materials and
Methods section.
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Figure 2: Shikimic acid and menaquinone restore the cytotoxicity of the AaroA mutant. (A) aroA encodes 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase,
which functions in the early phase of the common amino acid biosynthesis pathway in Lm. Adapted from Stritzker et al. [21] with modifications. Dashed arrows
show several enzymes. (B & C) RAW264.7 cells were infected with WT, AaroA mutant or Ahly mutantin the presence or absence of the indicated reagents (M,
menagquinone; S, shikimic acid; F, folic acid) and the cytotoxicity was determined. (D) TGC-PEC and J774A.1 cells were infected with WT or AaroA mutant in the
presence or absence of either shikimic acid or menaquinone. The cytotoxicity was determined as described in the Materials and Methods section.
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chain in gram-positive bacteria) to the minimal medium restores
the growth of the AaroA mutant [21]. Since the AaroA mutant failed
to induce cell death following infection, we evaluated whether the
intermediate metabolites of the aroA-encoded enzyme could restore
the outcome of the infection.

We used an intermediate metabolite shikimic acid, and end
products menaquinone and folic acid. These three compounds did
not show any cytotoxicity when added to Ahly mutant-infected
RAW?264.7 cells (Figure 2B). However, there was dose-dependent
effect of menaquinone in AaroA mutant-infected macrophages
(Figure 2C). The addition of either shikimic acid or menaquinone to
the culture induced cell death in AaroA mutant-infected macrophages
(Figure 2D). These results suggested that the products of the aromatic
amino acid biosynthesis pathway mediated by the aroA-encoded
enzyme are important for inducing Lm infection-induced cell death
in macrophages. Since the AaroA mutant is deficient in oxidative
respiration due to the lack of menaquinone [21], this suggesting that
the growth of Lm in the cytosol is essential for the Lm infection-
induced cell death.
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Growth of the AaroA mutant in macrophages

To determine the correlation between cytosolic replication and
Lm infection-induced cell death, we next examined the Lm survival
rate in macrophages. The invasion of the W492A mutant and AaroA
mutant from the phagosome into the cytosol was similar to that
of the WT Lm. The growth of the W492A mutant was equivalent
to that of the WT Lm, while the growth of the AaroA mutant was
strongly reduced. The Ahly mutant was rapidly destroyed in BMMs
(Figure 3A). The growth rate of the Lm in macrophages correlates
with their cytotoxicity, as shown in Figure 1 left. In order to evaluate
the influence of the aroA-deficiency in Lm-infected macrophages, we
compared the growth rates of the different Lm strains in the cytosol of
macrophages. The growth rate of the AaroA mutant in macrophages
was slower than that of the other Lm (Figure 3A). However, the
addition of shikimic acid promptly restored the replication of the
AaroA mutant in the cytosol to an equivalent level as was seen for the
WT Lm, while the addition of menaquinone restored the replication
of AaroA mutant with some delay (Figures 3B-3D). In contrast, the
addition of folic acid did not change the growth rate of the AaroA
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Figure 3: The AaroA mutant showed a reduced growth rate in macrophages. (A) BMMs were infected with WT (open circle), Ahly mutant (open square), W492A
mutant (closed diamond) and AaroA mutant (open triangle), and the CFUs at the indicated time points were calculated as described in the Materials and Methods
section. (B & C) RAW264.7 cells and TGC-PEC cells were infected with WT (open circle) or AaroA mutant (open triangle) in the presence of additional shikimic
acid (closed triangle) or menaquinone (closed square), and the CFUs at the indicated time points were calculated. (D) J774A.1 cells were infected with WT (open
circle) in the presence of shikimic acid (asterisk), or AaroA mutant (open triangle) in the presence of shikimic acid (closed triangle), menaquinone (closed square)
or folic acid (closed diamond), and the CFUs at the indicated time points were calculated.
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mutant in J774A.1 cells (Figure 3D). These results indicated that
menaquinone is essential for the intracellular growth of Lm, and
that the replication of Lm in the cytosol is an important factor for
inducing the infection-mediated death of macrophages.

High-replicating Listeria in the cytosol escapes from the
autophagic control of intracellular pathogens

Autophagy is an important host mechanism involved in the
removal of intracellular bacteria and protozoan, which is in keeping
with its primary function as a cytoplasmic clean-up process [16,23-
25]. The above results suggested that an autophagic mechanism is
involved in clearing the intracytoplasmic bacteria and rescues the
host cells from infection-induced cell death. To directly evaluate the
involvement of autophagy in preventing the cell death of Lm-infected
macrophages, we utilized GFP-LC3 transgenic mice that express the
GFP protein on LC3 molecules of the autophagosome [19]. DAPI-
positive spots in AaroA mutant-infected TGC-PEC of GFP-LC3
transgenic mouse were co-localized with the GFP-positive spots,
suggesting that the AaroA mutants were trapped by autophagosomes
(Figure 4A). After the addition of menaquinone into the culture
medium, DAPI-positive spots in the AaroA mutants were found to be
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free from GFP-LC3, thus suggesting that the AaroA mutants escaped
from the autophagosomes when menaquinone was present (Figure
4A and 4B). To further evaluate the role of autophagic control, we
monitored the cytosolic growth of AaroA mutants in the presence or
absence of Wortmannin and menaquinone (Figure 4C). The result
demonstrated that the growth of AaroA mutant was augmented in the
presence of the autophagic inhibitor, Wortmannin. The addition of
menaquinone strongly augmented the growth of the AaroA mutant,
while the augmented growth of the AaroA mutant was not affected by
the presence of the autophagic inhibitor. These results demonstrated
that the autophagic system controls the cytosolic growth of the
AaroA mutants. The addition of menaquinone and Wortmannin
did not affect the growth of WT Lm (data not shown). These results
suggest that highly-replicating Lm in the cytosol can escapes from the
autophagic control of intracellular pathogens.

Discussion

It has been established that Lm induces cell death in macrophages,
hepatocytes and dendritic cells [4,5,8]. It is accepted that the cell death
of Lm-infected macrophages is induced by LLO, which has a crucial
role in the escape of the bacteria from the vacuole [7]. To evaluate

DAPI

GFP-LC3 GFP-LC3

(C)

° p<0.05 p>_%2 I:]None
© ||

=0 ] wm
E

o

(@]

2 1 —

=

Q

o

0.1
- + Menaquinone

Figure 4: The autophagy system controlled the AaroA mutant replication in the cytosol. (A) TGC-PEC cells of a GFP-LC3 transgenic mouse were infected for 1
h with the AaroA mutant and the cells were cultured for an additional 11 h in the presence or absence of menaquinone. After 12 h of Lm infection, the cells were
fixed and stained with DAPI (blue), and were observed under the fluorescence microscopy. The DAPI spot co-localized with the GFP-LC3 spot is indicated with
an arrowhead. (B) In order to quantify the co-localization of Lm and GFP-LC3 in (A), (C) J774A.1 cells were infected with AaroA mutant for 1 h. Menaquinone and
Wortmannin (WTM) was added at 1 h post infection, and then the number of cytosolic bacteria was calculated at 15 h post infection.
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the requirement of LLO for inducing cell death, we used an hly"**

mutant, which possesses a mutation in codon Trp-492 of LLO that
leads to decreased hemolytic activity in vitro [20]. Despite this 99.9%
reduction in hemolytic activity, the hly"*?* mutant can escape from
the phagosome into the cytosol, and induce the death of macrophages.
This may indicate that activity of LLO is not essential for the
induction of cell death. This idea is further supported by our finding
that the AaroA mutant, which has normal LLO activity and reduced
replication potential in the cytosol because of a defect in oxidative
metabolism [21], failed to induce cell death in macrophages. These
results indicate that LLO is necessary for Lm to invade the cytosol,
but is not sufficient to induce Lm-infected cell death in macrophages.

In our study comparing the intracellular Lm growth and the
induction of cell death in macrophages, we noticed that the induction
of cell death correlated with the intracytosolic Lm growth. The mutant
possessing a low replication rate in the cytosol (AaroA) appeared to
be surrounded by the autophagosome, suggesting the involvement of
an autophagic mechanism in rescuing the host cells from Lm-induced
cell death when the Lm grow slowly in the cytosol. WT Lm, which has
a high replication rate, appears to be able to escape from autophagic
control. Menaquinone is an essential component of the respiratory
chain in Lm, and a defect in menaquinone biosynthesis is expected
to impair oxidative phosphorylation [21]. The AaroA mutant with
normal LLO activity escapesfrom the phagosome into the cytosol, but
grows slowly in the cytosol because of the deficiency of menaquinone.
Although the ActA protein prevents the bacteria from being
surrounded by the autophagosome [18], the AaroA mutant with both
the ActA and LLO proteins still is surrounded by the LC3-positive
membrane and destroyed. Therefore, when Lm grows slowly in the
cytosol, even in the presence of LLO and ActA, the autophagy system
rescues the host cells from infection-induced cell death. In the case of
WT Lm, the intermediate substance of oxidative metabolism or the
rapid replication of the Lm might interrupt the autophagy machinery
and induces death in the host cells. However, the precise mechanism
that activates or permits the activation of the autophagy machinery
in AaroA mutant-infected macrophages has not yet been determined.

Because of the nature of its growth in host cells, Lm is thought to
be a candidate vector for delivering plasmids into the cytosol [26-28].
However, there have been problems associated with the virulence of
Lm that have prevented its use. Since the AaroA mutant used here has
low virulence and low toxicity to host cells, it may be a good candidate
vector for applications in immunotherapy.
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