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Listeria monocytogenes is a Gram-positive intracellular pathogen that is naturally resistant to lysozyme.
Recently, it was shown that peptidoglycan modification by N-deacetylation or O-acetylation confers resistance
to lysozyme in various Gram-positive bacteria, including L. monocytogenes. L. monocytogenes peptidoglycan is
deacetylated by the action of N-acetylglucosamine deacetylase (Pgd) and acetylated by O-acetylmuramic acid
transferase (Oat). We characterized Pgd�, Oat�, and double mutants to determine the specific role of L.
monocytogenes peptidoglycan acetylation in conferring lysozyme sensitivity during infection of macrophages
and mice. Pgd� and Pgd� Oat� double mutants were attenuated approximately 2 and 3.5 logs, respectively, in
vivo. In bone-marrow derived macrophages, the mutants demonstrated intracellular growth defects and
increased induction of cytokine transcriptional responses that emanated from a phagosome and the cytosol.
Lysozyme-sensitive mutants underwent bacteriolysis in the macrophage cytosol, resulting in AIM2-dependent
pyroptosis. Each of the in vitro phenotypes was rescued upon infection of LysM� macrophages. The addition
of extracellular lysozyme to LysM� macrophages restored cytokine induction, host cell death, and L. mono-
cytogenes growth inhibition. This surprising observation suggests that extracellular lysozyme can access the
macrophage cytosol and act on intracellular lysozyme-sensitive bacteria.

Lysozyme is a potent antimicrobial peptide identified in all
major taxa of living organisms that represents an ancient
host defense mechanism against invading microbes (4, 37).
Lysozyme is typically found in host fluids, including tears, sa-
liva, airway fluid, serum, and mucus, and in lysosomal granules
of neutrophils and macrophages (4). Lysozyme activity results
in bacteriolysis and the potential release of microbial ligands
that may be detected by host innate immune pathways (18).
The ubiquitous presence of lysozyme has undoubtedly selected
pathogens that avoid its effects.

Lysozyme displays muramidase activity that hydrolyzes
the �1-4 glycosidic linkage between N-acetyl muramic acid
and N-acetylglucosamine residues, which make up the gly-
can backbone of peptidoglycan (2). Lysozyme also displays
cationic antimicrobial activity independent of muramidase
action (42). Two lysozyme genes, those encoding lysozymes
M and P, are expressed in mice (10), while only a single
lysozyme is expressed in humans. Lysozyme M (LysM) is the

predicted ortholog of human lysozyme and is the predomi-
nant form expressed in most cells, including bone marrow-
derived macrophages (BMM) (10). Previous studies have
demonstrated that disruption of LysM in mice resulted in
increased susceptibility to some bacterial infections. For
instance, LysM� mice had increased bacterial burden when
infected with Klebsiella pneumoniae or Pseudomonas aerugi-
nosa (8, 35). Similarly, Shimada et al. showed increased
susceptibility to middle ear infection in LysM� mice in-
fected with Streptococcus pneumoniae (53).

Many pathogens modify their peptidoglycan to resist host
lysozyme (12). Common modifications of peptidoglycan in-
clude N-deacetylation, N-glycolylation, and O-acetylation (63).
Bacillus anthracis, S. pneumoniae, and L. monocytogenes are
Gram-positive pathogens that N-deacetylate the N-acetylglu-
cosamine residues of their peptidoglycan and are consequently
resistant to lysozyme (3, 64, 68). For example, Vollmer and
Tomasz identified pgdA in S. pneumoniae, which encodes an
N-acetylglucosamine deacetylase and contributes to lysozyme
resistance (64). Boneca et al. identified pgdA in L. monocyto-
genes and showed that it provides resistance to lysozyme in
broth culture and contributes to virulence (3). Staphylococcus
aureus is resistant to lysozyme due to modification of its pep-
tidoglycan by O-acetylation. Bera et al. identified oatA in S.
aureus and showed that its action mediated resistance to lysozyme
and that its presence in some Staphylococcus species correlated
with lysozyme resistance (1, 2). S. pneumoniae also carries an
O-acetyl transferase, Adr, and Davis et al. showed that both adr
and pgdA contribute to lysozyme sensitivity and pathogenesis (9,
11). Interestingly, the double mutants were hypersensitive to ly-
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sozyme and were attenuated in vivo but were able to outcompete
wild-type (wt) S. pneumoniae in LysM� mice, demonstrating a
fitness cost for the expression of pgdA and adr (11).

L. monocytogenes is a Gram-positive facultative intracellular
pathogen that has been used for decades as a model system to
examine basic aspects of infection and immunity both in tissue
culture and in murine models of listeriosis (60). Following
internalization by host cells, L. monocytogenes is subjected to
antimicrobial conditions of a maturing phagosome (40). Bac-
teria subsequently either are killed in the phagosome or escape
into the host cell cytosol, where they grow rapidly. Escape from
the phagosome is mediated largely by a secreted pore-forming
cholesterol-dependent cytolysin, listeriolysin O (LLO) (52).
Cytosolic L. monocytogenes exploits a host system of actin-
based motility to move from cell to cell, thereby avoiding
extracellular defense mechanisms (57).

Three primary cellular pathways of innate immunity are
triggered during infection by L. monocytogenes. The first rep-
resents a generic, MyD88-dependent response that emanates
from cell surface and phagosomal recognition and leads to the
transcription of inflammatory cytokines, including interleu-
kin-12 (IL-12) and IL-1� (31, 43). Presumably, Toll-like recep-
tor 2 (TLR2), which recognizes components of the bacterial
cell wall, is the primary receptor that contributes to this re-
sponse (58). However, the precise ligand(s) that stimulates this
pathway has yet to be identified. A second pathway is triggered
by listerial cyclic di-AMP and stimulates an interferon regula-
tory factor 3/Sting-dependent response, leading to the expres-
sion of beta interferon (IFN-�) and coregulated genes (26, 43,
50, 51, 66). L. monocytogenes DNA and muramyl dipeptide
(MDP) were shown to reconstitute the IFN-� response in vitro,
and this pathway was amplified by NOD2 (31). A third pathway
triggered by L. monocytogenes infection, but only to a small
extent, is activation of the DNA-dependent AIM2 inflam-
masome and the consequent activation of caspase-1 and cell
death by pyroptosis (28). Pyroptosis is a programmed cell
death pathway dependent on caspase-1 and associated with
inflammation, in contrast with other cell death pathways, such
as apoptosis and necrosis (36). AIM2-dependent induction of
pyroptosis is caused by the infrequent lysis of intracellular L.
monocytogenes (51). AIM2-dependent pyroptosis is dependent
on the downstream adaptor ASC and is associated with secre-
tion of IL-1� (15, 33, 45).

In this study, we addressed the role of L. monocytogenes
N-acetylglucosamine deacetylase (Pgd; lmo0415) and O-acetyl-
muramic acid transferase (Oat; lmo1291) during infection.
Pgd� and Pgd� Oat� mutants were lysozyme sensitive and had
intracellular growth defects, increased induction of cytokine
transcriptional responses, and increased bacteriolysis and sub-
sequent pyroptosis.

MATERIALS AND METHODS

Bacterial strains. All L. monocytogenes strains used and generated in this study
were in the 10403S background. In-frame deletion mutants were constructed by
splice overlap extension and introduced by allelic exchange (5). Strains were
grown to stationary phase in brain heart infusion (BHI) medium at 30°C over-
night without shaking for macrophage infections.

Broth growth curves. Stationary-phase cultures were backdiluted 1:40 in BHI
medium and grown to mid-log phase at 37°C with shaking. Titrations of hen egg
white lysozyme in phosphate-buffered saline (PBS) were added in constant vol-
umes at mid-log phase (optical density at 600 nm [OD600] of 0.3 at 240 min), and

growth was measured at OD600 at 15-min intervals over the course of 8 h. CFU
were measured by plating culture dilutions on LB agar plates. Plates were
incubated overnight at 37°C, and colonies were counted the following day.

Disc diffusion assay. A total of 3 � 108 stationary-phase L. monocytogenes cells
were plated in 250 �l BHI medium on LB agar plates. One milligram of hen egg
white lysozyme was added to Whatman paper absorbent discs on the plate in a
10-�l volume. Plates were incubated overnight at 37°C, and the diameter of the
zone of growth inhibition around each disc was measured the following day.

Macrophages. Bone marrow-derived macrophages were prepared from 6- to
8-week-old female mice as previously described (27). All mice were in the C57BL/6
genetic background. LysM� mice were a gift from Tomas Ganz. AIM2 short hairpin
RNA (shRNA) knockdown vectors were a gift from Katherine Fitzgerald, and
immortalized C57BL/6 macrophages were a gift from Russell Vance.

Intracellular growth curves. A total of 2 � 106 BMM were plated overnight
and infected with LLO-expressing strains at a multiplicity of infection (MOI) of
0.1 and LLO� L. monocytogenes strains at an MOI of 1. Thirty minutes after
infection, macrophage monolayers were washed with PBS and fresh medium was
added. At 1 h postinfection, 50 �g/ml gentamicin was added to kill extracellular
bacteria. Replication was quantified as previously described (47). Briefly, three
coverslips at each time point were washed with water to lyse macrophages.
Bacteria recovered from each coverslip were plated on LB agar plates, and CFU
were determined.

Macrophage gene expression by quantitative RT-PCR. A total of 2 � 106

BMM were infected at an MOI of 1 for 4 h. Thirty minutes after infection,
macrophage monolayers were washed with PBS and fresh medium was added. At
1 h postinfection, 50 �g/ml gentamicin was added to kill extracellular bacteria.
RNA was purified using an RNAqueous kit according to the manufacturer’s
instructions (Ambion, Austin, TX). RNA was DNase treated, processed, and
analyzed by real-time quantitative reverse transcription (RT)-PCR as previously
described (31).

Luciferase reporter delivery system. A total of 5 � 105 IFN-�/� receptor
(IFN-�/�R)-negative BMM were infected at an MOI of 5 with L. monocytogenes
strains bearing a plasmid reporter, pBHE573, that encodes luciferase under a
cytomegalovirus (CMV) promoter as previously described (51). Extracellular
hen egg white lysozyme (1 mg/ml) was added at 1 h postinfection where indi-
cated. IFN-�/�R� BMM were used to prevent L. monocytogenes-induced IFN
signaling and host protein synthesis inhibition.

LDH release and IL-1� ELISA. A total of 5 � 105 BMM were pretreated 12
to 16 h with 100 ng/ml Pam3CSK4 (Invivogen, San Diego, CA) and infected at
an MOI of 5 as previously described (51). Extracellular hen egg white lysozyme
(Sigma) was added at 1 mg/ml at 1 h postinfection where indicated. Supernatants
were collected at 6 h postinfection and analyzed for lactate dehydrogenase
(LDH) release and IL-1� secretion. To measure LDH release, 60 �l supernatant
was added to 60 �l LDH detection reagent as previously described in duplicate
in 96-well plates (51). IL-1� secretion was determined using the mouse IL-1�
enzyme-linked immunosorbent assay (ELISA) Ready-SET-Go! according to the
manufacturer’s instructions (eBioscience, San Diego, CA).

Immunofluorescence microscopy. Infected BMM were fixed with 4% para-
formaldehyde. Samples were stained using a rabbit polyclonal anti-L. mono-
cytogenes primary antibody (Difco) and an Alexa Fluor 488-conjugated goat
anti-rabbit IgG (Invitrogen) secondary antibody. Cells were stained with
rhodamine-phalloidin for actin and DAPI (4�,6-diamidino-2-phenylindole)
for nucleic acid. Images were acquired with an Olympus IX81 epifluorescence
microscope using a 60� objective. Images were digitally overlaid using Meta-
morph software (Universal Imaging). BMM were scored positive for bacterial
degradation based on the presence of multiple fluorescent specks smaller
than L. monocytogenes.

In vivo infections. C57BL/6 mice (The Jackson Laboratory) or LysM� mice
were injected intravenously with 1 50% lethal dose (1 � 105 CFU) of wild-type,
Pgd�, or Pgd� Oat� L. monocytogenes bacteria, and spleen and liver were
harvested 48 h later as previously described (50).

Lysozyme detection assay. Serum was collected from C57BL/6 or LysM� mice
using BD Microtainer serum separator tubes (Becton, Dickinson and Company,
Franklin Lakes, NJ) and was analyzed for the presence of lysozyme activity using
an EnzChek lysozyme assay kit according to the manufacturer’s instructions
(Invitrogen).

RESULTS

Pgd� L. monocytogenes bacteria are sensitive to lysozyme. To
determine the relative lysozyme sensitivity of Pgd�, Oat�, and
Pgd� Oat� L. monocytogenes bacteria, we assayed growth in
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broth culture and on LB agar in the presence or absence of hen
egg white lysozyme. Bacteria were grown for 4 h to mid-log
phase, followed by the addition of titrated concentrations of
lysozyme within the physiological range (6, 7, 19–21, 38, 48,
61), and growth was monitored for an additional 4 h (Fig. 1A
to D). Wild-type and Oat� strains grew similarly in the pres-
ence or absence of lysozyme at all concentrations tested. In
contrast, the growth of the Pgd� strain was inhibited by 100
�g/ml lysozyme, while growth of the Pgd� Oat� strain was
inhibited by a concentration of 50 �g/ml. In addition, the
optical density of the cultures decreased in the presence of 100
�g/ml lysozyme, indicating bacteriolysis. Similarly, bacterial
CFU of Pgd� and Pgd� Oat� strains decreased more than 2
and 3 logs, respectively, in the presence of lysozyme, while the
wild-type strain was unaffected (data not shown). Pgd� and
Pgd� Oat� stationary-phase cultures were also sensitive to
lysozyme (data not shown). Similar results were seen using a
disc diffusion assay. Bacterial lawns, grown on LB plates with
Whatman paper discs containing 1 mg lysozyme, were mea-
sured for zones of clearance of each strain of L. monocytogenes
(Fig. 1E to H). As expected, no clearance was observed for
wild-type or Oat� L. monocytogenes, while the average zone of
clearance was 16.8 mm in diameter for Pgd� L. monocytogenes
and 18.75 mm for the Pgd� Oat� strain. These data indicate
that wild-type and Oat� L. monocytogenes strains were ly-
sozyme resistant whereas the Pgd� Oat� double mutant was
more sensitive to lysozyme than the Pgd� mutant alone.

Lysozyme-sensitive L. monocytogenes bacteria demonstrate
intracellular growth defects that are rescued in the absence of
LysM. To determine the role of Pgd and Oat during the intra-
cellular life cycle, bone marrow-derived macrophages (BMM)
from C57BL/6 (wild-type) mice were infected with either wild-

type, Pgd�, Oat�, or Pgd� Oat� L. monocytogenes. Oat� L.
monocytogenes had no detectable growth defect (data not
shown), the Pgd� strain had a small defect, and Pgd� Oat� L.
monocytogenes demonstrated a more significant defect at early
time points (Fig. 2A). The number of CFU between 0.5 h and
2 h increased 1.5-fold during wt infection and 1.1-fold during
infection with Pgd�. In contrast, the number of Pgd� Oat�

CFU decreased 2.4-fold during this time, and the difference
between wt and Pgd� Oat� CFU was statistically significant at
2 h by Student’s t test (P � 0.0163). An LLO� mutation was
introduced into each of these strains to directly examine the
fate of bacteria trapped in phagosomes. LLO� Pgd� and
LLO� Pgd� Oat� had approximately a half-log and 2-log
reduction in CFU, respectively, at 8 h in wild-type BMM (Fig.
2C). These data suggest that the primary observed defect oc-
curred within phagosomes, while cytosolic bacteria grew nearly
as well as the wild type. The growth defect of the Pgd� and
Pgd� Oat� strains was rescued in LysM� BMM (Fig. 2B).
Similarly, the loss of CFU in LLO� Pgd� and LLO� Pgd�

Oat� infections was rescued in LysM� BMM (Fig. 2D). These
data suggest that the lysozyme sensitivity of Pgd� and Pgd�

Oat� L. monocytogenes strains accounted for the defects in
intracellular growth in BMM.

Lysozyme-sensitive L. monocytogenes bacteria induce in-
creased vacuolar and cytosolic cytokine signaling. To deter-
mine whether lysozyme susceptibility results in a differential
host innate immune response, we analyzed vacuolar and cyto-
solic cytokine expression levels in C57BL/6 (wild-type) or
LysM� BMM infected with lysozyme-sensitive L. monocyto-
genes. L. monocytogenes bacteria that secrete LLO, a pore-
forming hemolysin, access the cytosol and induce strong
MyD88 and TRIF-independent IFN-� expression (43). L.

FIG. 1. Sensitivity of L. monocytogenes strains to lysozyme. Growth of wt (A), Pgd� (B), Oat� (C), and Pgd� Oat� (D) L. monocytogenes strains
in BHI medium in the presence of titrated lysozyme (LZ). Lysozyme was added to cultures in equal volumes at 240 min after bacterial inoculation,
and OD600 was monitored at 15-min intervals. Growth of wt (E), Pgd� (F), Oat� (G), and Pgd� Oat� (H) L. monocytogenes strains on LB plates
containing 1 mg lysozyme on a Whatman paper disc. Bacterial lawns were grown overnight, and the zone of clearance was measured the next day.
Data are representative of more than 3 independent experiments with similar results.
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monocytogenes bacteria that lack LLO are unable to escape
from the phagosome and fail to induce IFN-� but instead
stimulate a specific MyD88-dependent cytokine expression
program that emanates from the vacuole that includes IL-12
and IL-1� transcription (43).

The expression of IL-1� (Fig. 3A) and IL-12 (Fig. 3B) in-
creased during infection with LLO� Pgd� and LLO� Pgd�

Oat� L. monocytogenes strains compared to that during wild-
type infection. Increased IL-1� and IL-12 expression by ly-
sozyme-sensitive strains was not observed in LysM� BMM
(Fig. 3A and B). Surprisingly, Pgd� and Pgd� Oat� L. mono-
cytogenes strains, which expressed LLO, also stimulated in-
creased IL-1� and IL-12 expression in a lysozyme-dependent
manner (Fig. 3A and B).

Pgd� and Pgd� Oat� L. monocytogenes strains stimulated
increased IFN-� transcription in wild-type BMM but not
LysM� BMM (Fig. 3C). Pgd� and Pgd� Oat� infection in-
duced 2.75- and 1.70-fold more IFN-� transcription, respec-
tively, than wt infection. Increased IFN-� expression was not
observed in LysM� BMM infected with lysozyme-sensitive
strains. As expected, LLO� Pgd� and LLO� Pgd� Oat� L.
monocytogenes strains did not induce IFN-� (data not shown).
These data suggest that lysozyme-sensitive L. monocytogenes
bacteria that have escaped the phagosome are more readily
sensed by a cytosolic surveillance pathway, leading to increased
IFN-� expression. Similarly, lysozyme-sensitive L. monocyto-
genes bacteria are more readily sensed by TLRs, leading to
enhanced transcription of IL-1� and IL-12.

Lysozyme-sensitive L. monocytogenes strains undergo in-
creased bacteriolysis in the macrophage cytosol. We sought to

determine whether lysozyme-sensitive strains lyse during infec-
tion. Wild-type or LysM� BMM were infected with wild-type,
Pgd�, or Pgd� Oat� L. monocytogenes strains and were visu-
alized by fluorescence microscopy for evidence of bacteriolysis.
After 2 h, degradation of Pgd� Oat� L. monocytogenes was
clearly observed in wild-type BMM (Fig. 4A) but not in LysM�

BMM (Fig. 4B). Evidence of bacterial degradation was ob-
served in 20.7% of wild-type BMM infected with Pgd� Oat� L.
monocytogenes and 4.0% of wild-type BMM infected with
Pgd� L. monocytogenes. Less than 1% of LysM� BMM in-
fected with Pgd� or Pgd� Oat� L. monocytogenes showed
evidence of bacterial degradation. None of the BMM infected
with wild-type L. monocytogenes showed evidence of degrada-
tion.

To indirectly measure cytosolic bacteriolysis, we used a re-
porter plasmid bearing a luciferase gene under the control of a
CMV promoter (51). Lysis of cytosolic bacteria bearing the
reporter plasmid results in delivery of the plasmid to the cyto-
sol and host expression of luciferase. A positive control for
release of plasmid into the cytosol was an L. monocytogenes
strain expressing PSA bacteriophage holin and lysin under the
control of the actA promoter (holin-lysin) designed to lyse in
the cytosol. Pgd� infection stimulated an approximately 2.5-
fold increase in luciferase expression compared to wild-type
infection (Fig. 4C), while Pgd� Oat� infection stimulated an
11-fold increase, establishing that Pgd� and Pgd� Oat� strains
underwent cytosolic bacteriolysis and released DNA to the
cytosol. This led us to hypothesize that additional cytosolic
receptors could be activated by Pgd� and Pgd� Oat� L. mono-
cytogenes strains.

FIG. 2. Growth of L. monocytogenes strains in BMM. A total of 2 � 106 wt (A) or LysM� (B) BMM were infected with wt, Pgd�, or Pgd� Oat�

L. monocytogenes at an MOI of 0.1. A total of 2 � 106 wt (C) or LysM� (D) BMM were infected with LLO� L. monocytogenes strains at an MOI
of 1. BMM were lysed, and bacterial CFU were quantified. Error bars represent standard deviations of the means of technical triplicates, and data
are representative of more than 3 independent experiments with similar results. Student’s t test was used to analyze statistical significance compared
to wt L. monocytogenes infection at each time point. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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Lysozyme-sensitive L. monocytogenes strains induce AIM2-
dependent pyroptosis. To determine the role of lysozyme ac-
tivity in induction of pyroptosis, we assayed wild-type and
LysM� BMM infected with lysozyme-sensitive strains for re-
lease of lactate dehydrogenase (LDH) and secretion of IL-1�.
To determine the pathway of activation, we assayed BMM
lacking ASC or NLRP3. Holin-lysin and the L. monocytogenes
	2473 strain were recently identified as hyperinducers of
pyroptosis and were therefore used as positive controls (51).

Infection of wild-type BMM with Pgd� and Pgd� Oat� L.
monocytogenes strains stimulated 2- and 2.5-fold more LDH
release than wild-type infection, respectively (Fig. 5A). Pgd�

and Pgd� Oat� L. monocytogenes infections stimulated 3- and
5-fold more IL-1� secretion than wild-type infection, respec-
tively (Fig. 5B). As expected, lysozyme-sensitive strains in the
LLO� background stimulated no cell death or IL-1� secretion
(Fig. 5A and B). The increase in LDH release and IL-1�
secretion induced by Pgd� and Pgd� Oat� L. monocytogenes
infections in wild-type BMM was not observed in LysM�

BMM (Fig. 5A and B), indicating a lysozyme-dependent mech-
anism of inflammasome induction. Pgd� and Pgd� Oat� L.
monocytogenes infections induced increased LDH release and
IL-1� secretion in NLRP3� BMM, but no increase was ob-
served in ASC� BMM. This indicates that lysozyme-sensitive
L. monocytogenes strains activate an ASC-dependent pathway
of inflammasome activation independent of NLRP3.

L. monocytogenes strains that lyse in the cytosol activate
AIM2 (51), a cytosolic DNA receptor that stimulates inflam-
masome activation in an ASC-dependent manner (25, 65). To
test the hypothesis that AIM2 detects lysozyme-sensitive L.
monocytogenes, we measured cell death and IL-1� release in
immortalized BMM (iBMM) with shRNA-mediated AIM2
stably knocked down. LDH release and IL-1� secretion were
completely dependent on the presence of AIM2 (Fig. 6A and
B). A control strain ectopically expressing Legionella pneumo-
phila flagellin (49a) was used to stimulate AIM2-independent
cell death mediated by Nlrc4 (IPAF) activation. These data
indicate that lysozyme-sensitive strains stimulated the AIM2
inflammasome following lysozyme-induced bacteriolysis and
subsequent release of bacterial DNA into the host cell cytosol.

Bacterial replication is required for induction of Pgd� and
Pgd� Oat� strain-mediated cell death. We hypothesized that
during infection with Pgd� and Pgd� Oat� L. monocytogenes
strains, vacuolar lysozyme could generate increased amounts
of bacterial ligands, potentially released to the cytosol follow-
ing dissolution of the phagosome. An alternative hypothesis
was that phagosomal lysozyme might compromise the cell wall
integrity of lysozyme-sensitive strains, resulting in bacteriolysis
in the cytosol. If either hypothesis were correct, we would
observe rapid induction of pyroptosis. However, we were un-

FIG. 3. Pgd� and Pgd� Oat� L. monocytogenes strains induce in-
creased cytosolic and vacuolar cytokine responses dependent on the
presence of host lysozyme. A total of 106 wt (black bars) or LysM�

(gray bars) BMM were infected with wt or lysozyme-sensitive L. mono-
cytogenes at an MOI of 1 for 4 h. LLO� infections were also performed
at an MOI of 1. RNA was harvested, and IL-1� (A), IL-12 (B), and
IFN-� (C) transcripts were measured relative to those of �-actin by
quantitative PCR. Error bars represent standard deviations of the

means determined in triplicate. Data are representative of at least 3
independent experiments with similar results. One-way analysis of
variance (ANOVA) and Tukey’s post hoc test were used to analyze the
significance of infections in either wt or LysM� BMM (dashed lines).
Student’s t test was used to analyze significance for each bacterial
strain. �, P � 0.05; ��, P � 0.01; ���, P � 0.001; ����, P � 0.0001; ns,
not significant.

3600 RAE ET AL. INFECT. IMMUN.



able to detect significant LDH release induced by Pgd� or
Pgd� Oat� L. monocytogenes in wild-type BMM until 4.5 h
postinfection (Fig. 7A).

An alternative hypothesis was that lysozyme, encountered in
secondary vacuoles following cell-to-cell spread, could gener-
ate ligands that resulted in pyroptosis. However, inhibition of
cell-to-cell spread by treatment of macrophages with cytocha-
lasin D, an inhibitor of actin polymerization, at 4 h postinfec-
tion resulted in a slight drop in LDH levels in all samples (57;
data not shown). Pgd� and Pgd� Oat� L. monocytogenes
strains induced increased overall pyroptosis, suggesting that
cell-to-cell spread was not required and that increased bacte-
rial ligands were not likely generated by lysozyme in secondary
vacuoles.

We then considered that cytosolic bacterial replication
might be required to induce pyroptosis. Bacterial translation
was blocked at 1, 2, 3, 4, or 5 h after infection using 100 �g/ml
chloramphenicol (Cm), a bacteriostatic antibiotic, and LDH
release was measured at 6 h (Fig. 7B). No significant LDH

FIG. 4. Intracellular bacteriolysis of lysozyme-sensitive L. monocy-
togenes. Immunofluorescence microscopy of wt (A) or LysM�

(B) BMM infected with Pgd� Oat� L. monocytogenes (green) imaged
at 90 min postinfection (actin and nuclei were stained red and blue,
respectively). Insets depict bacterial degradation. Size bars represent
10 �m. Cytosolic DNA delivery is increased in Pgd� and Pgd� Oat� L.
monocytogenes strains (C). IFN-�/�R� BMM were infected with L.
monocytogenes bearing a plasmid-containing luciferase under a CMV
promoter at an MOI of 5. Luciferase expression was detected at 6 h
postinfection. Error bars represent standard deviations of the means
determined in triplicate. Statistical significance was evaluated using
Student’s t test. Data are representative of at least 3 separate experi-
ments with similar results. *, P � 0.01; **, P � 0.0001.

FIG. 5. Pgd� and Pgd� Oat� L. monocytogenes strains induce in-
creased inflammasome activation. (A) LDH release in wt, LysM�,
ASC�, or NLRP3� Pam3CSK4-stimulated BMM. A total of 5 � 105

BMM were infected for 6 h at an MOI of 5. (B) IL-1� secretion
detected by ELISA in wt, LysM�, ASC�, or NLRP3� Pam3CSK4-
stimulated BMM at 6 h postinfection at an MOI of 5. Error bars
represent standard deviations of the means. Statistical significance was
evaluated compared to wt L. monocytogenes infection using Student’s
t test. Data are representative of more than 3 independent experiments
with similar results. *, P � 0.01.
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release was detected in macrophages treated with Cm at 1 h.
However, a strain ectopically expressing Legionella flagellin
(49a) that stimulates the Nlrc4 inflammasome induced rapid
LDH release. An L. monocytogenes strain expressing holin-
lysin, which expresses phage holin and lysin under the actA
promoter, did not induce LDH release when treated with Cm
at 1 or 2 h, presumably because the actA promoter was not
activated until 2 h postinfection. When allowed to replicate for
2 h, Pgd� L. monocytogenes stimulated 6% total LDH release
and Pgd� Oat� L. monocytogenes stimulated 16% total LDH
release, while wild-type bacteria stimulated only 5% total LDH

release, indicating that increased bacteriolysis of lysozyme-
sensitive strains occurs soon after escape. However, LDH re-
lease increased with the amount of time that Pgd� and Pgd�

Oat� L. monocytogenes strains replicated in the cytosol. These
data suggest that bacterial intracellular replication was re-
quired to stimulate lysozyme-dependent cell death and that L.
monocytogenes strains were subject to lysozyme activity in the
cytosol.

Extracellular lysozyme acts on Pgd� and Pgd� Oat� cyto-
solic bacteria. To determine whether lysozyme could gain ac-
cess to the macrophage cytosolic compartment, we assayed for
bacteriolysis using the delivery of plasmid DNA as described
above. In the presence of extracellular lysozyme, lysozyme-
sensitive strains delivered plasmid, while delivery by the wild
type was not significantly affected (Fig. 8A).

To visualize whether extracellular lysozyme could induce
bacteriolysis, LysM� BMM were infected with wild-type or
Pgd� Oat� L. monocytogenes and 1 mg/ml lysozyme was added
extracellularly after 1 h, which is within the biological range (6,
7, 19–21, 38, 48, 61). Infected LysM� BMM were visualized at
2 h postinfection for bacterial degradation (Fig. 8D to G). A
total of 19.2% of Pgd� Oat� strain-infected LysM� BMM
treated with extracellular lysozyme showed evidence of bacte-
rial degradation (Fig. 8G), whereas no degradation was ob-
served in untreated Pgd� Oat� strain-infected LysM� BMM
(Fig. 8F). Similarly, LysM� BMM infected with LLO� Pgd�

Oat� L. monocytogenes and treated with extracellular lysozyme
had evidence of bacterial degradation, while untreated BMM
did not (data not shown), suggesting that extracellular ly-
sozyme accesses L. monocytogenes-containing vacuoles.

Extracellular lysozyme also resulted in induction of in-
creased LDH release but did not affect lysozyme-resistant
strains (Fig. 8B). Neither the addition of extracellular muta-
nolysin nor the transfer of supernatant from Pam3CSK4-
treated uninfected wild-type BMM (data not shown) had any
affect on LDH release. As a control to verify that extracellular
lysozyme was not activating host cells, Pam3CSK4-stimulated
LysM� BMM were treated with cycloheximide to prevent host
translation and were infected with L. monocytogenes following
treatment with extracellular lysozyme. No significant difference
was observed in the presence of cycloheximide, suggesting that
lysozyme did not activate a pathway that induced cytosolic
bacteriolysis (Fig. 8C). These data suggest that extracellular
lysozyme accessed the host cytoplasm and can act on lysozyme-
sensitive L. monocytogenes, resulting in bacteriolysis and gen-
eration of cytosolic ligands, which stimulate cell death.

Lysozyme-sensitive L. monocytogenes strains demonstrate in
vivo defects that are not rescued in the absence of LysM. To
determine whether the in vitro phenotype of lysozyme-sensitive
strains affected virulence in vivo, we infected B6 and LysM�

mice by intravenous (i.v.) injection and quantified CFU at 48 h.
Pgd� L. monocytogenes had an approximate 2-log defect in
both the spleen and liver, and the Pgd� Oat� strain had a
3.5-log defect in the spleen and liver (Fig. 9). Experiments
testing for rescue in LysM� mice were initially inconsistent;
however, we did not observe a significant rescue in LysM�

mice. This could be due to the presence of residual lysozyme
activity detected in the serum of LysM� mice (see Fig. S1 in
the supplemental material).

FIG. 6. Pgd� and Pgd� Oat� L. monocytogenes strains activate the
AIM2 inflammasome. (A) Pam3CSK4-stimulated immortalized
shRNA AIM2 knockdown or shRNA scrambled macrophages were
infected at an MOI of 5, and LDH was measured at 6 h. (B) IL-1�
secretion was measured by ELISA in Pam3CSK4-stimulated immor-
talized shRNA AIM2 knockdown or shRNA scrambled immortalized
macrophages (iBMM) infected for 6 h. Error bars represent standard
deviations of the means determined in triplicate. Statistical significance
was evaluated using Student’s t test. Data are representative of more
than 3 independent experiments with similar results. ��, P � 0.0001.
Lp fla, Legionella flagellin.
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DISCUSSION

The precise role of lysozyme during innate immunity to
microbial infection has yet to be fully appreciated. The aim of
this study was to assess the role of host lysozyme resistance by
comparing L. monocytogenes strains that were either resistant
or sensitive to lysozyme. The results of this study showed that
lysozyme acts extracellularly, within phagocytic vacuoles, and
surprisingly in the cytosol of infected cells. In phagosomes,
lysozyme activity led to the release of bacterial ligands that
activated a vacuole-specific program of cytokine induction. In
the cytosol, lysozyme led to bacteriolysis, thereby activating
two distinct cytosolic innate immune pathways, one leading to
the expression of IFN-� and another leading to DNA-depen-
dent, AIM2-dependent pyroptosis. All of the phenotypes as-
sociated with lysozyme sensitivity were reversed during infec-
tion of macrophages lacking LysM. Surprisingly, all of the
above-mentioned phenotypes were restored by simply adding
lysozyme to the extracellular medium.

Transcription of IL-12 and IL-1� is stimulated by L. monocy-
togenes trapped in phagosomes (43). Lysozyme-sensitive L. mono-
cytogenes stimulated increased expression of these cytokines in
LLO� and LLO-expressing backgrounds. TLR2 is a candidate
receptor involved in this pathway since it is both localized at the
cell surface and recruited to phagosomes upon internalization of
microbes (44). TLR2 has been reported to detect various cell
wall-associated ligands, including peptidoglycan (although there
is controversy over whether it is a bona fide ligand), and has been
shown to form heterodimers with TLR1 or TLR6 to detect lipo-
peptides and lipoteichoic acid (LTA) (29, 59). It is likely that
lysozyme activity generates increased cell wall fragments that are
detected by TLR2. However, although vacuolar cytokines were
dependent on MyD88, infection with Pgd� L. monocytogenes
induced similar levels of IL-1� and IL-12 in TLR2� and wild-type
BMM (data not shown). Therefore, the precise nature of the
bacterial ligand(s) or host receptor(s) is not known.

Cytosolic L. monocytogenes strains induce a MyD88-inde-
pendent response that is monitored by IFN-� expression.
Here, IFN-� expression is elevated approximately 2-fold by
lysozyme-sensitive mutants. One possible explanation is that
cytosolic bacteria are lysed, resulting in the release of DNA

and cyclic di-AMP, two ligands that activate IFN-� expression
(31, 54a, 66). A second possibility is that N-deacetylated pep-
tidoglycan shed from growing bacteria has enhanced stimula-
tory activity. Indeed, Boneca et al. reported that N-deacetylated
peptidoglycan had increased NOD1 stimulatory activity on peri-
toneal elicited macrophages and that digested Pgd� peptidogly-
can induced increased NF-
B activity in both a NOD1- and
NOD2-dependent manner (3). However, using NOD1�,
NOD2�, or NOD1� NOD2� BMM, we still observed an approx-
imate 3-fold difference in IFN-� expression levels between wild-
type and Pgd� bacteria (data not shown). While it is possible that
NOD1 and NOD2 expression levels were different, our data favor
the hypothesis that increased bacteriolysis and release of nucleic
acids led to enhanced IFN-� expression.

This study also revealed that lysozyme acts in the cell cytosol,
causing bacteriolysis and subsequent host cell death. These results
support the recently emerging concept that cytosolic bacteriolysis
is linked to activation of the AIM2-dependent inflammasome
(51). Indeed, using strains differentially susceptible to lysozyme,
we showed that increased lysozyme sensitivity correlates with in-
creased bacteriolysis and AIM2-dependent pyroptosis. This is the
first study to show a link between lysozyme and AIM2 stimula-
tion. However, a previous study has linked lysozyme activity to the
NLRP3 inflammasome. Shimada et al. have shown that vacuolar
digestion of S. aureus peptidoglycan by lysozyme is required for
NLRP3 stimulation (54). However, we found no significant role
for NLRP3 in response to lysozyme-sensitive L. monocytogenes
strains despite distinct lysozyme activity in the vacuole, suggesting
that L. monocytogenes peptidoglycan is not sensed via the same
pathway. It is unknown whether S. aureus lysozyme-digested pep-
tidoglycan is the ligand detected directly by NLRP3 or whether
activation is stimulated by its feature as a small crystalline mole-
cule (30). Nevertheless, similar to S. aureus, L. monocytogenes
specifically subverts inflammasome activation by modification of
its peptidoglycan.

All of the phenotypes associated with lysozyme sensitivity could
be restored simply by adding lysozyme to the culture medium. In
our experiment, we used 1 mg/ml hen egg white lysozyme
(HEWL), which is within the biological range (6, 7, 19–21, 38, 48,
61). Although HEWL has the same enzymatic activity as mam-

FIG. 7. Bacterial replication but not cell-to-cell spread is required for release of LDH. LDH release over time is shown. (A) Pam3CSK4-
stimulated wt BMM were infected at an MOI of 5, and LDH release was assayed at 3, 4.5, and 6 h postinfection. (B) A total of 0.1 mg/ml
chloramphenicol (cm) was added at 1, 2, 3, 4, or 5 h postinfection, and LDH release was measured at 6 h postinfection. Error bars represent
standard deviations of the means. Data are representative of more than 3 independent experiments with similar results.
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malian lysozyme, it may have properties that differ in specificity
for deacetylated peptidoglycan or access to BMM cytosol com-
pared to endogenous mouse lysozyme M. There is evidence that
macrophages internalize other extracellular peptides in addition
to lysozyme. For example, Tan et al. have reported that macro-
phages can acquire antimicrobial peptide defensins from apop-
totic neutrophil granules to become increasingly resistant to My-
cobacterium tuberculosis (55). The Lehrer lab has shown that
macrophages can take up alpha-defensins (23; R. I. Lehrer, per-
sonal communication). It has also been shown that anti-LLO
antibodies can act in a phagosome to inhibit L. monocytogenes
escape (13). Therefore, soluble innate immune factors, including
secreted lysozyme, may also concentrate in macrophages.

How lysozyme enters the cytosol is less obvious. However,
several other small cationic peptides have been reported to trans-
locate from the extracellular milieu to the cytosol. HIV-1 Tat,
herpes simplex virus 1 VP22 transcription factor, and a Drosophila
protein, Antp, have been shown to enter cells from the culture
medium and localize in the cytoplasm. Of these translocated
proteins, HIV-1 Tat has been the best studied. Tat is secreted
from infected cells and subsequently enters adjacent cells and
accumulates in the cytosol (16, 32). Tat is a 101-amino-acid cat-
ionic peptide with a calculated isoelectric point of 9.61 and has
been used as a fusion protein to deliver ovalbumin, �-galactosi-
dase, peroxidase, and green fluorescent protein into cells (14, 22,
49). A basic domain rich in arginine and lysine residues has been
identified in Tat as the region required for translocation (41, 62).
Although lysozyme does not share a homologous domain, it too is
a small cationic peptide of 14 kDa, with a calculated isoelectric
point of 9.11. Although speculative, its similar features in size and
cationic quality are properties that could suggest a mechanism for
its access to the cytosol.

Lysozyme-sensitive L. monocytogenes strains were severely
attenuated in the mouse model of listeriosis. However, the loss
of virulence was not rescued in LysM� mice. The most likely
explanation was a compensatory and redundant mechanism of
LysP. LysP compensation in LysM� mice has been reported
separately by Ganz et al. and Markart et al. (17, 34). Markart
et al. showed that LysP mRNA is typically not expressed in the
alveolar space in wild-type mice but is upregulated significantly
in LysM� mice (34). Ganz et al. showed that lysozyme was

FIG. 8. Extracellular lysozyme accesses the BMM cytosol and re-
sults in increased degradation of lysozyme-sensitive L. monocytogenes
strains and subsequent host cell death. (A) IFN-�/�R� BMM were
infected with L. monocytogenes bearing a plasmid-containing luciferase
under a CMV promoter, and 1 mg/ml extracellular lysozyme was
added at 1 h postinfection. Luciferase expression was detected at 6 h
postinfection. (B) Pam3CSK4-stimulated LysM� BMM were infected
at an MOI of 5, and 1 mg/ml extracellular lysozyme was added at 1 h
postinfection. LDH release was measured at 6 h. (C) Pam3CSK4-

stimulated LysM� BMM were treated with cycloheximide and infected
at an MOI of 5, and LDH release was measured at 6 h. Error bars
represent standard deviations of the means. (A and B) Statistical
significance was evaluated using Student’s t test. �, P � 0.05; ���, P �
0.0001. (C) One-way ANOVA was performed to analyze the statistical
significance of LDH release following various treatments of BMM
infected with individual L. monocytogenes strains. �, P � 0.05; ��, P �
0.001. The means of LDH values from infections treated with lysozyme
compared to those treated with lysozyme plus cycloheximide were
determined to be not significant (ns) using Student’s t test. The means
of LDH values from infections with Pgd�, Oat�, or Pgd� Oat� L.
monocytogenes were significant by one-way ANOVA. Data are repre-
sentative of at least 3 independent experiments with similar results.
LysM� BMM were infected with either wt (D, E) or Pgd� Oat� (F, G)
L. monocytogenes for 2 h. A total of 1 mg/ml extracellular lysozyme was
added at 1 h postinfection (E, G), and cells were scored for evidence
of bacterial degradation (depicted in inset). Size bars represent 10 �m.
Data are representative of more than 3 independent experiments with
similar results.
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detected with an antibody that recognized both M and P iso-
forms in alveolar and peritoneal macrophages (17). Certainly,
LysP compensatory expression in relative tissues could explain
the lack of rescue. Lysozyme P circulating in the blood may
also be a contributing factor. Pgd� Oat� L. monocytogenes had
a log decrease in CFU in liver by 30 min (data not shown),
suggesting an early encounter with lysozyme. Also, based on
our results, circulating lysozyme P may enter macrophages and
act intracellularly in a vacuole and the host cell cytosol.

In addition, lysozyme-sensitive L. monocytogenes may be sus-
ceptible to other host cell hydrolytic enzymes or stresses not
present in BMM. Popowska et al. have shown that Pgd� L.
monocytogenes is more sensitive to autolysis-inducing agents,
Triton X-100 and EDTA, and various antibiotics (46). Indeed,
it is predicted that Pgd� L. monocytogenes bearing N-acety-
lated glucosamine residues would have a more negative surface
charge due to lack of an exposed primary amine residue and
would thus be more susceptible to cationic peptides (63). How-
ever, Pgd� and Pgd� Oat� L. monocytogenes strains were not

sensitive to cationic peptides, including LP9, a human ly-
sozyme-derived 9-mer, in comparison to a strain lacking MprF,
which is known to be sensitive to cationic agents (see Fig. S2 in
the supplemental material) (24, 56, 67). In the future, it will be
of interest to determine whether it is the lytic activity of mouse
lysozyme or its cationic properties that act on Pgd� and Pgd�

Oat� L. monocytogenes strains.
We conclude that L. monocytogenes resistance to lysozyme is an

essential determinant of pathogenesis. Indeed, many bacterial
pathogens are lysozyme resistant (12, 63). The role of lysozyme
appears to be multifaceted. We and others have shown that ly-
sozyme activity can kill bacteria and stimulate inflammation, but
in other contexts, it has been shown to inhibit inflammation. Ganz
et al. showed that Micrococcus luteus induced increased inflam-
mation in LysM� mice, suggesting that peptidoglycan degrada-
tion by lysozyme is required to downregulate inflammation (17).
Thus, one role of lysozyme may be to degrade potentially proin-
flammatory peptidoglycan fragments associated with commensal
or nonpathogenic bacteria, which may be a strategy to avoid
mounting an inappropriate inflammatory response. This may be
similar to a mechanism whereby host enzymes inactivate bacterial
lipopolysaccharide to avoid prolonged tolerance and increased
inflammation (39). However, lysozyme also serves to generate
peptidoglycan fragments that are important immunostimulatory
ligands during infection. Davis and Weiser suggest that modified
peptidoglycan that is more resistant to hydrolysis by lysozyme results
in the generation of larger fragments, which might be differentially
detected by a host (12). The ability of lysozyme to act from within
cells (in both phagosomes and the cytosol) and extracellularly high-
lights its role as a versatile antimicrobial factor that contributes to
multiple aspects of host defense during bacterial infection.
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