
INFECTION AND IMMUNITY, Dec. 1995, p. 4595–4599 Vol. 63, No. 12
0019-9567/95/$04.0010
Copyright q 1995, American Society for Microbiology

Listeria monocytogenes Can Grow in Macrophages without the
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Listeria monocytogenes is a facultative intracellular pathogen which is able to survive and grow within
phagocytic cells. Some facultative intracellular bacteria have been shown to respond to the hostile environment
within phagocytic cells by producing a set of stress proteins. Since L. monocytogenes has a mechanism for
intracellular survival that is distinct from those of other bacteria, we studied the phenotypic response of the
bacterium to phagocytosis by macrophages. After phagocytosis of L. monocytogenes EGD by J774-1 macrophage
cells, the microorganism rapidly increased in numbers about 20-fold during an incubation period of 5 h. In this
phase of phagocytosis, the selective induction of 32 proteins was observed by two-dimensional gel electro-
phoresis. The responses to the environmental stresses of heat and hydrogen peroxide were also studied, and
it was found that 14 heat shock proteins and 13 oxidative stress proteins were induced. Five of the induced
proteins were common to both heat and oxidative stresses. By amino acid sequencing analysis, homologs of
DnaK and GroEL were confirmed among the heat shock proteins. A comparison of the autoradiograms of the
two-dimensional gels revealed that none of these stress proteins were among the proteins induced by L.
monocytogenes within the macrophages. This behavior is entirely different from that shown by other facultative
intracellular pathogens. Stress proteins known to be induced by environmental stresses were absent in
intracellularly grown L. monocytogenes in the present study. This absence could be due to the mechanism by
which the microorganisms rapidly escape from this stressful environment at a very early phase of phagocytosis.

Listeria monocytogenes is a gram-positive, food-borne human
pathogen which causes listeriosis in immunocompromised in-
dividuals and pregnant women (12). In a murine model of
infection, L. monocytogenes is a facultative intracellular patho-
gen (14) which is able to grow in professional phagocytic cells,
such as macrophages, and nonprofessional phagocytic cells,
including epithelial cells and fibroblasts (10, 16, 23, 30). Intra-
cellular growth within professional phagocytic cells has been
thought to be important in the expression of the pathogenicity
of intracellular parasites. Intracellular parasites utilize a vari-
ety of mechanisms to survive within phagocytes, e.g., inhibition
of phagosome-lysosome fusion, escape from the phagosome
into the cytoplasm, resistance to or inactivation of oxygen
intermediates and lysosomal enzymes, and inhibition of the
triggering of a complete respiratory burst (2, 6, 15, 17).
Recently, it has been demonstrated in Salmonella typhi-

murium that bacterial stress proteins possibly play an impor-
tant role in survival and growth within macrophages (4, 18).
Furthermore, it has been reported that some facultative intra-
cellular pathogens, e.g., S. typhimurium, Yersinia enterocolitica,
and Legionella pneumophila, generally express elevated levels
of a set of proteins, including major stress proteins, within
macrophages after phagocytosis (4, 41, 42). These are not
induced within nonprofessional phagocytic cells, such as epi-
thelial cells (4). The induction of the stress response in bacteria
within phagocytic cells is reasonable, because the intracellular
environment of a macrophage is very hostile so far as such
antimicrobial factors as acidic pH, oxidative products, and ly-
sosomal proteins and peptides are concerned. It is speculated
that the enhanced expression of stress proteins may give fac-
ultative intracellular bacteria a selective advantage for survival

in phagocytes, resulting in their proliferation and dissemina-
tion throughout the host (4, 41, 42).
We have been interested in the function of stress proteins

induced by phagocytosis in the expression of pathogenicity by
facultative intracellular bacteria (40, 41). L. monocytogenes is
well known to have a mechanism for survival in macrophages
that is distinct from those of other bacteria, such as Y. entero-
colitica, S. typhimurium, and L. pneumophila (37). To discover
whether the induction of stress proteins in intracellular bacte-
ria is generally accompanied by phagocytosis, an approach
similar to the one which we had previously developed for Y.
enterocolitica (41) was used to examine the modulation in pro-
tein synthesis, including induction of stress proteins, by L.
monocytogenes in response to the intracellular environment of
macrophages. We initially examined the response to such en-
vironmental stresses as heat shock and hydrogen peroxide and
found that at least 22 stress proteins were induced by heat
shock and hydrogen peroxide. We then analyzed the modula-
tion of protein synthesis by intracellular L. monocytogenes and
found that 32 proteins were induced and that many proteins
were repressed during growth in J774-1 macrophage cells.
However, contrary to the observations made with other bacte-
ria, the detectable induction of stress proteins was not ob-
served in intracellular L. monocytogenes after phagocytosis.
The successful adaptation for survival without the induction of
stress proteins will be discussed.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Hemolytic strain EGD (serotype
1/2a) and nonhemolytic strain ATCC 15313 were kindly provided by M. Mit-
suyama (Niigata University School of Medicine, Niigata, Japan). Routine culture
was carried out in brain heart infusion (Nissui Co., Tokyo, Japan) at 308C with
aeration.
Labeling of heat shock proteins. For heat shock experiments, 0.2 ml of an

overnight culture was used to inoculate 10 ml of brain heart infusion broth.
Bacteria were grown at 308C to an optical density at 600 nm of 0.5. After
centrifugation at 7,000 3 g for 20 min at room temperature, the cell pellet was
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washed and then suspended in 1 ml of methionine-free RPMI 1640 (GIBCO
BRL, Grand Island, N.Y.) prewarmed to 308C. The culture was incubated with
shaking for 10 min at 458C prior to the addition of 10 mCi of [35S]methionine
(specific activity, 1,000 mCi/mmol) per ml. Labeling was carried out at the same
temperature for 20 min. The cells were harvested by centrifugation at 15,000 3
g for 5 min at 48C and suspended in 100 ml of sample buffer for a nonequilibrium
pH gradient system (26). The bacterial cells were treated for 25 s at 20 kHz with
an ultrasonic disintegrator. After centrifugation, the supernatant was used for gel
electrophoresis.
Hydrogen peroxide treatment. Overnight (18-h) cultures were used to inocu-

late 10 ml of fresh brain heart infusion medium, and the cells were grown at 308C
to an optical density at 600 nm of 0.4. After centrifugation (7,000 3 g for 20 min
at room temperature), the cell pellet was washed and suspended in 1 ml of
methionine-free RPMI 1640. The bacterial cells were incubated for 15 min in the
presence of 50 mM hydrogen peroxide and then labeled with [35S]methionine (10
mCi) for 30 min. Samples were centrifuged (15,0003 g for 5 min at 48C), and the
cell pellet was suspended in the sample buffer for a nonequilibrium pH gradient
system (26). The bacterial cells were treated for 25 s at 20 kHz with an ultrasonic
disintegrator. After centrifugation, the supernatant was subjected to gel electro-
phoresis.
Macrophage assay for virulence. J774-1 cells from a continuous macrophage-

like cell line derived from a reticulum cell sarcoma (32) were provided by the
Japanese Cancer Research Resources Bank and grown in RPMI 1640 supple-
mented with 10% fetal calf serum. A total of 5 3 105 J774-1 cells in each well of
a 24-well plate were challenged with L. monocytogenes EGD or ATCC 15313 at
a multiplicity of infection of 5. The plates were centrifuged at 250 3 g for 10 min
at room temperature to enhance and synchronize infection. The cells were
incubated for 20 min at 378C to permit phagocytosis, and the free bacteria were
removed by three washes with phosphate-buffered saline (PBS). RPMI 1640
supplemented with 2% fetal calf serum and 5 mg of gentamicin per ml was added,
and the cells were then incubated at 378C. The macrophages were sampled at
various times by aspirating the medium, rinsing each well with 0.5 ml of PBS,
lysing the macrophages with 0.5 ml of distilled water, and then rinsing each well
with 0.5 ml of PBS. Triplicate samples were plated individually on brain heart
infusion agar plates after appropriate dilutions.
Labeling of intracellular bacteria. A total of 2 3 106 J774-1 cells in each well

of a six-well plate were challenged with bacteria at a multiplicity of infection of
50. Phagocytosis was allowed by the procedure described above. After three
washes with PBS, methionine-free RPMI 1640 supplemented with 50 mg of
cycloheximide per ml and 5 mg of gentamicin per ml was added. Intracellular
bacteria were labeled with [35S]methionine (10 mCi) at 308C. Macrophages were
lysed with distilled water supplemented with 100 mM EDTA and protease
inhibitors, 1 mM leupeptin, 1 mM pepstatin, and 500 mM phenylmethylsulfonyl
fluoride. The bacterial cells were collected by centrifugation and solubilized.
Electrophoresis. A portion of each lysate was run in the nonequilibrium pH

gradient system described by O’Farrell et al. (26) for the first dimension and then
on a sodium dodecyl sulfate (SDS)–12.5% polyacrylamide gel as described by
Laemmli (21) for the second dimension. After electrophoresis, the gels were
dried and exposed to film (RX100; Fuji Photo Film Co., Tokyo, Japan) at room
temperature for 2 to 7 days. Bacterial proteins were also analyzed by SDS-
polyacrylamide gel electrophoresis (PAGE) as described before (40).
Microsequencing of proteins. To analyze the N-terminal protein sequence,

proteins were separated by two-dimensional electrophoresis and transferred
onto a polyvinylidene difluoride membrane (Millipore) by electroblotting from

the gels. The membrane pieces from 5 to 10 gels were sequenced on a protein
sequencer (473A; Applied Biosystems, Foster City, Calif.).

RESULTS

Intracellular growth of L. monocytogenes within macro-
phages.We initially tested the efficiency of using a continuous
macrophage cell line to analyze the interaction of L. monocy-
togenes with macrophages by the method previously demon-
strated (30), with some modifications. Figure 1 is a graph of the
growth of L. monocytogenes strains in the macrophage-like cell
line J774-1. After phagocytosis of L. monocytogenes EGD, the
number of bacteria increased about 20-fold during the initial 5
h. However, a nonhemolytic strain, ATCC 15313, was readily
killed and could not grow during the 24 h after phagocytosis
(data not shown). These growth curves are typical of the in-
tracellular fate of L. monocytogenes within phagocytic cells, in
that a hemolytic strain can survive and multiply but a nonhe-
molytic strain fails to grow (30). We therefore concluded that
the combination of the J774-1 cell line and these bacterial
strains was an appropriate bacterium-macrophage interaction
system for this study.
Response of L. monocytogenes to environmental stress con-

ditions. Since the stress proteins of L. monocytogenes are not
fully understood, we performed several experiments to deter-
mine the stress proteins induced by heat shock and oxidative
stress.
(i) Heat shock. L. monocytogenes EGD and ATCC 15313

were grown to mid-log phase at 308C, shifted to 458C for 10
min, and then labeled with [35S]methionine for 20 min. A
comparison of the protein profiles of shifted and unshifted
bacteria by SDS-PAGE indicates that 12 proteins were in-
duced after the temperature shift (Fig. 2). These proteins were
constitutively produced at low concentrations in bacterial cells
grown at steady state. These may be essential for growth but
may be needed at higher concentrations during growth under
stressful conditions. Furthermore, we analyzed the proteins in
the heat-shocked cells and normally grown cells by two-dimen-
sional gel electrophoresis (Fig. 3A and B). Autoradiographs of
two-dimensional gels showed that the synthesis of at least 14
bacterial proteins in strain EGD was markedly elevated in

FIG. 1. Growth of L. monocytogenes strains in mouse macrophage-like cell
line J774-1. A total of 5 3 105 J774-1 cells were challenged with hemolytic strain
EGD (h) and nonhemolytic strain ATCC 15313 (■). The numbers of viable
bacteria at each time were determined as described in Materials and Methods.
Results are expressed as the averages of three determinations. Error bars show
standard deviations.

FIG. 2. Autoradiograph of SDS-PAGE gel with 35S-labeled L. monocyto-
genes proteins. L. monocytogenes EGD cells were labeled with [35S]methionine
for 20 min at 308C (lane 1) or were transferred to 458C, incubated for 10 min, and
then labeled with [35S]methionine for 20 min at 458C (lane 2). After phagocy-
tosis, strain EGD was labeled for 2 to 3 h (lane 3) or 3 to 4 h (lane 4). Strain
ATCC 15313 was labeled for 3 to 4 h (lane 5). Ç, proteins induced during growth
within macrophages (lanes 3 and 4); F, proteins induced under heat shock
conditions (lane 2). The molecular masses in kilodaltons are indicated at the left.
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heat-shocked bacteria compared with that in the bacteria
grown at 308C (Fig. 3B). Although the protein profile of strain
ATCC 15313 grown at 308C is considerably different from that
of strain EGD, all of the heat shock proteins of strain EGD
were also induced in strain ATCC 15313 (data not shown). We
selected two prominently induced proteins among the 14 heat
shock proteins of the EGD strain and characterized them.
These proteins, designated HSP(a) and HSP(b), have molec-
ular masses of 67 kDa and 72 kDa, respectively (Fig. 2 and 3).
We analyzed their sequences as described in Materials and
Methods. The N-terminal amino acid sequences showed that
HSP(a) and HSP(b) correspond to GroEL and DnaK ho-
mologs, respectively (Fig. 4).
(ii) Oxidative stress. We also analyzed, by two-dimensional

gel electrophoresis, the bacterial proteins induced by exposure
to hydrogen peroxide (Fig. 3A and C). The levels of at least 13
proteins were markedly elevated in bacteria under oxidative
stress, compared with the levels of those proteins in bacteria

grown at 308C (Fig. 3B). Five of the 13 oxidative stress proteins
were also detected as heat shock proteins (Fig. 3B and C).
Changes in protein synthesis by L. monocytogenes during

incubation within J774-1 macrophage-like cells. To examine
protein expression under intracellular conditions, the bacterial
proteins synthesized within J774-1 cells were labeled with
[35S]methionine in the presence of cycloheximide to prevent
macrophage protein synthesis and then analyzed by one- or
two-dimensional gel electrophoresis (Fig. 2 and 5). SDS-
PAGE revealed that at least 12 proteins with sizes ranging
from 10 to 200 kDa were induced under intracellular condi-
tions. The elevated level of protein expression was maintained
from 30 min to 240 min after phagocytosis. These proteins
were not detected in L. monocytogenes grown in RPMI 1640
(Fig. 5). When macrophage-sensitive strain ATCC 15313 was
phagocytized and radiolabeled, neither bacterial proteins nor
host proteins incorporated [35S]methionine. We previously
showed that neither bacterial proteins nor macrophage pro-
teins incorporated [35S]methionine when the heat-inactivated
bacteria were phagocytized as a control (41). This result sug-
gested that cycloheximide completely inhibited macrophage
protein synthesis (Fig. 2). Furthermore, the proteins from the
phagocytized bacteria and the proteins from bacteria grown in
the medium were subjected to two-dimensional gel electro-
phoresis. The protein profile of the phagocytized bacteria was
apparently different from that of bacteria grown in RPMI 1640.
The results revealed that the synthesis of at least 32 bacterial
proteins was significantly elevated in phagocytized bacteria
compared with that in bacteria grown in culture medium. To
examine whether these so-called macrophage-induced proteins
are also induced by stress conditions in vitro, we compared the
protein profiles by autoradiogram of macrophage-induced pro-
teins and proteins induced by environmental stress in vitro.
Visual scanning of the autoradiograms of two-dimensional gels
revealed that neither heat shock proteins nor oxidative pro-
teins were included in the macrophage-induced proteins. This
behavior of L. monocytogenes is entirely different from that of
other facultative intracellular pathogens previously reported
(4, 41, 42).

DISCUSSION

During the infection process, bacteria are exposed to various
stimuli, e.g., a sudden increase in temperature upon entering a
mammalian host and oxidative or nonoxidative microbicidal
stress associated with exposure to phagocytic cells. For most
pathogenic bacteria, the mechanism by which bacteria with-
stand and survive these stressful environments is a fundamen-
tal question for their pathogenesis. Facultative intracellular

FIG. 3. Autoradiographs of two-dimensional electrophoresis gels of 35S-la-
beled proteins from L. monocytogenes. Bacterial proteins of strain EGD were
labeled with [35S]methionine in methionine-free RPMI 1640 at 308C (A) or 458C
(B) or in the presence of 50 mM hydrogen peroxide (C) as described in Materials
and Methods. Arrows show the stress proteins induced by heat shock (B) or
hydrogen peroxide (C). Small arrows (A) show the positions of proteins whose
synthesis was elevated by exposure to heat or hydrogen peroxide. Open arrows
(B and C) indicate the proteins induced by both heat and hydrogen peroxide.
The N-terminal amino acid sequences of two heat shock proteins, HSP(a) and
HSP(b), are shown in Fig. 4.

FIG. 4. Alignment of the N-terminal amino acid sequences of HSP(a) and
HSP(b) (shown in Fig. 3B) and those of their homologs. Conserved amino acids
are indicated by colons. The amino acid sequences of the homologs of B. subtilis
and S. aureus were reported by Völker et al. (38) and Ohta et al. (27), respec-
tively.

FIG. 5. Autoradiographs of two-dimensional electrophoresis gels with 35S-
labeled proteins from L. monocytogenes EGD grown in methionine-free RPMI
1640 at 308C (A) and in J774-1 macrophage cells at 2 to 3 h after phagocytosis
(B). Small arrows show the positions of stress proteins induced by exposure to
heat and/or hydrogen peroxide (A). Open arrows show the proteins induced
during incubation in macrophages (B).
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bacteria generally induce a large set of proteins, including
some stress proteins, in response to intracellular stress when
they grow in professional phagocytic cells (4, 41, 42). While it
is not clear which stimuli actually induce the change in protein
synthesis, it is believed that these induced proteins probably
give intracellular bacteria a selective advantage for survival in
phagocytes. In this study, we analyzed the modulation of pro-
tein expression by L. monocytogenes in response to phagocy-
tosis by macrophages and then examined whether stress-in-
duced protein synthesis is observed following phagocytosis.
In many reports, heat shock proteins have been revealed to

function as molecular chaperones or proteases in a variety of
bacteria (25). Recently, some reports have shown that the
mechanism of heat shock response in gram-positive bacteria is
different from that in gram-negative bacteria (1). Since the
stress response of L. monocytogenes has not been fully studied,
we initially investigated stress proteins induced by heat shock
and oxidative stress. Following heat shock, the induction of 14
stress proteins, including GroEL and DnaK homologs, was
detected (Fig. 3B and 4). Some of the heat shock proteins have
been shown to be induced by other stresses, like oxidative
stress (5, 39). We showed that at least 13 proteins were induced
by exposure to 50 mM hydrogen peroxide (Fig. 3B). The elec-
trophoretic analysis with two-dimensional gels revealed that
five of these proteins, including the GroEL homolog, corre-
spond to proteins induced by heat shock. Protein analysis in-
dicated that the N-terminal amino acid sequences of the
GroEL and DnaK homologs are highly conserved in such
gram-positive bacteria as L. monocytogenes, Bacillus subtilis,
and Staphylococcus aureus (Fig. 4).
L. monocytogenes cells which are phagocytized dissolve the

phagosomal or endosomal membrane and escape into the cy-
toplasm of the macrophage (10). Then, the bacteria migrate by
cell-to-cell spreading. The migration requires the induction of
polymerization of F-actin and coating with actin filaments (36,
37). Recent studies by transposon mutagenesis have elucidated
several genes involved in the intracellular survival of L. mono-
cytogenes. Listeriolysin O, coded for by the hly gene, is involved
in the lysis of the phagosome vacuole (3, 11, 19). ActA, a
surface-associated protein coded for by the actA gene, medi-
ates actin assembly within the host cell (9, 20). The plcA gene
encodes a phosphatidylinositol-specific phospholipase C (22,
34). The mpl gene encodes metalloprotease (8, 24). The gene
plcB is a determinant for a second phospholipase C with leci-
thinase activity (33). Expression of five clustered virulence
genes, plcA, hly, mpl, actA, and actB, is transcriptionally regu-
lated by PrfA (3), and therefore the proteins coded for by these
genes are called PrfA-dependent proteins. Since all of these
genes are essential for survival in phagocytic cells and the full
expression of virulence by L. monocytogenes (31), the operon
must be efficiently expressed within phagocytic cells. In this
study, we observed the induction of 12 proteins on SDS-poly-
acrylamide gels and of 32 proteins on two-dimensional gels
(Fig. 2 and 5). The molecular sizes of the major PrfA-depen-
dent proteins, including ActA, Mpl, digested ActA, LLO, di-
gested Mpl, PlcA, and PlcB, were determined to be 90, 70, 60,
57, 34, 32, and 29 kDa, respectively (35). It is likely that the
PrfA-dependent proteins are included in the macrophage-in-
duced proteins detected on the SDS-polyacrylamide gel (Fig.
2). Many macrophage-induced proteins were detected in the
basic region of the two-dimensional gel (Fig. 5). A similar
result was obtained with Y. enterocolitica grown within macro-
phages (40).
By visual scanning of two-dimensional gels, neither heat

shock proteins nor oxidative stress proteins were detected in L.
monocytogenes grown within macrophage cells. The absence of

induction was confirmed up to 4 h after phagocytosis. This
absence of any detectable increase in the levels of stress pro-
teins during the early stages of phagocytosis is entirely different
from the results that have been demonstrated with other fac-
ultative intracellular bacteria, such as S. typhimurium, Y. en-
terocolitica, and L. pneumophila (4, 41, 42). Recently, the fate
of L. monocytogenes in murine bone marrow-derived macro-
phages during the early stages of infection was analyzed by
cytochemical and immunolabeling approaches at the electron
microscopy level (7). All phagosomes were immediately acid-
ified after phagocytosis; therefore, intracellular growth of L.
monocytogenes appears to be the result of a competition be-
tween the expression of the hydrolytic activity of these cells
following phagosome-lysosome fusion and the capacity of bac-
teria to escape from the acidified phagosomal component be-
fore phagosome-lysosome fusion. Once bacteria succeed in
escaping into the cytoplasm, they would not be exposed to any
stressful component. If stress proteins are induced in phago-
cytized L. monocytogenes, this induction might occur during a
very early and short period of phagocytosis before escape into
the cytoplasm, because we could not detect induction of any
stress protein from 30 min to 1 h after phagocytosis (data not
shown). It is possible that this presumptive stress response very
early in phagocytosis may slightly contribute to survival of L.
monocytogenes within the macrophage. This assumption is sup-
ported by the observation that there is no significant difference
in virulence between a catalase-negative mutant and the pa-
rental strain (11).
It seems that L. monocytogenes grows more rapidly in mac-

rophage-phagocytes than does L. pneumophila, S. typhimu-
rium, or Y. enterocolitica. These bacteria grow slowly within
macrophage cells and increase approximately 10-fold during a
24-h incubation after infection (25, 28, 29, 39), while L. mono-
cytogenes increases 20-fold within 4 h after phagocytosis, as can
be seen from Fig. 1. This distinct behavior is not dependent on
the source of the macrophages. These bacteria do not escape
into the cytoplasm and survive and replicate within the phago-
some or phagosome-lysosome by various mechanisms, such as
inhibition of phagosome-lysosome fusion or a respiratory burst
by the host macrophage (17). Since these bacteria are exposed
to various microbicidal mechanisms in the phagosome or pha-
gosome-lysosome for a long period, they should respond to the
hostile conditions by inducing a set of stress proteins. A critical
role of stress proteins for survival of intracellular bacteria in
host phagosomes was originally demonstrated with S. typhi-
murium in macrophages, in which the HtrA-deficient mutant
showed great sensitivity to phagocytosis by macrophages and a
great increase in the 50% lethal dose in mice compared with
that of the parental strain (18). However, L. monocytogenes
probably has adapted to survive and multiply without the in-
duction of stress proteins because of its ability to escape rap-
idly from the stressful phagosome into the cytoplasm of the
macrophage.
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