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Among a number of laboratory strains of Listeria monocytogenes used in experimental infection, strain LO28 is highly ca-
pable of inducing robust beta interferon (IFN-�) production in infected macrophages. In this study, we investigated the
molecular mechanism of the IFN-�-inducing ability of LO28 by comparing it with that of strain EGD, a low-IFN-�-induc-
ing strain. It was found that LO28 secretes a large amount of IFN-�-inducing factor, which turned out to be cyclic di-AMP.
The secretion of cyclic di-AMP was dependent on MdrT, a multidrug resistance transporter, and LO28 exhibited a very
high level of mdrT expression. The introduction of a null mutation into mdrT abolished the ability of LO28 to induce
IFN-� production. Examination of genes responsible for the regulation of mdrT expression revealed a spontaneous 188-bp
deletion in tetR of LO28. By constructing recombinant strains of LO28 and EGD in which tetR from each strain was re-
placed, it was confirmed that the distinct ability of LO28 is attributable mostly to tetR mutation. We concluded that the
strong IFN-�-inducing ability of LO28 is due to a genetic defect in tetR resulting in the overexpression of mdrT and a con-
comitant increase in the secretion of cyclic di-AMP through MdrT.

Listeria monocytogenes is a Gram-positive, facultative intracellu-
lar parasitic bacterium which sometimes causes a severe infec-

tion in newborns, elderly people, and immunocompromised pa-
tients, with a high mortality rate (3, 8, 41, 43). L. monocytogenes
invades various types of host cells, including macrophages, and is
capable of replicating in the cells by means of the production of
listeriolysin O (LLO), a cholesterol-dependent cytolysin. LLO dis-
rupts the phagosomal membrane and enables L. monocytogenes to
escape from the phagosome into the cytoplasm (9, 29, 30, 40).

Upon L. monocytogenes infection, macrophages produce a va-
riety of proinflammatory cytokines that coordinately activate the
host defense. It has been shown that Toll-like receptors (TLRs)
participate in the production of cytokines from macrophages in-
fected with L. monocytogenes. In general, TLRs target various ex-
tracellular pathogens and their secretory components because
TLRs are localized primarily on the surfaces of cytoplasmic and
endosomal membranes (1, 38). In addition, accumulating evi-
dence indicates that various intracellular pattern recognition re-
ceptors, including nucleotide-binding oligomerization domain
(NOD)-like receptors and absent in melanoma 2 (AIM2), exist in
the cytosol and play an essential role in the innate immune re-
sponse to L. monocytogenes. These cytosolic receptors also con-
tribute to the production of various cytokines via recognition of
molecules derived from the cytosolic L. monocytogenes (19, 21, 36,
51, 52). Therefore, these pattern recognition receptors are coinci-
dentally activated upon L. monocytogenes infection, and the syn-
chronous response determines the overall magnitude of innate
immunity to L. monocytogenes.

Among the cytokines produced against L. monocytogenes infec-
tion, production of interleukin-6 (IL-6) and tumor necrosis factor
alpha (TNF-�) is induced depending mainly on the TLR2 signal
pathway, because these cytokines are produced in cells infected
with heat-killed L. monocytogenes and a mutant L. monocytogenes

deficient for LLO, both of which are unable to gain access to the
cytoplasm, and the cytokine production by TLR2-deficient mac-
rophages was significantly diminished compared to that by wild
type macrophages (10, 14, 50). On the other hand, the production
of beta interferon (IFN-�) is highly dependent on the entry of L.
monocytogenes into the cytoplasm and is independent of TLRs (26,
47). L. monocytogenes that invades in the cytoplasm induces the
phosphorylation of IFN regulatory factor 3 (IRF3), followed by
the dimerization and translocation of IRF3 to the nucleus to in-
duce the expression of IFN-� in cooperation with NF-�B and
ATF-2/c-Jun. Subsequently, IFN-� synthesized and secreted from
L. monocytogenes-infected cells binds to its receptor expressed on
neighboring cells and upregulates the transcription of IRF7 via the
activation of the JAK1/Tyk2-STAT1/2 signaling pathway, result-
ing in the enhancement of secondary IFN-� and IFN-� produc-
tion (7, 45). Thus, the initial IFN-� secretion is a key step for the
entire production of type I IFN. In addition to the intracellular
events in host macrophages, recent reports showed that type I IFN
production in infected macrophages is triggered by bacterial DNA
(44) and cyclic bis-(3=¡5=)-diadenosine monophosphate (cyclic
di-AMP), which is secreted via MdrM, a multidrug resistance
(MDR) transporter of the major facilitator superfamily (MFS)
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(53). Furthermore, Reutterer et al. reported that among various L.
monocytogenes strains, LO28 exhibits the greatest ability to induce
IFN-� production from macrophages (32). Their finding implies
that LO28 possesses a strong ability to secrete immunostimulatory
nucleic acids compared to that of other L. monocytogenes strains.
However, the exact mechanism has not yet been elucidated.

In the present study, we investigated the mechanism by which
LO28 induces a large amount of IFN-� production in infected
macrophages. Here we show that the tetR (lmo2589) gene of LO28
is functionally impaired owing to a spontaneous deletion of a
188-bp gene fragment. TetR is a negative regulator of mdrT
(lmo2588), a gene encoding an MDR transporter that participates
in the secretion of cyclic di-AMP, which is a potent IFN-�-induc-
ing agent. By using allelic exchange of tetR between strains LO28
and EGD, it was confirmed that the genetic defect in tetR of LO28
accounts for the upregulation of mdrT gene expression, resulting
in enhanced secretion of cyclic di-AMP.

MATERIALS AND METHODS
Mice. Female C57BL/6 mice were purchased from Japan SLC (Shizuoka,
Japan). Alpha interferon receptor 1 (IFNAR1) knockout (KO) mice were
kindly provided by Michel Aguet (Ecole Polytechnique Federale de Lau-
sanne, Lausanne, Switzerland). Mice were maintained under specific-
pathogen-free conditions and used at 7 to 9 weeks of age. All of the exper-
imental procedures performed on mice were approved by the Animal
Ethics and Research Committee of Kyoto University Graduate School of
Medicine, Kyoto, Japan.

L. monocytogenes strains. L. monocytogenes strain EGD has been
maintained in our laboratory. L. monocytogenes strain LO28 was obtained
from Yoshihiro Asano (Ehime University, Ehime, Japan). Bacteria were
grown overnight in brain heart infusion (BHI) broth (Eiken Chemical,
Tokyo, Japan) at 37°C with shaking. One volume of the bacterial culture
was added to 100 volumes of fresh BHI broth, and bacteria were cultured
for 3 h. Bacterial cells were centrifuged at 9,300 � g for 5 min, washed
twice with PBS, and suspended in PBS supplemented with 10% glycerol.
The aliquots were stored at �80°C until use. The CFU of bacteria were
determined by plating serially 10-fold-diluted bacterial suspensions on
tryptic soy agar (TSA) plates (Eiken Chemical), followed by counting of
colonies after cultivation for 24 h.

Construction of L. monocytogenes mutants deficient for the hly,
mdrT, or mdrM gene. The hly gene deletion mutant was generated as
described previously (13). Deletion of the gene was confirmed by PCR and
DNA sequencing. The mutants deficient for mdrT (lmo2588) or mdrM
(lmo1617) were constructed by the homologous recombination method.
Chromosomal DNA was isolated from strains LO28 and EGD. A 1,304-bp
5= flanking region and a 1,307-bp 3= flanking region of the mdrT gene and
a 918-bp 5= flanking region and a 1,339-bp 3= flanking region of the mdrM
gene were amplified using PCR primer sets 1 to 4 (Table 1), respectively.
The PCR fragments were treated with appropriate restriction enzymes
(Table 1) and inserted into plasmid pHS-MCS, which carries a thermo-
sensitive replication origin (13). The recombinant plasmids were intro-
duced into LO28 and EGD by electroporation. The transformants were
grown on BHI agar (Eiken Chemical) plates containing erythromycin (5
�g ml�1; Nacalai Tesque, Kyoto, Japan) at 30°C and then cultured in BHI
broth containing erythromycin at 42°C to screen the clones in which the
plasmid was integrated into the chromosome. Bacteria were subsequently
cultured in BHI broth in the absence of erythromycin at 42°C, and eryth-
romycin-sensitive revertants were selected. Deletion of the gene was con-
firmed by PCR and DNA sequencing. We thus established the mutant
LO28 and EGD strains deficient for mdrT or mdrM (LO28 �mdrT, EGD
�mdrT, LO28 �mdrM, and EGD �mdrM).

Gene complementation of LO28 �mdrT with the mdrT gene. An
LO28 �mdrT strain complemented with mdrT (LO28 �mdrT::mdrT) was
also generated by the homologous recombination method. The mdrT-

containing 3,994-bp region of LO28 was amplified by PCR using the sense
primer of primer set 1 and the antisense primer of primer set 2. The DNA
fragment was digested with SalI and KpnI and ligated into plasmid pHS-
MCS. The recombinant plasmid was introduced into LO28 �mdrT, and
transformants were selected by incubation at 30°C on BHI agar plates
containing erythromycin. The erythromycin-resistant bacteria were then
incubated at 42°C in BHI broth containing erythromycin, followed by
incubation at 42°C in BHI broth in the absence of erythromycin. The
clone in which the plasmid was integrated into the chromosome was se-
lected. Complementation of the gene was confirmed by PCR and DNA
sequencing.

Construction of LO28 tetRE and EGD tetRL. A recombinant LO28
strain expressing TetR derived from EGD (LO28 tetRE) and a recombi-
nant EGD strain expressing TetR derived from LO28 (EGD tetRL) were
constructed by the homologous recombination method. To amplify a
DNA fragment containing tetR and both flanking regions of strains LO28
and EGD, PCR was carried out using primer set 5 (Table 1). We obtained
2,414- and 2,602-bp DNA fragments that were derived from LO28 and
EGD, respectively. Sequence analysis and comparison between these two
DNA fragments revealed a 188-bp deletion in tetR of LO28, but the re-
maining sequence was exactly the same. DNA fragments were digested
with EcoRI and XbaI and ligated into plasmid pHS-MCS. The EGD strain
was transfected with the recombinant plasmid containing the LO28-de-
rived DNA fragment, and the LO28 strain was transfected with the plas-
mid containing the EGD-derived DNA fragment. The transformants were
grown on BHI agar plates containing 5 �g ml�1 erythromycin at 30°C and
then cultured in BHI broth containing erythromycin at 42°C to obtain
drug-resistant clones. Bacteria were subsequently cultured in BHI broth
without erythromycin at 42°C to screen the erythromycin-sensitive rever-
tants, and thus we established two clones, LO28 tetRE and EGD tetRL. The
gene replacements in these mutants were confirmed by PCR and DNA
sequencing.

Preparation of Listeria culture supernatants. LO28, EGD, and re-
combinant L. monocytogenes strains were grown overnight in BHI broth at
37°C with shaking. One volume of the bacterial culture was added to 200
volumes of fresh BHI broth, and bacteria were cultured for 3 h. Bacterial
cells were harvested by centrifugation at 2,380 � g for 10 min, suspended
in 1/10 volume of RPMI 1640 medium (Nacarai Tesque), and cultured at
37°C for 3 h. The culture supernatants were collected and filtered through
0.2-�m filters (PALL, Port Washington, NY). Alternatively, LO28 was
cultured in fresh BHI broth and then treated with 10 �g ml�1 reserpine
for 30 min on ice. Bacteria were then cultured in RPMI 1640 medium for
3 h, and the culture supernatant was obtained as described above.

TABLE 1 Primers used for construction of mutants

Primer set
and
direction Primer sequence (5= to 3=)a

Restriction
enzyme

1
Sense AAGCTACGACGAGAAAAGTACG KpnI
Antisense TAGATATAATTCTAGAAAAAGAAACAGGGTCAAACT XbaI

2
Sense TAGATATAATTCTAGAAATTAATACCCCTTCCCATG XbaI
Antisense TAGATATAATGTCGACAGTAGCTCAGTTGGTAGAGC SalI

3
Sense TAGATATAATGGTACCAGTCGTGAGTTGCATAACCG KpnI
Antisense TAGATATAATGAGCTCTCACGAAAAAGCGCGTTCCA SacI

4
Sense TAGATATAATGAGCTCTCTCGTGCACCTTCCCTTTC SacI
Antisense TAGATATAATGTCGACTTCCAAAGAAGAGCTACGTG SalI

5
Sense TAGATATAATGGTACCCGACACCAACAATCAACATC KpnI
Antisense TAGATATAATGTCGACAGAACGTCGTGAGACAGTTC SalI

a Sites recognized by restriction enzymes are underlined.
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Preparation of Listeria cell lysate. Bacterial cell lysates were prepared
by using methods described previously, with some modification (44).
Briefly, bacteria were grown overnight in BHI broth at 37°C with shaking.
One hundred microliters of the overnight culture was added to 10 ml of
fresh BHI broth, and bacteria were cultured for 3 h. Bacterial cells were
harvested by centrifugation, washed twice with phosphate-buffered saline
(PBS), and centrifuged. The bacterial pellet was freeze-thawed using liq-
uid nitrogen, resuspend in 1 ml PBS containing 1 mg ml�1 lysozyme
(Nacarai Tesque), and incubated at 37°C for 1 h. The bacterial suspension
was sonicated for 2 min using an Astrason XL ultrasonic processor (Miso-
nix, Farmingdale, NY) and centrifuged. The supernatant was collected
and used as the cell lysate.

Cytokine production in Listeria-infected macrophages. Murine
peritoneal exudate cells (PECs) were obtained 3 days after an i.p. injection
of 2.5 ml of 3% thioglycolate medium (Eiken Chemical). After washing
with RPMI 1640 medium (Nacalai Tesque), PECs were suspended in
RPMI 1640 medium supplemented with 10% fetal calf serum (FCS),
seeded in 96-well tissue culture plates, and incubated at 37°C for 3 h. After
removal of nonadherent cells, adherent cells were used as macrophages.
To evaluate the molecular mechanism of strong IFN-� production in-
duced by LO28 infection, macrophages were infected with LO28, EGD,
and mutant strains at a multiplicity of infection (MOI) of 1. After 30 min
of infection, gentamicin (10 �g ml�1; Wako Pure Chemical Industries,
Osaka, Japan) was added to kill extracellular bacteria. The culture super-
natants were collected 12 h after infection and stored at �80°C. For anal-
ysis of the effect of reserpine (Santa Cruz, Santa Cruz, CA) on the cyto-
kine-inducing ability of L. monocytogenes, LO28 was treated with 2.5 and
10 �g ml�1 reserpine for 30 min on ice. Macrophages were infected with
reserpine-treated L. monocytogenes at an MOI of 1 and then cultured for
12 h in the presence of reserpine at the same concentration as used for
treatment with L. monocytogenes. The culture supernatant was collected,
and IFN-� production was determined. Concomitantly, reserpine-
treated L. monocytogenes was cultured for 12 h in RPMI 1640 medium, and
the effect of reserpine on the production of cyclic di-AMP was monitored.
Alternatively, macrophages were incubated for 12 h with Listeria culture
supernatants, Listeria cell lysates, 1 �g ml�1 cyclic di-AMP (Biolog, Bre-
men, Germany), or 3 �g ml�1 cyclic di-GMP (Biolog, Bremen, Germany)
in the presence or absence of a sublytic concentration of recombinant
listeriolysin O (LLO) (5 �g ml�1), 0.005% saponin, or 1 �g ml�1

poly(dA·dT) (Sigma, St. Louis, MO) emulsified in Lipofectamine LTX
(Invitrogen, Carlsbad, CA). The culture supernatants were collected and
stored at �80°C. In one experiment, Listeria culture supernatants were
treated with 1 U of Benzonase nuclease (Merck, Whitehouse Station, NJ)
or 1 U of phosphodiesterase I (PDE) (USB, Cleveland, OH) in the pres-
ence of MgCl2 (final concentration, 14 mM) at 37°C for 1 h, and the
cytokine-inducing activity was determined. The levels of IFN-� and IL-6
were determined with enzyme-linked immunosorbent assay (ELISA) kits
for IFN-� (R&D Systems, Minneapolis, MN) and mouse IL-6 (eBiosci-
ence, San Diego, CA), respectively.

Bacterial growth in macrophages. Macrophages were infected with
various L. monocytogenes strains for 30 min at an MOI of 1. Gentamicin
was added to kill extracellular bacteria, and the culture was continued.
After 1, 6, and 12 h of infection, cells were washed with PBS and lysed in
PBS containing 0.05% Triton X-100. Cell lysates were serially diluted and
inoculated on TSA plates to count the number of viable bacteria inside the
cells.

Western blot analysis. Macrophages were infected with L. monocyto-
genes strains at an MOI of 10 for 30, 60, and 90 min and lysed in SDS
sample buffer. The cell lysates were subjected to SDS-PAGE and subse-
quently transferred to polyvinylidene difluoride membranes by electro-
blotting. The membranes were immunoblotted with antibodies to phos-
pho-IRF3, phospho-TBK1, TBK1, phospho-JNK or JNK (Cell Signaling,
Boston, MA) or with anti-IRF3 antibody (Zymed, San Francisco, CA),
followed by horseradish peroxidase (HRP)-conjugated second antibody.
After soaking of the membrane in ECL Plus (GE Healthcare Bio-Sciences

AB, Uppsala, Sweden), a chemiluminescent image was captured with an
LAS-4000 mini-imager (Fuji Film, Tokyo, Japan).

Quantification of cyclic bis-(3=¡5=)-dinucleotides. To determine
the concentrations of cyclic di-AMP and cyclic di-GMP in Listeria culture
supernatants, liquid chromatography-mass spectrometry (LC-MS) anal-
ysis was carried out using an LCMS-2020 (Shimadzu, Kyoto, Japan) under
the following conditions; column, Cosmosil 5 C18-AR-II (4.6 by 150 mm;
Nacalai Tesque); solvent system, mobile phase of 1% (vol/vol) acetic acid
(AcOH) in H2O to which acetonitrile was added with a linear gradient
from 0% to 40% over 30 min; flow rate, 0.5 ml min�1; temperature, 40°C.
The concentration of cyclic bis-(3=¡5=)-dinucleotide was evaluated on
the basis of the peak area of standard curve generated using a standard
sample with a known concentration.

RT-PCR analysis. L. monocytogenes strains were cultured to mid-log
phase in BHI broth, and total bacterial RNA was extracted using an
RNeasy Minikit (Invitrogen) and treated with RNase-free DNase (Pro-
mega, Madison, WI) to eliminate contaminating DNA before being sub-
jected to reverse transcription using Superscript Vilo (Invitrogen). Quan-
titative real-time reverse transcription-PCR (RT-PCR) was performed on
an ABI Prism 7000 (Applied Biosystems, Foster City, CA) using Express
SYBR GreenER qPCR Supermix with premixed ROX (Invitrogen) with
primers described in a previous study (6). Results were analyzed with ABI
Prism 7000 SDS software. Gene-specific transcript levels were normalized
to the amount of bglA mRNA.

Infection of mice with L. monocytogenes strains. Mice were infected
intravenously with 1.0 � 104 CFU of wild-type and mutant L. monocyto-
genes strains. Spleens were collected at 1 and 3 days after infection and
homogenized in 5 ml of PBS. A serially 10-fold-diluted homogenate was
inoculated on TSA plates, and the number of colonies was counted 1 day
later. Additionally, the level of IFN-� in the homogenate was determined
by ELISA.

Statistical analysis. For comparisons between two groups, Student’s t
test was used. Statistical significance was determined as a P value of �0.05.

Nucleotide sequence accession numbers. The LO28 DNA sequences
identified in this study have been deposited in DDBJ under accession
numbers AB671766 to AB671771 (tetR, mdrT, ladR, mdrL, marR, and
mdrM, respectively).

RESULTS
LO28 but not EGD strongly induces IFN-� production from in-
fected macrophages through the activation of the TBK1-IRF3
signaling pathway. In order to confirm the previous report on the
significant difference between LO28 and EGD (32), we first com-
pared the IFN-�-inducing abilities of these two strains in murine
macrophages. LO28 exhibited over a 50-fold-higher ability to in-
duce IFN-� production than EGD (Fig. 1A). However, IL-6 pro-
duction was similarly induced by both strains of L. monocytogenes
(Fig. 1B). Moreover, there was no difference in the intracellular
growth inside macrophages between LO28 and EGD (Fig. 1C),
indicating that the difference in IFN-�-inducing ability is not due
to a difference in cytosolic invasion after infection. Indeed, LLO
mutants of both strains were incapable of inducing IFN-� pro-
duction (data not shown). These data clearly showed that LO28
has a distinct ability for IFN-� induction compared to EGD. Re-
cent reports have shown that IRF3 plays an essential role in the
expression of IFN-�, and TBK1 and JNK contribute to the activa-
tion of IRF3 through phosphorylation of IRF3 at the C terminus
and N terminus, respectively (39, 54). We thus determined
whether the activation of these transcription factors is associated
with the increased production of IFN-� in LO28-infected macro-
phages. Figure 1D shows that phosphorylated IRF3 was markedly
increased at 90 min after infection with LO28 but not with EGD.
The Western blot also revealed that phosphorylation of TBK1 was

Mechanism of L. monocytogenes IFN-�-Inducing Ability

July 2012 Volume 80 Number 7 iai.asm.org 2325

http://www.ncbi.nlm.nih.gov/nuccore?term=AB671766
http://www.ncbi.nlm.nih.gov/nuccore?term=AB671771
http://iai.asm.org


markedly induced by infection with LO28. On the other hand,
there was no significant difference in the intensities of bands rep-
resentative of phosphorylated JNK between macrophages infected
with LO28 and those infected with EGD. These results suggested
that the substantial ability of LO28 in the induction of IFN-� is
due at least in part to the strong activation of the TBK1-IRF3
signaling pathway in LO28-infected macrophages. Therefore, it
appears that LO28 stimulates some cytoplasmic sensor to induce a
large amount of IFN-� production.

Cyclic di-AMP is a factor responsible for the IFN-�-inducing
ability of LO28. We have assumed that the distinct ability of LO28
for IFN-� induction is due to the difference in some factor(s)
derived from LO28, cell-associated components, or secreted bac-
terial products. In order to characterize the factor, we cultured
LO28 and EGD in BHI broth and prepared bacterial cell lysates as
well as culture supernatants. Macrophages were cultured with the
lysates or the culture supernatants in the presence or absence of
saponin, which introduces the bacterial components into the cy-
toplasm of macrophages. The culture supernatant was collected
after 12 h of cultivation, and the level of IFN-� production was
determined. Bacterial lysates of both strains did not induce high
levels of IFN-� production even in the presence of saponin (Fig.
2A). On the other hand, the culture supernatant of LO28 exhib-
ited a strong IFN-�-inducing activity, and the level of IFN-� pro-
duction was about 10 times higher than that induced by the cul-

ture supernatant of EGD (Fig. 2B). Furthermore, the high level of
IFN-� production was induced by the culture supernatant of
LO28 in the absence of saponin. On the other hand, the IFN-�-
inducing activity was not observed in the culture supernatant of
mutant LO28 deficient for the LLO gene (LO28 �hly), and the
ability was restored by addition of LLO or saponin (Fig. 2C). The
results implied that LO28 but not EGD secretes some component
that promotes IFN-� production and that LLO contributes to the
cytokine production as an agent to deliver the IFN-�-inducing
factor to the cytoplasm by its pore-forming activity. In addition, in
our preliminary study, the IFN-�-inducing activity was detected
in a fraction of less than 3 kDa, and the activity was heat stable
(data not shown). It has been reported that small DNA fragments
and cyclic bis-(3=¡5=)-dinucleotides that are derived from bacte-
ria exert IFN-�-inducing activity (23, 44, 53). These findings
raised the possibility that such Listeria-derived nucleic acids may
be responsible for IFN-� induction. Therefore, we determined
whether the nucleic acids play a role in the high level of IFN-�
production induced by LO28 infection. The culture supernatant
of LO28 was treated with phosphodiesterase I (PDE), which cata-
lyzes hydrolysis of cyclic bis-(3=¡5=)-dinucleotides, or with Ben-
zonase, which catalyzes hydrolysis of DNA, and then the IFN-�-
inducing activity was measured. As shown in Fig. 2D, treatment
with Benzonase abolished the IFN-�-inducing ability of
poly(dA·dT) but not that of other stimulants. In contrast, the
activities of LO28 culture supernatant, cyclic di-GMP, and cyclic
di-AMP were significantly diminished by treatment with PDE,
suggesting that the responsible factor in the LO28 culture super-
natant is a cyclic dinucleotide. To determine whether LO28 cul-
ture supernatant contains cyclic bis-(3=¡5=)-dinucleotides, we
performed LC-MS analysis and detected a high level of cyclic di-
AMP in the culture supernatant of LO28 (Fig. 2E). Such a large
amount of cyclic di-AMP was not detectable in the culture super-
natant of EGD. Cyclic di-GMP was below the level of detection in
the culture supernatants of LO28 and EGD. These results indi-
cated that LO28 has the ability to secrete a large amount of cyclic
di-AMP that triggers a high level of IFN-� production in infected
macrophages.

Functional impairment of TetR in LO28 results in an en-
hanced expression of MdrT transporter and an increase in cyclic
di-AMP secretion. Previous reports have shown that L. monocy-
togenes multidrug resistance (MDR) transporters, including
MdrM (Lmo1617), MdrT (Lmo2588), and MdrL (Lmo1409), are
involved in the secretion of cyclic di-AMP and the induction of
IFN-� production (6, 53). To determine whether these MDR
transporters are involved in the enhanced secretion of cyclic di-
AMP in LO28, we tested the effect of reserpine, a broad-spectrum
inhibitor of MDR transporters, on cyclic di-AMP secretion from
LO28. Reserpine markedly reduced both cyclic di-AMP secretion
(Fig. 3A) and the IFN-�-inducing ability of LO28, whereas the
treatment did not affect IL-6 production from infected macro-
phages (Fig. 3B), suggesting that the MDR transporters of LO28
participate in the secretion of high levels of cyclic di-AMP and in
the strong IFN-�-inducing ability. To identify the major trans-
porter that contributes to cyclic di-AMP secretion in LO28, we
analyzed the expression levels of mdrM, mdrT, and mdrL in LO28
and EGD. Interestingly, the expression of mdrT was significantly
upregulated in LO28 compared to EGD, whereas there was no
difference in the expression of mdrM and mdrL between two
strains (Fig. 3C). DNA sequence analysis revealed that both strains

FIG 1 LO28 has a strong ability to induce IFN-� production through the
activation of IRF3 and TBK1, whereas its ability to induce IL-6 production and
its intracellular replication are comparable to those of EGD. (A and B) Mac-
rophages were infected with LO28 or EGD at an MOI of 1 and cultured for 12
h in the presence of 10 �g ml�1 gentamicin. The culture supernatants were
collected, and the production of IFN-� (	) and IL-6 (B) was measured by
ELISA. (C) Macrophages were infected with LO28 and EGD and cultured for 1,
6, and 12 h in the presence of gentamicin. Cells were lysed, and the cell lysate
was inoculated on TSA plates to enumerate the intracellular bacteria. (D)
Macrophages were infected with LO28 and EGD at an MOI of 10 and cultured
for 30, 60, and 90 min in the presence of gentamicin. Cells were lysed, and the
cell lysates were subjected to SDS-PAGE. The amounts of phospho-IRF3,
phospho-TBK1, and phospho-JNK were evaluated by Western blotting. All
data in panels A to C represent the means and standard deviations from trip-
licate assays. Similar results were obtained in two independent experiments.
NS, not significant. **, P � 0.01.
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possess identical mdrT, mdrM, and mdrL genes, and genetic diver-
sity was never detected in marR (lmo1618) or ladR (lmo1408), the
products of which repress the expression of mdrM or both mdrM
and mdrL, respectively (6). However, the tetR (lmo2589) gene of
LO28, which encodes a negative regulator of mdrT, was revealed
to have a 188-bp nucleotide deletion (Table 2). To analyze the
influence of tetR mutation on the expression of mdrT and IFN-�-
inducing ability, we constructed a mutant LO28 expressing the
tetR of EGD (LO28 tetRE) and a mutant EGD expressing the tetR
of LO28 (EGD tetRL). As shown in Fig. 4A, a high level of mdrT
expression was detected in LO28. Strong mdrT expression was also
observed in EGD tetRL, and the level was the same as that detected

in LO28. In contrast, the mdrT gene expression in LO28 tetRE was
as low as that detected in EGD. These results suggested that the
deletion in tetR caused a loss of the regulator activity, resulting in
an upregulation of mdrT expression in LO28. Moreover, L. mono-
cytogenes strains harboring the tetR of LO28 (LO28 and EGD
tetRL) secreted large amounts of cyclic di-AMP, whereas the cyclic
dinucleotide was not detected in the culture supernatant of L.
monocytogenes strains that express the tetR of EGD (EGD and
LO28 tetRE) (Fig. 4B). In addition, EGD tetRL, as well as LO28, was
capable of inducing IRF3 phosphorylation (Fig. 4C) and IFN-�
secretion (Fig. 4D), but EGD or LO28 tetRE could not. The intra-
cellular growth was not affected at all in mutants with tetR re-

FIG 2 LO28 secretes a large amount of cyclic di-AMP that is capable of inducing IFN-� production from infected macrophages. (A to C) Bacterial cell lysates
and culture supernatants of LO28, EGD, and LO28 �hly were prepared as described in Materials and Methods. Macrophages were stimulated with the lysates (A)
and the culture supernatants (B and C) for 12 h in the presence or absence of a nonlytic concentration of saponin or LLO. The culture supernatants were
collected, and the IFN-� concentration was determined by ELISA. (D) Macrophages were stimulated with the culture supernatant of LO28, poly(dA·dT), cyclic
di-GMP, and cyclic di-AMP, which had been treated with or without 1 unit of PDE or Benzonase. The culture supernatants were collected, and the IFN-�
concentration was measured by ELISA. (E) LO28 and EGD were suspended in RPMI 1640 medium and cultured for 3 h. The culture supernatants were collected
and subjected to LC-MS to measure the concentrations of cyclic di-AMP and cyclic di-GMP. All data represent the means and standard deviations from triplicate
assays. Similar results were obtained in two independent experiments. n.d., not detected. NS, not significant. *, P � 0.05. **, P � 0.01.

FIG 3 The MDR transporter of LO28 plays a critical role in cyclic di-AMP secretion and IFN-�-inducing ability. (A) LO28 was incubated with 10 �g ml�1

reserpine or dimethyl sulfoxide (DMSO) for 30 min and cultured for 3 h. The concentration of cyclic di-AMP in the culture supernatant was determined using
LC-MS. (B) Macrophages were infected with LO28 that had been treated with 2.5 and 10 �g ml�1 reserpine or DMSO for 30 min at an MOI of 1 and cultured
for 12 h in the presence of the same concentration of reserpine. The culture supernatants were collected, and the concentrations of IFN-� and IL-6 were measured
by ELISA. (C) Total RNA was extracted from LO28 and EGD that were grown to mid-log phase in BHI broth, and the expression levels of MDR transporter genes
were determined by real-time RT-PCR. The gene expression level was normalized on the basis of bglA mRNA expression. The dashed line indicates gene
expression levels of MDR transporters in EGD. All data represent the means and standard deviations from triplicate assays. Similar results were obtained in two
independent experiments. NS, not significant. **, P � 0.01.
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placed (Fig. 4E). These results strongly indicated that the sponta-
neous deletion of the 188-bp fragment in tetR is responsible for the
secretion of a large amount of cyclic di-AMP and the robust IFN-
�-inducing ability of LO28.

MdrT is crucial for cyclic di-AMP secretion from LO28. To
confirm that MdrT serves as an exporter of cyclic di-AMP in
LO28, we constructed mdrT-deficient mutants of LO28 (LO28
�mdrT) and EGD (EGD �mdrT) and determined their abilities to
secrete cyclic di-AMP. The ability of LO28 to secrete a large
amount of cyclic di-AMP was completely abrogated in the mutant
with mdrT deleted (Fig. 5A). Similarly, the ability to induce IFN-�
production (Fig. 5B) and IRF3 phosphorylation (Fig. 5C) was
markedly impaired in LO28 �mdrT, while the intracellular
growth of this mutant was comparable to that of the wild-type
strain (Fig. 5D). The inability of the mutant was restored by com-
plementation with mdrT (Fig. 5E), supporting the idea that MdrT
is critically involved. In contrast, the deficiency of mdrT did not

show any influence on the ability of EGD. These data suggested
that MdrT is the major exporter responsible for the secretion of a
large amount of cyclic di-AMP and the resulting IFN-�-inducing
ability observed in LO28.

Involvement of MdrM as a transporter of cyclic di-AMP in
EGD and LO28. Here we showed that MdrT serves as the trans-
porter of cyclic di-AMP in LO28 and is involved in the induction
of enormous IFN-� production from infected macrophages.
However, MdrT was dispensable for the low level of IFN-�-induc-
ing ability of EGD, raising the possibility that some other trans-
porter may also be involved in the induction of IFN-� production.
In this regard, it has been shown that L. monocytogenes 10403s
induced IFN-� production in an MdrM-dependent manner (6).
To test the possibility of additional engagement of MdrM in the
beta interferon-inducing ability, we constructed mdrM-deficient
mutants of LO28 and EGD (LO28 �mdrM and EGD �mdrM). We
found that the deletion of mdrM in LO28 and EGD did not affect
the intracellular growth in macrophages (Fig. 6A). The level of
IFN-� production was partly but significantly reduced in the
mdrM-defective mutant, though the level of reduction was limited
compared with that in the mdrT mutant (Fig. 6B). In addition,
LO28 �mdrM secreted less cyclic di-AMP than LO28 (Fig. 6C). In
strain EGD, which induces only a marginal level of IFN-� due to
the suppression of MdrT mediated by intact TetR, the IFN-�-
inducing ability was reduced by deletion of mdrM (Fig. 6D). These
data suggested that MdrM also contributes to the secretion of
cyclic di-AMP from both LO28 and EGD. As MdrM is unlikely to
be able to export a large amount of cyclic di-AMP, EGD elicits a
weaker IFN-� production than LO28. In contrast, both MdrT and

TABLE 2 Differences in DNA sequences of L. monocytogenes LO28 and
EGD MDR transporters and their transcriptional regulators

Gene name Function of translated protein
Difference in DNA
sequence

ladR (lmo1408) Negative regulator of lmo1409 None
mdrL (lmo1409) Putative MDR transporter None
mdrT (lmo2588) Putative MDR transporter None
tetR (lmo2589) Negative regulator of lmo2588 188-bp deletion in

lmo2589 of LO28
mdrM (lmo1617) Putative MDR transporter None
marR (lmo1618) Negative regulator of lmo1617 None

FIG 4 A mutation of tetR in LO28 is the major cause of enhanced expression of mdrT and an increase in cyclic di-AMP and IFN-� production. (A) LO28, EGD,
and recombinant L. monocytogenes strains with each tetR gene exchanged (LO28 tetRE and EGD tetRL) were cultured in BHI broth to the mid-log phase, and total
RNA was extracted. The expression level of mdrT was determined by real-time RT-PCR. The gene expression level was normalized on the basis of bglA mRNA
expression. Relative expression levels are indicated as a ratio of the mdrT expression level for the indicated strain to the mdrT expression level for EGD. (B) LO28,
EGD, LO28 tetRE, and EGD tetRL were inoculated in RPMI 1640 medium and cultured for 3 h. The supernatant was collected, and the cyclic di-AMP
concentration was determined using LC-MS. n.d., not detected. (C) Macrophages were infected with LO28, EGD, LO28 tetRE, and EGD tetRL at an MOI of 10
and cultured for 90 min. Cell lysates were prepared, and the level of IRF3 phosphorylation was determined by Western blotting. (D) Macrophages were infected
with LO28, EGD, LO28 tetRE, and EGD tetRL at an MOI of 1 and cultured for 12 h in the presence of 10 �g ml�1 gentamicin. The culture supernatants were
collected, and the IFN-� concentration was measured by ELISA. (E) Macrophages were infected with LO28, EGD, LO28 tetRE, and EGD tetRL an MOI of 1 and
cultured for 1, 6, and 12 h. Cells were lysed, and the cell lysates were inoculated on TSA plates to determine the number of intracellular bacteria. All data in panels
A, B, D, and E represent the means and standard deviations from triplicate assays. Similar results were obtained in two independent experiments. NS, not
significant. *, P � 0.05. **, P � 0.01.
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MdrM contribute to the secretion of cyclic di-AMP from LO28,
resulting in the induction of an extremely high level of IFN-�
production from infected macrophages.

The strong expression of mdrT is associated with a decrease
in the pathogenicity of L. monocytogenes. Reutterer et al. showed
that LO28 is more virulent than EGD due to the high level of
IFN-�-inducing ability (32). In contrast, other studies have
shown that L. monocytogenes expressing a high level of mdrT ex-
hibits lower virulence than L. monocytogenes expressing a low level
of mdrT (6). Therefore, we compared the virulences of LO28,
EGD, LO28 �mdrT, and EGD �mdrT to clarify whether the high
levels of mdrT expression and IFN-�-inducing ability serve as the
virulence determinants of L. monocytogenes. We infected mice
with these bacteria and then measured the IFN-� production and
counted the bacterial number in spleen. Similar to the case for
IFN-� production in vitro, LO28 elicited IFN-� production that
was approximately twice as high as that elicited by EGD (Fig. 7A).
However, the number of CFU of LO28 was approximately 10
times lower than that of EGD (Fig. 7B), indicating that LO28 is less
virulent than EGD. LO28 �mdrT showed a marked reduction in
the ability to induce IFN-� production to a level induced by EGD
(Fig. 7A); however, the numbers of LO28 �mdrT recovered from
the spleens of infected mice were significantly higher than those of
LO28 (Fig. 7B). Furthermore, the deficiency of mdrT did not affect
the ability of EGD to induce IFN-� production or survive in the
host (Fig. 7A and B). It was suggested that the strong expression of
mdrT causes not only robust IFN-� production but also attenua-
tion of the pathogenicity in vivo. To clarify the effect of IFN-� on
the host resistance to bacterial infection, we infected wild-type and
IFNAR1 KO mice with LO28 and LO28 �mdrT and measured the

bacterial number in spleen. The CFU of LO28 recovered from
IFNAR1 KO mice was significantly lower than that obtained from
wild-type mice (Fig. 7C). A significant reduction of the CFU was
similarly observed in infection with LO28 �mdrT. These results
suggested that IFN-� exerts a detrimental effect on the host resis-
tance to L. monocytogenes. Interestingly, the 1-log-unit difference
in the CFU between LO28 and LO28 �mdrT in wild-type mice was
also observed in IFNAR1 KO mice. This observation may suggest
that some factor other than IFN-� participates in the virulence
controlled by MdrT.

DISCUSSION

The innate immune system serves as the first line of pathogen
surveillance and host defense via recognition of pathogen-associ-
ated molecular patterns (PAMPs). Cyclic dinucleoside mono-
phosphates such as cyclic di-AMP and cyclic di-GMP are unique
to bacteria (12, 34) and have recently been categorized as PAMPs
capable of inducing type I IFN production when delivered into the
cytoplasm of mammalian cells, including macrophages (23,
53). In this study, we showed that the strong IFN-�-inducing
ability observed in strain LO28 is mainly due to the secretion of
a large amount of cyclic di-AMP that depends on a markedly
enhanced expression of MdrT transporter caused by the spon-
taneous genetic defect of the TetR repressor in this particular
strain.

In addition to cyclic dinucleoside monophosphates, bacterial
DNA is known to be a potent inducer of IFN-� expression (44). In
this regard, it has been shown that the cellular response to exoge-
nous DNA depends on a signaling pathway involving STING,
TBK1, and IRF3 (17, 18, 44) but not IPS-1/MAVS, which is an

FIG 5 MdrT is substantially involved in cyclic di-AMP secretion and the IFN-�-inducing ability of LO28. (A) LO28 and LO28 �mdrT were inoculated in RPMI
1640 medium and cultured for 3 h. The culture supernatant was collected, and the cyclic di-AMP concentration was measured by LC-MS. n.d., not detected. (B)
Macrophages were infected with LO28, EGD, LO28 �mdrT, and EGD �mdrT at an MOI of 1 and cultured for 12 h in the presence of 10 �g ml�1 gentamicin. The
culture supernatants were collected, and the IFN-� concentration was determined by ELISA. (C) Macrophages were infected with LO28, EGD, LO28 �mdrT, and
EGD �mdrT at an MOI of 10 and cultured for 90 min. Cell lysates were prepared, and the level of IRF3 phosphorylation was determined. (D) Macrophages were
infected with LO28, EGD, LO28 �mdrT, and EGD �mdrT at an MOI of 1 and cultured for 6 and 12 h. Cells were lysed, and the cell lysates were inoculated on
TSA plates to determine the number of intracellular bacteria. (E) Macrophages were infected with LO28, LO28 �mdrT and LO28 �mdrT::mdrT at an MOI of 1
and cultured for 12 h in the presence of 10 �g ml�1 gentamicin. The culture supernatants were collected, and the IFN-� concentration was determined by ELISA.
All data in panels A, B, D, and E represent the means and standard deviations from triplicate assays. Similar results were obtained in two independent
experiments. NS, not significant. **, P � 0.01.
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adaptor molecule involved in type I IFN production in response to
double-stranded and 5=-triphosphate RNAs (20, 37). It has been
also shown that LO28 induces IFN-� expression in the absence of
IPS-1/MAVS (25, 42, 48), while STING was required for IFN-�
expression (data not shown), implying that LO28 induces IFN-�
expression through the activation of a signaling pathway similar to

that activated by DNA but not immunostimulatory RNA. These
findings raise an alternative possibility that the amount of DNA
released from LO28 may account for the strong ability of LO28 to
induce IFN-� production. If this is the case, there should be a
difference in the ability to induce caspase-1 activation and IL-18
production between LO28 and EGD, because L. monocytogenes
promotes IL-18 production via AIM2 inflammasome-dependent
caspase-1 activation and the cytokine response is mediated by
DNA released from L. monocytogenes in the cytoplasm of infected
cells (36, 51, 52). When we looked at the caspase-1 activation and
caspase-1-dependent cytokine secretion, there was no difference
in the ability to induce caspase-1 activation and IL-18 secretion
between LO28 and EGD, and the levels of IL-18 induced by LO28
and EGD were decreased to the same extent by a knockdown of
aim2 (data not shown). Based on these observations, we ruled out
a possible contribution of bacterial DNA to the enhanced ability of
LO28 in IFN-� induction. On the other hand, our study clearly
indicated that LO28 has a higher ability to secrete cyclic di-AMP
than EGD and that the IFN-�-inducing activity was sensitive to
PDE but not to Benzonase. These findings suggested that an ex-
tremely high level of production of cyclic dinucleotide from LO28
accounts for the high IFN-�-inducing ability. In agreement with
this, cyclic di-AMP has recently been shown to induce IFN-� pro-
duction in a STING-dependent, IPS-1-independent manner (35,
53). Taken together, the data suggest that the strong IFN-� pro-
duction induced by LO28 is dependent mainly on cyclic di-AMP
released from LO28 in the cytoplasm but is not attributable to the
signaling pathway activated by cytosolic DNA or RNA.

Accumulating evidence indicates that LLO is essential for the
induction of IFN-� production in L. monocytogenes-infected mac-
rophages (26, 47). It is conceivable that LLO-dependent mem-
brane permeation and/or bacterial invasion in the cytoplasm is
necessary for LO28 to trigger cyclic di-AMP-induced IFN-� pro-
duction. In addition, we and others reported that LLO not only is
essential for invasion of L. monocytogenes into the cytoplasm but
also activates some inflammatory signal pathways, including a sig-
naling event contributing to IFN-� production, possibly by mod-
ulating some intracellular signaling as a bacterial modulin (14, 27,
51). Thus, it appears that the amount of LLO produced in infected
cells is critical for the IFN-�-inducing ability. However, we found
that LO28 and EGD secreted almost the same amount of LLO in

FIG 6 MdrM acts as a transporter of cyclic di-AMP in EGD and LO28. (A)
Macrophages were infected with LO28, EGD, LO28 �mdrM, and EGD
�mdrM at an MOI of 1 and cultured for 6 and 12 h. Cells were lysed, and the
cell lysates were inoculated on TSA plates to determine the number of intra-
cellular bacteria. (B) Macrophages were infected with LO28, LO28 �mdrT,
and LO28 �mdrM at an MOI of 1 and cultured for 12 h in the presence of 10 �g
ml�1 gentamicin. The culture supernatants were collected, and the IFN-�
concentration was determined by ELISA. (C) LO28 and LO28 �mdrM were
cultured in RPMI 1640 medium for 3 h. The culture supernatant was collected,
and the cyclic di-AMP concentration was measured by LC-MS. (D) Macro-
phages were infected with EGD, EGD �mdrT, and EGD �mdrM at an MOI of
1 and cultured for 12 h in the presence of 10 �g ml�1 gentamicin. The culture
supernatant was collected, and the IFN-� concentration was determined by
ELISA. All data represent the means and standard deviations from triplicate
assays. Similar results were obtained in two independent experiments. NS, not
significant. *, P � 0.05. **, P � 0.01.

FIG 7 The expression of mdrT is inversely related to the pathogenicity of L. monocytogenes. (A) Mice were infected intravenously with 1.0 � 104 CFU of LO28,
EGD, LO28 �mdrT, and EGD �mdrT. At 24 h after infection, spleens were removed and homogenized in 5 ml of PBS. The IFN-� concentration in the spleen
homogenate was determined by ELISA. (B) Mice were infected intravenously with 1.0 � 104 CFU of LO28, EGD, LO28 �mdrT, and EGD �mdrT. Spleens were
removed 3 days after infection and homogenized in 5 ml of PBS. The homogenate was inoculated on TSA plates to determine the number of infected bacteria.
(C) Wild-type and IFNAR1 KO mice were infected intravenously with 1.0 � 104 CFU of LO28 and LO28 �mdrT. Spleens were obtained at 3 days after infection
and homogenized in 5 ml of PBS. The homogenates were inoculated on TSA plates to determine the number of infected bacteria. All data represent the means
and standard deviations for five mice. Similar results were obtained in two independent experiments. NS, not significant. *, P � 0.05. **, P � 0.01.
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the culture supernatants (data not shown), and the nucleotide
sequences of their LLO genes (hly) were identical. Therefore, the
strong IFN-�-inducing ability of LO28 could not be attributed to
an enhancement in the productivity of LLO or the membrane-
lytic activity.

Based on the reports suggesting a central role for MDR trans-
porters in cyclic-di-AMP secretion, we have analyzed and com-
pared the nucleotide sequences of tetR in LO28 and EGD. This
approach revealed the spontaneous deletion of a 188-bp fragment
in tetR of LO28. The mutual replacement of tetR between LO28
and EGD clearly indicated that the distinct ability of LO28 for
cyclic-di-AMP secretion and induction of IFN-� production is
exclusively dependent on the mutation in tetR resulting in the
overexpression of mdrT (Fig. 4 and 5). It seemed that the presence
of intact tetR in EGD suppresses the expression of mdrT, thereby
limiting the secretion of cyclic-di-AMP to below the level of de-
tection by LC-MS.

Although type I IFNs are crucial for host resistance against
infection with a variety of viruses (49), a detrimental effect of this
cytokine on the host has been shown in animal models of L. mono-
cytogenes infection. Indeed, type I IFNs have been shown to se-
verely induce cell death of macrophages (46) and apoptosis of
sensitized T lymphocytes (4) and to suppress macrophage activa-
tion induced by IFN-
 (31). In addition, it has been reported that
IFNAR1 KO mice are more resistant to L. monocytogenes infection
than wild-type mice (2, 24), and the susceptibility to L. monocyto-
genes infection was enhanced by poly(I·C)-induced type I IFNs
(24). These findings raised the possibility that L. monocytogenes
strains capable of inducing a high level of IFN-�, such as LO28, are
more virulent than L. monocytogenes strains that have a low ability
to induce IFN-� production. To test the hypothesis, we compared
the pathogenicities of L. monocytogenes strains that were catego-
rized as high (LO28) and low (EGD, LO28 �mdrT, and EGD
�mdrT) IFN-� inducers. Similar to the results of previous studies
by others, we found that IFN-� affects host resistance to L. mono-
cytogenes, because IFNAR1 KO mice showed higher resistance
than wild-type mice. As the higher resistance of IFNAR1 KO mice
was also observed in infection with LO28 �mdrT, it appears that
the IFNAR1-mediated detrimental effect on host resistance is elic-
ited sufficiently by a low dose of IFN-� and that an excessive
amount of this cytokine may not further contribute to the adverse
outcome at all. In addition, our data clearly showed that LO28 is
less virulent than LO28 �mdrT, suggesting that the pathogenicity
of L. monocytogenes may be inversely related to the IFN-�-induc-
ing ability. This finding may be rather controversial, because Re-
utterer et al. have shown that LO28 is more virulent than EGD due
to the high level of IFN-�-inducing ability (32). Similar to our
results, however, Crimmins et al. have reported that compared to
parent L. monocytogenes, a recombinant L. monocytogenes strain
expressing a high level of mdrT exhibits low pathogenicity, be-
cause significantly fewer recombinant L. monocytogenes bacteria
were recovered from livers of infected mice (6). Moreover, cyclic
dinucleotides have been shown to be a type of danger signal and to
exert adjuvant activity (5). Therefore, it could be possible that the
cyclic di-AMP may promote resistance independently of IFN-�
production. Furthermore, MdrT, which serves as a transporter,
may contribute to secrete some L. monocytogenes molecules other
than cyclic di-AMP which are implicated in the control of L.
monocytogenes replication in vivo. It is not be easy to discern the
reason for the difference in the results, which were obtained by

similar experimentation. Further analysis of MdrT-dependent ac-
tion is necessary to determine the difference in pathogenicity be-
tween the strains.

MdrT, MdrM, and MdrL are members of the MFS, which is
known as one of the largest families of transporters, and contrib-
ute to drug resistance in bacteria (11). It has been reported that
MdrL is involved in the resistance of LO28 to cefotaxime and
macrolides and that reserpine, an inhibitor of a wide range of
efflux pumps, decreases the MIC of benzalkonium chloride (22,
33). To determine whether MdrT contributes to drug resistance of
LO28, we measured the sensitivities of LO28 and the mdrT-defi-
cient mutant to cefmenoxime, erythromycin, gentamicin, ben-
zylpenicillin, oxacillin, tetracycline, chloramphenicol, imipenem,
sulfamethoxazole/trimethoprim, and ofloxacin. There was no sig-
nificant difference in drug susceptibility between these strains,
suggesting that MdrT is not involved in the efflux of antibiotics in
LO28 (data not shown). On the other hand, accumulating evi-
dence indicates that MDR transporters contribute to the virulence
of Gram-negative bacteria (28). For instance, Hirakata et al. have
suggested that MDR efflux pumps of Pseudomonas aeruginosa ex-
port some unidentified virulence determinants, thereby increas-
ing invasiveness into epithelial cells and lethality to mice (16).
They also confirmed the role of MDR pumps in bacterial inva-
siveness using specific inhibitors (15). In light of the emergence
of MDR organisms, MDR efflux pumps can be a novel target in
the treatment of infection; however, more attention should be
given to the possibility of any adverse effect of such an ap-
proach, considering the present finding that inactivation of
MdrT resulted in a higher burden of bacteria as shown in our in
vivo study.

L. monocytogenes is a well-characterized pathogen and has been
employed as one of the most useful tools for analyzing the mech-
anisms of innate and acquired immunity. In addition, investiga-
tions on the strain-specific properties of bacteria often provide
novel insights into pathogenesis, host-pathogen interactions, and
protective immunity. In this study, we demonstrated that a dele-
tion in the tetR gene causes a drastic change in the ability of L.
monocytogenes to induce a host innate immune response, with
special reference to IFN-�. The detailed mechanism for the induc-
tion of IFN-� by cyclic di-AMP remains to be determined in a
future study.
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