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Listeria monocytogenes is an intracellular bacterial pathogen that elicits a strong cellular immune response
following infection and therefore has potential use as a vaccine vector. However, while infections by L.
monocytogenes are fairly rare and can readily be controlled by a number of antibiotics, the organism can
nevertheless cause meningitis and death, particularly in immunocompromised or pregnant patients. We
therefore have endeavored to isolate a highly attenuated strain of this organism for use as a vaccine vector.
D-Alanine is required for the synthesis of the mucopeptide component of the cell walls of virtually all bacteria
and is found almost exclusively in the microbial world. We have found in L. monocytogenes two genes that
control the synthesis of this compound, an alanine racemase gene (dal) and a D-amino acid aminotransferase
gene (dat). By inactivating both genes, we produced an organism that could be grown in the laboratory when
supplemented with D-alanine but was unable to grow outside the laboratory, particularly in the cytoplasm of
eukaryotic host cells, the natural habitat of this organism during infection. In mice, the double-mutant strain
was completely attenuated. Nevertheless, it showed the ability, particularly under conditions of transient
suppression of the mutant phenotype, to induce cytotoxic T-lymphocyte responses and to generate protective
immunity against lethal challenge by wild-type L. monocytogenes equivalent to that induced by the wild-type
organism.

Listeria monocytogenes is a gram-positive facultative intra-
cellular microorganism which has been used for decades as a
model pathogen for the study of cell-mediated immunity (24).
Immunization of mice with a sublethal L. monocytogenes in-
fection results in the generation of immunity which is largely
major histocompatibility complex (MHC) class I mediated.
Such infections generate CD81 T cells, which can adoptively
transfer immunity and specifically recognize and kill Listeria-
infected target cells (3, 6, 17, 19).

Recently, the cell biology of L. monocytogenes intracellular
growth has been defined (47). Subsequent to internalization,
the bacteria escape from a phagocytic vacuole and replicate in
the host cell cytosol. Hence, secreted proteins of L. monocy-
togenes are delivered directly into the cytosol and into the
MHC class I pathway of antigen processing and presentation
(1, 5). Mutants of L. monocytogenes which are unable to enter
the cytosol are absolutely avirulent and fail to immunize mice,
and cells infected by such mutants are not recognized by L.
monocytogenes-immune CD81 T cells (6, 28).

The natural properties of L. monocytogenes make it partic-
ularly attractive as a potential live vaccine vector for the in-
duction of cell-mediated immunity to foreign antigens. Indeed,
recombinant L. monocytogenes expressing such antigens suc-
cessfully has been used to protect mice against lymphocytic
choriomeningitis virus (15, 40) and influenza virus (22) infec-
tions and against lethal tumor cell challenge (32, 33). We have
suggested the use of L. monocytogenes for the induction of

cytolytic T cells directed against human immunodeficiency vi-
rus (HIV) antigens and have shown that strong cell-mediated
immune responses against HIV-1 Gag protein can be induced
in mice infected with recombinant L. monocytogenes carrying a
chromosomal copy of the HIV-1 gag gene (13).

Because of the potential broad use of this organism as a
vaccine vector in infectious disease and cancer, the safety of L.
monocytogenes becomes an important issue. While infections
by L. monocytogenes are fairly rare and can readily be con-
trolled by a number of antibiotics, the organism can neverthe-
less cause meningitis and death, particularly in immunocom-
promised or pregnant patients. An ideal vaccine strain of L.
monocytogenes would be absolutely avirulent but fully immu-
nogenic. We therefore sought to isolate a mutant which could
enter the cytosol but have limited growth potential both in vivo
and in the environment.

D-Alanine is required for the synthesis of the mucopeptide
component of the cell walls of virtually all bacteria, including
L. monocytogenes (21, 23, 43), and is also found in the lipotei-
choic acids of this and some other gram-positive organisms (11,
37). However, it is present in only trace quantities and fails to
accumulate in vertebrates; the likely origin of these trace quan-
tities is the breakdown products of intestinal and food bacteria
(16, 20, 25, 29). We hypothesized that a strain of L. monocy-
togenes that is unable to synthesize this compound could be
grown in the laboratory when supplemented with D-alanine but
should be unable to grow outside the laboratory, particularly in
the cytoplasm of eukaryotic host cells, the natural habitat of
this organism during infection. The isolation of such a mutant
of L. monocytogenes required the identification and inactiva-
tion of two genes, dal and dat. dal encodes alanine racemase,
which catalyzes the reaction: L-alanine7D-alanine. dat en-

* Corresponding author. Mailing address: Department of Microbi-
ology, University of Pennsylvania School of Medicine, Philadelphia,
PA 19104. Phone: (215) 898-8730. Fax: (215) 898-9557. E-mail:
frankelf@mail.med.upenn.edu.

3552



codes D-amino acid aminotransferase, which catalyzes the re-
action D-glutamic acid 1 pyruvate7a-ketoglutaric acid 1 D-
alanine. The dal dat double-mutant strain had the anticipated
phenotype and in addition showed the ability to induce cyto-
toxic T-lymphocyte (CTL) responses and to generate protec-
tive immunity against lethal challenge by wild-type L. mono-
cytogenes in infected mice under restricted conditions.

MATERIALS AND METHODS

Bacteria and plasmids. L. monocytogenes 10403S (34) was the wild-type or-
ganism used in most of these studies. It was grown in brain heart infusion
medium (BHI; Difco Laboratories). Escherichia coli DH5a, used for cloning, was
grown in Luria broth (38). Plasmid pKSV7, used for allellic exchange reactions
in L. monocytogenes, is a shuttle vector capable of replication in E. coli, where it
is selected in the presence of 50 mg of ampicillin per ml of medium, and in L.
monocytogenes, where its replication is temperature sensitive and selection is in
the presence of 10 mg of chloramphenicol per ml of medium (42). Plasmid DNA
from E. coli and total DNA (chromosomal and plasmid) from L. monocytogenes
were isolated by standard methods (38).

Identification of genes in L. monocytogenes by homology. Based on sequences
of alanine racemase (dal) genes in two gram-positive organisms, Bacillus subtilis
(10) and B. stearothermophilis (46), we devised consensus oligonucleotide se-
quences from highly conserved regions at the 59 and 39 ends of the gene and then
modified these sequences to reflect preferred codon usage in L. monocytogenes.
These 59 and 39 consensus oligonucleotides, 59-GGG-[AAGCTT(HindIII)]-AAA
GC(A/T)AA(C/T)GC(A/T)TATGG(A/T)CATGG-39 and 59-GGG-[AAGCTT
(HindIII)]-GATCCAT(A/G)CAAAT(A/G)CG(A/G)CC-39, respectively, were
used as primers in a PCR using chromosomal DNA from either L. monocyto-
genes or B. subtilis as the template. A product of about 850 nucleotides was
obtained from each. Translation of the sequenced product from the L. monocy-
togenes template showed that it resembled the alanine racemases of the gram-
positive organisms.

A similar strategy was used to infer the presence and to sequence the central
portion of a D-amino acid aminotransferase (dat) gene of L. monocytogenes,
based on published sequences from B. sphaericus (12), Bacillus sp. strain YM-1
(45), and Staphylococcus haemolyticus (35). The 59 and 39 oligonucleotide prim-
ers were 59-GGG-[AAGCTT(HindIII)]-GGTTATGT(A/T)TT(T/C)GGTGAT
GG-39 and 59-GGG-[AAGCTT(HindIII)]-TTTAATATCACA(A/G)CG(T/A)A
A/GCC-39, respectively. In this case, we obtained a PCR product of about 400
nucleotides whose DNA sequence and translation showed significant homology
with the aminotransferase genes of the other organisms.

Strategy for sequence determination of the complete genes. We determined
the sequence of the remaining portions of the L. monocytogenes dal gene ad-
joined to the 59 and 39 ends of the original 850-bp PCR product by anchored
PCRs (36). Briefly, this strategy used a BglII restriction digest (for the 59 portion
of the gene) or an XbaI digest (for the 39 portion of the gene) of Listeria
chromosomal DNA, onto the ends of which was then ligated a small fragment of
DNA containing the T7 promoter. A 59-portion PCR product and a 39-portion
PCR product were then synthesized and sequenced by using primers from within
the central dal gene PCR product and a second primer homologous to the T7
promoter fragment. This procedure permitted determination of the entire se-
quence of the gene.

The sequence of the remainder of the dat gene was determined by use of an
inverse PCR (8, 49). Briefly, a HindIII digest of Listeria chromosomal DNA was
permitted to self-ligate under conditions of low DNA concentration so that
mainly single circular molecules were produced. Outward-directing primers with
homologies at the two ends of the original PCR segment of the gene were then
used to make a new PCR product that began at the 59 end of the original PCR
segment and continued to the 59 end of the gene, through the HindIII self-
ligation site, and into the 39 end of the gene. Using this method, we obtained the
sequence of the entire gene.

Production of mutations in the dal and dat genes. The dal gene was initially
inactivated by means of a double-allelic exchange between the chromosomal
gene and the temperature-sensitive shuttle plasmid pKSV7 (42) carrying an
erythromycin resistance gene (39) between a 450-bp fragment from the 59 end of
the original 850-bp dal gene PCR product and a 450-bp fragment from the 39 end
of the dal gene PCR product, following the protocol of Camilli et al. (7).
Subsequently a dal deletion mutant covering 82% of the gene was constructed by
a similar exchange reaction with pKSV7 carrying homology regions from the 59
and 39 ends of the intact gene (including sequences upstream and downstream of
the gene) surrounding the desired deletion. PCR analysis was used to confirm the
structure of this chromosomal deletion.

The chromosomal dat gene of L. monocytogenes was inactivated by a similar
allelic exchange reaction. pKSV7 was modified to carry 450-bp fragments derived
by PCR from both the 59 and 39 ends of the intact dat gene (including sequences
upstream and downstream of the gene). These two fragments were ligated by
appropriate PCR. Exchange of this construct into the chromosome resulted in
the deletion of 30% of the central bases of the dat gene, which was confirmed by
PCR analysis.

Infection of cells in culture. To examine the intracellular growth of the atten-
uated strain of L. monocytogenes in cell culture, monolayers of J774 cells, a
murine macrophage-like cell line, primary murine bone marrow-derived macro-
phages, and the human HeLa line were grown on glass coverslips and infected as
described previously (34). To enhance the efficiency of infection of HeLa cells, a
naturally nonphagocytic cell line, the added bacteria were centrifuged onto the
HeLa cells at 543 3 g for 15 min. At various times after infection, samples of the
cultures were taken for differential staining, for the determination of viable
intracellular bacteria, or for immunohistochemical analysis.

Immunohistochemistry. Coverslips with infected macrophages or HeLa cells
were washed with phosphate-buffered saline, fixed in 3.2% formalin, and per-
meabilized with 0.05% Tween 20. Bacteria were detected with fluorescein iso-
thiocyanate (FITC)-labeled rabbit anti-Listeria antiserum (Molecular Probes,
Eugene, Oreg.) or with rabbit anti-Listeria antiserum (Listeria O Antiserum
Poly; Difco Laboratories) followed by lissamine rhodamine sulfonyl chloride
(LSRSC)-labeled donkey anti-rabbit antibodies or coumarin-labeled goat anti-
rabbit antibodies. Actin was detected with FITC- or tetramethylrhodamine iso-
thiocyanate (TRITC)-labeled phalloidin. To distinguish extracellular (or phago-
somal) from intracytosolic bacteria, the former were stained prior to
permeabilization.

Induction of LLO-specific CTLs. Female BALB/c mice, 6 to 8 weeks of age
(Charles River Laboratories, Raleigh, N.C.), were immunized by intraperitoneal
inoculation with either the wild-type or dal dat strain of L. monocytogenes. After
14 days, some of the mice were boosted with a second inoculation at the same
number of microorganisms. Ten or more days after the last inoculation, 6 3 107

splenocytes from a given animal were incubated in Iscove’s modified Dulbecco
modified Eagle medium with 3 3 107 splenocytes from that same animal that had
been loaded with 10 mM LLO peptide 91-99 during a 60-min incubation at 37°C.
After 5 days of in vitro stimulation, the resulting cultures were assayed for the
presence of CTL activity capable of recognizing LLO peptide-labeled P815 cells
as previously described (13, 53). Every determination of lytic activity was cor-
rected for activity on unlabeled target cells, which showed between 1 and 10%
lysis in different experiments.

Animal studies. Fifty percent lethal dose (LD50) assays were performed by
injecting female BALB/c mice (Bantin-Klingman, Freemont, Calif.) at 8 weeks of
age with 0.2 ml of three- to fivefold serial dilutions of bacteria as described
previously (2). The LD50 of wild-type L. monocytogenes strain 10403 in these
animals is approximately 104. The LD50 of the dal dat double-mutant strain of L.
monocytogenes was found to be .8 3 108 or, when injected in the presence of 20
mg of D-alanine in the 0.2-ml injection volume, approximately 7 3 107.

To examine the protection produced by immunization with the dal dat mutant,
groups of four to five BALB/c mice were injected with viable wild-type or dal dat
double-mutant bacteria (in the presence or absence of 20 mg of D-alanine) by tail
vein injection. Three to four weeks following immunization, the mice were
challenged with approximately 10 LD50 of viable wild-type L. monocytogenes
10403 in 0.2 ml by tail vein injection. Spleens were removed 48 h later and
homogenized individually in 4.5 ml of phosphate-buffered saline–1% proteose
peptone in a tissue homogenizer (Tekmar). The homogenates were serially
diluted and plated onto BHI agar. Log10 protection was determined by subtract-
ing the mean of the log10 CFU/spleen values of the test group from the mean of
the log10 CFU/spleen values of the untreated control group.

Nucleotide sequence accession numbers. The nucleotide sequences of the L.
monocytogenes dal and dat genes, shown in Fig. 1 and 3, respectively, have
GenBank accession no. AF038438 and AF038439.

RESULTS

Construction of a strain of L. monocytogenes defective in cell
wall synthesis. We determined whether L. monocytogenes har-
bors genes expected to be required for the synthesis of D-
alanine. The alanine racemase (dal) gene, used by many mi-
croorganisms for the synthesis of D-alanine, has been
sequenced in Salmonella typhimurium (14, 51), B. subtilis (10),
and B. stearothermophilis (46) but has not been found in L.
monocytogenes. To search for evidence of the gene in this
organism, we synthesized primers based on the sequences (ad-
justed for preferred codon usage in L. monocytogenes) of two
highly conserved regions of the gene present in the two gram-
positive organisms and used these in a PCR on L. monocyto-
genes chromosomal DNA. A product that showed significant
homology with the published dal gene sequences was obtained.
The sequence of the remainder of the L. monocytogenes dal
gene was determined (see Materials and Methods) and is
shown in Fig. 1. The translated protein sequence showed 44 to
53% identity with the alanine racemase proteins of the gram-
positive microorganisms and is shown in comparison with these
sequences in Fig. 2.
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The gene was inactivated by insertion of a 1.35-kb fragment
of DNA encoding erythromycin resistance at a SpeI site near
the center of the gene. The resulting dal bacteria were found to
grow both in rich bacteriological medium (BHI) and in a syn-
thetic medium (48) in the presence or absence of D-alanine
(not shown). A mutation of the dal gene constructed by an
in-frame deletion covering 82% of the gene (from nucleotides
44 to 949) had the same properties.

A second enzyme used by some bacteria for synthesis of
D-alanine is D-amino acid aminotransferase, encoded by the

dat gene (12, 35, 45). Using a strategy similar to that used to
detect the dal gene in L. monocytogenes, we obtained a PCR
product that showed significant sequence homology with
known dat genes and gene products. The sequence of the
remainder of the dat gene was determined (see Materials and
Methods) and is shown in Fig. 3. Its deduced protein sequence
showed 49 to 51% identity with sequences of aminotrans-
ferases of other gram-positive organisms. Comparison of these
dat gene products is shown in Fig. 4.

This gene was inactivated by in-frame deletion of 31% of its

FIG. 1. Nucleotide sequence and translation of the alanine racemase (dal) gene of L. monocytogenes. The gene was inactivated either by insertion of a 1.35-kb
fragment of DNA encoding erythromycin resistance at a SpeI site at nucleotide 517 or by deletion of nucleotides 44 to 948.

FIG. 2. Linear alignment of deduced protein sequences of alanine racemases of L. monocytogenes (LMDAL), B. stearothermophilus (BSTDAL), and B. subtilis
(BSUBDAL). Identical amino acids are boxed.
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central region (from nucleotides 370 to 636). The growth of the
resulting dat bacteria in broth and synthetic media was again
found to be independent of the presence of D-alanine.

A dal dat double-mutant strain of L. monocytogenes was
produced by a double-allelic exchange reaction between the
erythromycin-resistant dal organism and the shuttle vector car-
rying the dat gene deletion. The growth of the resulting double
mutant in bacteriological media was found to be completely
dependent on the presence of D-alanine (Fig. 5). A double
mutant containing deletions in both of the genes had the same
phenotype. The growth defect of the double-deletion strain in
the absence of D-alanine could be complemented by a plasmid
carrying the dal gene of B. subtilis (not shown). All of the
experiments reported used the single-deletion strain.

Defective growth of the dal dat double mutant in eukaryotic
cells. Our original hypothesis was that a defect in the ability of
L. monocytogenes to synthesize D-alanine would be expressed
as an inability to replicate in the cytoplasm of eukaryotic cells
due to the absence of the required substrate at that site. To test
this hypothesis, several cell lines and primary cells in culture
were examined after infection with the wild-type and mutant
strains of the organism.

J774 cells are mouse macrophage-like cells that readily take
up L. monocytogenes by phagocytosis and permit its cytoplas-
mic growth following escape of the bacteria from the phagoly-
sosome (47). Figures 6A and B show typical cells seen at 5 h
after infection with wild-type L. monocytogenes and with the
dal dat double mutant, respectively. Whereas large numbers of

FIG. 3. Nucleotide sequence and translation of the D-amino acid aminotransferase (dat) gene of L. monocytogenes. The gene was inactivated by deletion of
nucleotides 370 to 636.

FIG. 4. Linear alignment of deduced protein sequences of D-amino acid aminotransferases of L. monocytogenes (LMDAT), S. haemolyticus (SHAEDAT), B.
sphaericus (BSPHDAT), and Bacillus sp. strain YM-1 (BSPDAT). Identical amino acids are boxed.
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bacteria were associated with those mouse cells infected with
the wild-type strain, few bacteria could be found in any cells
following infection with the double mutant. Infection by dou-
ble-mutant bacteria in culture medium containing D-alanine
permitted bacterial growth indistinguishable from that seen
after wild-type infection (Fig. 6C).

The number of intracellular bacteria (defined by gentamicin
resistance) that could form colonies on medium containing
D-alanine was determined at several times after infection (at a
multiplicity of infection [MOI] of about 0.05 bacteria per
mouse cell) (Fig. 7A). The data clearly show that the double
mutant was unable to replicate in J774 cells and in fact slowly
died during the course of the experiment. Figure 7A also shows
that the replication-defective phenotype of the double mutant
could be suppressed by the inclusion of D-alanine (at 100 mg/
ml) in the tissue culture medium at the time of infection and
that the suppression was reversed 2 h after removal of the
D-alanine. We also examined the phenotype of the mutant

bacteria in primary mouse bone marrow-derived macrophages
and in the HeLa line of human epithelial cells and found that
the double mutant was unable to replicate in either of those
cell types as well (Fig. 7B and C).

Within a few hours after infection of cells by L. monocyto-
genes when the bacteria have escaped from the phagosome,
host actin filaments form a dense cloud around intracytosolic
bacteria and then rearrange to form a polarized tail which
propels the bacteria through the cytoplasm (9, 47). The bacte-
rium-associated actin can readily be visualized by fluorescence-
tagged phalloidin, while total bacteria can be detected with
appropriately labelled anti-Listeria antibodies. To determine
the intracytoplasmic status of the double-mutant bacteria fol-
lowing infection, we examined the distribution of cytoplasmic
actin in the infected cells.

As shown in Fig. 8A and Table 1, at 2 h after infection (at an
MOI of about 5 bacteria per cell), we found that 25.2% of
wild-type bacteria associated with J774 macrophages were sur-
rounded with a halo of stained actin and therefore were intra-
cytosolic. By 5 h, 100% showed actin staining, some with long
actin tails (Fig. 8B). However, the staining of actin in double-
mutant-infected macrophages was much rarer (less than 2%).
Nevertheless, if D-alanine was present during only the 30-min
period of bacterial adsorption, at 2 h after infection 22% of the
cell-associated mutant bacteria were surrounded with actin
(Fig. 8C). At 5 h (D-alanine absent from 0.5 to 5 h), the number
of intracytosolic bacteria was still only 26.7% (Fig. 8D). This
indicated that few additional bacteria had entered the cytosol
after removal of the D-alanine and that any bacteria already
present in the cytosol had not replicated. If D-alanine was
present during the entire infection (Fig. 8E), the results at 2
and 5 h were virtually indistinguishable from the wild-type
infection.

Since J774 cells have been culture adapted and reflect few of
the normal properties of tissue macrophages, we examined the
entry of the mutant bacteria into the cytosol of primary bone
marrow-derived macrophages which had been in culture for
only 6 days. Because these cells show significant bacterial kill-
ing capacity, they were infected at a ratio of about 50 bacteria
per cell. In this experiment, at 2 h after infection, 6.8% of the
double-mutant bacteria were found to be associated with actin,
and this number increased to the level seen after wild-type
infection (20%) by inclusion of D-alanine during the first 30
min of the infection (18.2%) or during the entire 2-h infection
(19.4%). Therefore, depending on the cell type examined, mu-

FIG. 5. Growth requirement for D-alanine of the dal dat double-mutant
strain of L. monocytogenes. The dal dat (E, F) and wild-type (h) strains of
L. monocytogenes were grown in liquid culture (BHI medium) in the presence
(F) or absence (E, h) of exogenous D-alanine (100 mg/ml) at 37°C. An aliquot
of the mutant culture was provided D-alanine at 90 min. The starting cultures
were in log phase of growth. As D-alanine had no effect on the growth of
wild-type L. monocytogenes, those data are not shown.

FIG. 6. Light micrographs showing the growth of wild-type (A) and dal dat double-mutant (B) strains of L. monocytogenes in J774 macrophages at 5 h after infection
(at approximately 5 bacteria per mouse cell). (C) Infection by double-mutant bacteria in the continuous presence of D-alanine (80 mg/ml).
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tant bacteria in the absence of D-alanine had either a low or a
moderate efficiency of entering the host cytosol (or, alterna-
tively, showed reduced binding of actin onto their surface).
However, the brief presence of D-alanine during the initial
phase of infection allowed a normal fraction of bacteria to
enter the cytosol and bind actin.

In vivo attenuation of the dal dat double mutant. The LD50
of wild-type L. monocytogenes in BALB/c mice is approxi-
mately 104 (2). To determine the virulence of the dal dat
double-mutant strain relative to wild-type bacteria, groups of
mice were injected with graded doses of the mutant organism.
The LD50 of the double mutant was found to be greater than
8 3 108, indicating that this strain was highly attenuated. When
the inoculum in these experiments contained D-alanine (20
mg), the LD50 was found to be lowered 10-fold to approxi-
mately 7 3 107.

After sublethal infection of mice with wild-type L. monocy-
togenes, the bacteria survive and replicate in the spleens and
livers of infected animals for up to 5 to 7 days, followed by the
onset of a sterilizing immunity. The extent of the in vivo per-
sistence of the mutant bacteria in the spleens of infected ani-
mals was therefore examined following infection with 2 3 107

mutant bacteria and compared with the result of infection by
4 3 102 wild-type organisms. The results in Fig. 9 show that
whereas this low dose of wild-type L. monocytogenes resulted in
a peak of replication at 2 to 3 days, increasing the number of
bacteria in this organ by several logs, the mutant bacteria fell
to almost undetectable levels within 2 days. The presence of
D-alanine in the inoculum allowed a small number of organ-
isms to survive somewhat longer.

Induction of an immune response with the dal dat double
mutant. Infection of mice by L. monocytogenes produces a
long-lived state of specific immunologic memory that enables
the infected host to resist lethal challenge by the same organ-
ism for months after the primary infection. We determined
whether infection of mice with sublethal doses of the dal dat
bacteria could induce this important long-lasting state of pro-
tective immunity. Mice were injected intravenously with 2 3
107 double-mutant bacteria and challenged 3 to 4 weeks later
with 10 LD50 of wild-type L. monocytogenes. D-Alanine (20 mg)
was provided in the initial inoculum of mutant organisms to be
certain that the organisms were fully viable at the time of initial
infection. The data in Fig. 10 shows that following a single
infection with the mutant bacteria, the level of antilisterial
protection was approximately 3 log10, similar to the protection
generated by immunization with 4 3 102 wild-type organisms.
Infection with 2 3 107 mutant bacteria without D-alanine pro-
vided little protection. The almost complete protection ob-
tained with mutant bacteria occurred despite the fact that by 2
days postinfection more than 100-fold-fewer bacteria were de-
tected in the spleens of mutant-infected mice than in animals
infected with wild-type organisms (Fig. 9).

LLO peptide 91-99 is the major epitope of the LLO protein
and one of the major epitopes to which mice respond when
mounting a cell-mediated immune response against L. mono-
cytogenes infection (4, 17, 31). To determine whether the pro-
tective immunity generated by infection with the attenuated
dal dat bacteria was associated with the induction of cytolytic T
cells, splenocytes from infected animals were assayed for the
ability to lyse target cells loaded with this peptide. Figure 11B
shows that animals that had been infected intraperitoneally
with 3 3 107 double-mutant bacteria and provided D-alanine
subcutaneously (40 mg) before and after the infection showed
strong CTL responses directed against the LLO peptide. Like-
wise, mice provided with D-alanine in their drinking water (0.2
or 2 mg/ml) before and after infection mounted a modest CTL

FIG. 7. Infection of mammalian cells with the dal dat double-mutant (E) and
wild-type strains of L. monocytogenes (F). (A) J774 murine macrophage-like cells
(MOI of about 0.05). Mutant infection in one culture (■) was in the continuous
presence of D-alanine (100 mg/ml); cells in an aliquot of that culture (h) were
resuspended in D-alanine-free medium at 4 h. (B) Primary murine bone marrow-
derived macrophages (MOI of about 5). (C) Human epithelial cells (HeLa)
(MOI of about 5). Starting cultures of L. monocytogenes were in stationary phase
of growth.
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response after single infection with 3 3 107 mutant bacteria. In
the absence of D-alanine, animals infected and boosted one
time with 3 3 107 double-mutant bacteria, or animals singly
infected with 3 3 108 bacteria (data not shown), also showed a
modest CTL response to LLO peptide 91-99. Single infection
with 3 3 107 double-mutant bacteria in the absence of D-
alanine produced no significant response (Fig. 11B).

DISCUSSION

L. monocytogenes is a gram-positive facultative intracellular
bacterium which has been used for decades as a model for the
study of cell-mediated immunity (6, 26, 27). Long-term resis-
tance to infection by this microorganism resides primarily in
the MHC class I-restricted CD81 T cells that are induced
following primary infection (3, 17). These cells act by directly
lysing antigen-expressing target cells, as well as through the
action of the cytokines gamma interferon and tumor necrosis
factor alpha (18). We and other investigators have been ex-

ploring the use of recombinant forms of L. monocytogenes as a
vehicle for the delivery of foreign antigens into the MHC class
I pathway of antigen presentation (13, 15, 22, 32, 33, 40).

This strategy for vaccine development suffers, however, from
the known pathogenicity of the organism, which is the cause of
listeriosis, a food-borne disease characterized by meningitis,
septicemia, abortion, and often a high rate of mortality. We
therefore attempted to develop a suitably attenuated form
of L. monocytogenes that could be used as a safe vaccine and
adjuvant. Since virtually all bacterial species contain cell wall
components that are unique to these organisms, we deduced
that a strain of L. monocytogenes unable to synthesize one of
these components, D-alanine (21, 43), would be crippled unless
specifically supplied with this substrate.

D-Alanine appears to be synthesized by different pathways in
different organisms. E. coli and S. typhimurium possess two
weakly homologous alanine racemases, one constitutive and

FIG. 8. Association of actin with intracytosolic wild-type L. monocytogenes (A, 2 h; B, 5 h) or with the dal dat double mutant (C, 2 h with D-alanine [100 mg/ml]
present from 0 to 30 min; D, 5 h with D-alanine present from 0 to 30 min; E, 5 h with D-alanine present continuously) following infection of J774 cells. Photomicrographs
in the top row show the binding of FITC-labeled antilisterial antibodies to total bacteria; those below show the binding of TRITC-labeled phalloidin to actin.
Arrowheads indicate some actin-associated bacteria in the sparsely infected cells.

FIG. 9. Recovery of bacteria from spleens of BALB/c mice following suble-
thal infection with wild-type L. monocytogenes (F), the dal dat mutant in the
absence of D-alanine (E), and the dal dat mutant in the presence of 20 mg of
D-alanine in the inoculation fluid (h). The points at day 0 show the total number
of viable organisms injected, not bacteria per spleen.

TABLE 1. Intracytoplasmic status of bacteria following infection
of J774 cells and bone marrow-derived macrophages

Cells
% Intracytosolic bacteriaa

2 h 5 h

J774
L. monocytogenes wild type 25.2 (35.6) 100 (100)
dal dat mutant

5 h D-alab 22.7 (44.4) 95 (95)
30 min D-alac 22.0 (37.5) 26.7 (47.6)
No D-ala ,2 (,5) ,2 (,5)

Bone marrow macrophages
L. monocytogenes1 wild type 20.0 (68.0) 75.8 (77.8)
dal dat mutant

5 h D-ala 19.4 (65.4) 75.0 (80.0)
30 min D-ala 18.2 (52.9) 24.8 (46.4)
No D-ala 6.8 (36.4) 13.6 (40.6)

a Percentage of total cell-associated bacteria that are intracytosolic, as defined
by their staining for bacteria-associated actin. Numbers in parentheses represent
percentages of infected macrophages containing intracytosolic, actin-associated
bacteria.

b D-Alanine (100 mg/ml) was present throughout the infection.
c D-Alanine (100 mg/ml) was present only during the first 30 min of infection.
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one inducible, which can convert L-alanine to D-alanine. D-
Alanine produced by the first enzyme is apparently used for
peptidoglycan formation, while the latter enzyme may be uti-
lized to provide substrate to a D-alanine dehydrogenase that
converts the compound to pyruvate and ammonia (50, 52). In
S. typhimurium, a mutation in either gene alone permits the
synthesis of sufficient D-alanine for cell growth, while a double
mutant displays the expected phenotype of an exogenous D-
alanine requirement (50). In two Bacillus species, alanine race-
mases have also been identified (10, 46). Mutation of this gene
in B. subtilis leads to a D-alanine requirement only when the
bacteria are grown in rich broth or in synthetic media that
contain L-alanine (10). A second enzyme, D-amino acid ami-
notransferase, that can convert D-glutamic acid and pyruvate to
a-ketoglutarate and D-alanine has also been identified in sev-
eral gram-positive species and could be a source of D-alanine
(12, 35, 45). Indeed, we have found that in L. monocytogenes,
both a racemase gene and an aminotransferase gene are
present, and both genes must be inactivated in order to pro-
duce a requirement for exogenous D-alanine.

The dal dat double mutant was found to be unable to rep-
licate in bacteriological culture media devoid of added D-ala-
nine. It was also unable to replicate following infection of
several different lines of eukaryotic cells growing in standard
tissue culture media. On infection of BALB/c mice with 107 of
these bacteria, few organisms survived for longer than 1 to 2
days. Consequently, the dal dat strain was completely attenu-
ated in BALB/c mice and showed an LD50 in these animals of
.8 3 108 (compared with 104 for the wild-type organism).
These results support the view that if any D-alanine is present
in eukaryotic cells and in mice, the levels are below the thresh-
old required for growth of the D-alanine-requiring strain of
Listeria.

Can this attenuated strain of L. monocytogenes induce an
immune response in mice? When ;0.1 LD50 of the double
mutant was administered intravenously in the absence of D-
alanine, little protection against a lethal challenge by the wild-
type organism was obtained. Likewise, this dose of the double
mutant (given intraperitoneally) produced no detectable List-

eria-specific CTL response. A booster infection of mice pro-
duced a modest increase in the Listeria-specific CTL response,
as did single immunization with a higher dose of the mutant
organisms. These weak responses were not surprising in view
of the complete absence of any replication of these bacteria in
eukaryotic cells. Indeed, the lack of D-alanine might in addition
cause down-regulation of the synthesis of enzymes necessary
for entry of the microorganism to the host cytosol, the mini-
mum requirement for induction of a cell-mediated immune
response. Our assays for intracytosolic bacteria (by the detec-
tion of binding of cytoplasmic actin) suggested that their entry
to the cytosol was far less efficient than for wild-type L. mono-
cytogenes.

However, the presence of D-alanine at the time of infection
of cells in culture allowed the normal number of the double-
mutant bacteria to enter the cytosol of infected cells. Addi-
tionally, we showed that eukaryotic cells were able to take up
sufficient D-alanine from their growth medium to satisfy the
growth requirement of the double-mutant bacteria. This up-
take was reversible, so that when D-alanine was subsequently
removed from the medium, the attenuation phenotype re-
turned within several hours. It seemed possible that a similar
paradigm could function in vivo to produce a novel means of in

FIG. 10. Protection of BALB/c mice against challenge with 10 3 LD50 of
wild-type L. monocytogenes by immunization with the dal dat double-mutant
strain of L. monocytogenes. Column numbers represent groups of five mice
immunized with the following organisms: 1, 4 3 102 CFU of wild-type L. mono-
cytogenes; 2, 2 3 107 CFU of dal dat mutant (plus 20 mg of D-ala), 3, 2 3 105 CFU
of dal dat mutant (plus D-ala); 4, 2 3 104 CFU of dal dat mutant (plus D-ala), 5,
2 3 107 CFU of dal dat mutant (no D-ala). Mice were challenged 21 to 28 days
later. Log10 protection was calculated as described in Materials and Methods.
The largest error seen in all mouse groups was 0.17 log10.

FIG. 11. Cytolytic activity of splenocytes isolated from mice 10 to 14 days
after infection with wild-type L. monocytogenes (F, E) or naive controls (■, h)
(A). Open and closed symbols represent independent experiments; D-alanine was
not provided in either experiment. (B) dal dat double mutant: 3 3 107 bacteria
(1), 3 3 107 bacteria with boost at 10 days (Œ, ‚); 3 3 107 bacteria with animals
provided D-alanine subcutaneously (40 mg at 26 h, time of infection, 6 h, and
12 h) (F, E), 3 3 107 bacteria with D-alanine (2 mg/ml; ■) or D-alanine (0.2
mg/ml; h) in drinking water from 24 h before infection to 36 h post-infection.
Open and closed symbols represent independent experiments.
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vivo suppression of the attenuating double mutation, resulting
in both entry to the cytosol and transient survival and replica-
tion of the organism to generate a moderate to strong immune
response. In vertebrates, D-amino acids, which originate almost
exclusively from intestinal and food bacteria, are efficiently
removed from the system by the action of D-amino acid oxi-
dases (16, 20, 25, 29).

Indeed, intravenous inoculation of these organisms (at ;0.1
LD50 in the presence of D-alanine) led to virtually full protec-
tion against a lethal challenge by wild-type organisms. Like-
wise, transient suppression of the defective phenotype of the
double mutant by providing the host with D-alanine by subcu-
taneous injection or by inclusion in the drinking water at the
time of intraperitoneal infection produced moderate or strong
CTL responses against the major L. monocytogenes T-cell
epitope, LLO peptide 91-99. Transient suppression of the at-
tenuation thus appears to be an effective mechanism to pro-
duce a good immune response to these organisms.

The strong response seen in the protection experiment sug-
gests that protective immunity is adequately stimulated within
the first 1 or 2 days of infection, since after this time the bulk
of the attenuated bacteria are gone. This result appears to
differ from an early observation that showed that ampicillin
administered 24 h after L. monocytogenes infection greatly
reduced protection against subsequent challenge (30). A sig-
nificant difference between these two experiments is the larger
mass of antigen administered in 0.1 LD50 of our attenuated
strain.

Other modifications of L. monocytogenes have been sug-
gested for use as vaccine vectors. Mutations in the hly gene
produce a defective hemolysin and prevent the ingested organ-
ism from escaping into the host cytosol. Such mutants can be
completely avirulent (28), but they fail to present antigens to
CD81 T cells (6) and therefore are a poor choice of vector for
potential induction of CTL responses. It has been reported
that heat-killed L. monocytogenes, which also should fail to
enter the cytosol of infected cells, was able to induce protective
CD81 T lymphocytes under appropriate circumstances. How-
ever, protection was short-lived (44). actA mutants are able to
grow in the cytoplasm of infected cells but, because they fail to
nucleate host actin, are unable to propagate the infection
through cell-to-cell spread. These bacteria are capable of in-
ducing effective CTL responses (15). However, such mutants
are still virulent and persist for up to 7 days in the livers of
infected mice. They also grow at normal rates in standard
media; such growth represents a continuing source of bacteria
that might through various genetic mechanisms become al-
tered to regain greater virulence or even, unreverted, show
virulence under unanticipated circumstances.

The hyperattenuated dal dat strain of L. monocytogenes de-
scribed in this report, in which the pathways for synthesis of
D-alanine have been abolished, appears to provide good im-
munogenicity while being unable to replicate in infected ani-
mals or in usual media and thus may represent a useful tool as
a safe vaccine and adjuvant. The use of cell wall auxotrophy, as
exploited here, has been explored previously as a mechanism
for attenuation of virulence in Shigella (41).
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