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Infection of BALB/c mice with Listeria monocytogenes stimulates an antilisterial immune response evident by
the appearance of H2-Kd-restricted CD81 cytotoxic T lymphocytes (CTLs) specific for the nanomer peptides
amino acids (aa) 91 to 99 of listeriolysin O (LLO 91–99) and aa 217 to 225 of the p60 molecule (p60 217–225).
We have introduced point mutations at anchor residues within LLO 91–99 (92F) or p60 217–225 (218F), and
BALB/c mice infected with L. monocytogenes strains containing these point mutations do not develop CTLs
specific for LLO 91–99 or p60 217–225, respectively. We have used these strains to test whether primary CTL
responses against L. monocytogenes-derived determinants can be stimulated within an environment of existing
antilisterial immunity. We found that the development of a primary L. monocytogenes-specific CTL response is
not altered by existing immunity to L. monocytogenes. For example, primary immunization with the p60 218F
strain of L. monocytogenes followed by a secondary immunization with wild-type L. monocytogenes results in
stimulation of p60 217–225-specific CTLs at primary response levels and LLO 91–99-specific effectors at levels
consistent with a memory CTL response. Similarly, primary immunization with the 92F strain of L. monocy-
togenes followed by a secondary immunization with wild-type L. monocytogenes results in stimulation of LLO
91–99-specific CTLs at primary response levels and p60 217–225-specific effectors at levels consistent with a
memory CTL response. These results provide additional support for the use of L. monocytogenes as a recom-
binant vaccine vector and show that antivector immunity does not inhibit the development of a primary CTL
response when the epitope is delivered by L. monocytogenes as the vaccine strain.

The induction of a protective immune response against the
intracytoplasmic pathogen Listeria monocytogenes occurs fol-
lowing subclinical infection with a viable listeriolysin O (LLO)-
producing strain. Nonviable L. monocytogenes preparations as
well as non-LLO-secreting strains are avirulent and do not
trigger protective antilisterial immunity (1, 2, 13, 27). It has
been established that protective antilisterial immunity can be
adoptively transferred with T cells of the CD81 subset (4, 16).
As a facultative intracellular pathogen, L. monocytogenes can
infect and then replicate within professional major histocom-
patibility complex (MHC) class II-positive phagocytes (macro-
phages) and MHC class II-negative nonprofessional phago-
cytic cells, such as fibroblasts (36). Thus, a required
involvement of the MHC class I-restricted CD81 T-cell subset
is consistent with clearance of a pathogen which can replicate
within MHC class II-negative cells, because MHC class II-
negative cells are not typically armed with the necessary mech-
anisms to kill intracellular bacteria. This is supported by a
recent report showing that Kb-restricted Listeria-specific CD81

T cells adoptively transfer antilisterial protection in transgenic
mice in which Kb was only expressed on hepatocytes (17).

As greater understanding of disease processes and protec-
tive immunity is developed, novel approaches for the design of
effective vaccine delivery systems are being tested, including
recombinant vaccinia virus and adenovirus vectors (14, 29, 41).
L. monocytogenes has also been proposed as a vaccine carrier,

a concept founded on the observation that L. monocytogenes is
a pathogen that replicates within the intracytoplasmic environ-
ment, thus facilitating delivery of antigen to the endogenous
antigen-processing–presentation pathway. An initial report
found that b-galactosidase-specific CTLs were stimulated in
mice following immunization with an L. monocytogenes strain
that secreted this molecule (38). Subsequent studies showed
that immunization of mice with recombinant L. monocytogenes
strains that secrete foreign gene products, including the p55
molecule of human immunodeficiency virus (15), tumor anti-
gens (29, 34), lymphocytic choriomeningitis virus (LCMV) nu-
cleoprotein (NP)-derived epitope (39), or an influenza virus
NP-derived epitope (21), stimulate the desired peptide-specific
CD81 CTL population. The CD81 CTLs are protective in the
tumor model (34), and mice immunized with the LCMV re-
combinant strain are protected against a lethal challenge with
LCMV (39). Finally, rabbits immunized with an L. monocyto-
genes strain that secretes a papillomavirus-derived antigen are
protected against papillomavirus infection (22).

Collectively, these data argue strongly for the continued
assessment of the efficacy of recombinant L. monocytogenes as
a vaccine strain. However, an issue that is not resolved for the
general use of any vaccine vector is what the constraints to the
stimulation of a specific primary response are when existing
immunity to the vector is present. This is an important consid-
eration, given the unknown status of immunity to any vector
within the general population. We have addressed this consid-
eration with repeated immunization utilizing strains of L.
monocytogenes that do or do not specifically stimulate peptide-
specific CTL responses. We found that L. monocytogenes-spe-
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cific primary CTL responses can be stimulated in an environ-
ment of established antilisterial immunity. These results are
consistent with the use of L. monocytogenes as a candidate
vaccine strain.

MATERIALS AND METHODS

Bacteria. L. monocytogenes 10403 serotype 1 was originally obtained from the
American Type Culture Collection (Rockville, Md.). Virulence was maintained
by repeated passage in BALB/c mice. The development of the 92F strain has
been described previously (9).

Development of the p60 218F strain. Overlap extension PCR (20) was used to
introduce mutations in the sequence encoding the p60 217–225 (amino acids [aa]
217 to 225) epitope. Codon 218 of p60 was changed from TAC to TTC, resulting
in substitution of phenylalanine for tyrosine. In addition, an AatII site was
created that resulted in substitution of valine for isoleucine at position 225 (ATT
to GTC). These mutations were introduced into the L. monocytogenes genome by
allelic exchange (39). To identify the desired mutant, the p60 gene was amplified
from genomic DNA of individual isolates by PCR and screened for the presence
of the introduced AatII site. The point mutations were further confirmed by
direct sequencing of the PCR products.

Mice and Immunization. Six-week-old female BALB/c mice were purchased
from Bantin-Kingman (Freemont, Calif.). Mice were provided unrestricted ac-
cess to food and water. Eight-week-old mice were immunized with approximately
0.1 50% lethal dose (LD50) of viable L. monocytogenes in 0.2 ml of phosphate-
buffered saline (PBS) injected via the tail vein. The same immunization protocol
was used for all primary and secondary immunizations.

Cell lines and reagents. The J774 cell line was maintained by culture in
Dulbecco’s modified Eagle’s medium (DMEM) (antibiotic free) supplemented
with nonessential amino acids (Gibco, Grand Island, N.Y.) and supplemented
with 5% fetal calf serum (FCS) (Tissue Culture Biologicals, Tulare, Calif.). The
RMAS-Kd cell line (obtained from Mike Bevan, University of Washington,
Seattle, Wash.) was maintained in RPMI 1640 (Gibco) supplemented with 10%
FCS. The LLO 91–99 (GYKDGNEYI) and p60 217–225 (KYGVSVQDI) pep-
tides were synthesized with an Applied Biosystems Synergy apparatus by using
standard Fmoc chemistry at the Portland Veterans Administration Medical Cen-
ter. The p60 449–457 (IYVGNGQMI) peptide was synthesized by SynPep Corp.
(Dublin, Calif.).

Cell culture. Spleen cells from mice immunized 6 days previously with L.
monocytogenes (either as a primary or secondary injection) were stimulated in
culture with 1.0 mg of concanavalin A (ConA) (Sigma, St. Louis, Mo.) per ml in
RPMI 1640 containing 100 U of penicillin (Sigma) per ml 100 mg of streptomycin
(Sigma) per ml, 5% FCS, and 5 3 1025 M 2-mercaptoethanol 2-ME (Sigma). A
total of 108 cells in 50 ml were cultured in a 75-cm2 flask for 72 h at 37°C in
humidified air with 7.5% CO2. Following culture, the recovered cells were used
in assays of CTL activity.

CFU reduction assay. J774 target cells were deposited at 1 3 105 to 2 3 105

cells/well in 24-well tissue culture plates in 1.0 ml of antibiotic-free DMEM
supplemented with nonessential amino acids and 5% FCS 18 h before the assay
(2, 6). The target cell monolayers were infected with L. monocytogenes (obtained
from a log-phase culture) at a multiplicity of infection (MOI) of 2 to 5. After 60
min, the monolayers were washed twice with sterile PBS (37°C) and covered with
0.5 ml of DMEM containing 5% FCS and 40 mg of gentamicin sulfate per ml.
Effector cells, as obtained following culture stimulation were added (typically
effector/target [E/T] ratio of 20:1) in 0.5 ml of DMEM with 5% FCS 3 to 4 h after
initiation of the infection. The assays were terminated 4 to 5 h later, and the
number of intracellular bacteria remaining in each well was determined. Specif-
ically, the medium was aspirated and replaced with 1 ml of distilled water. Five
minutes later, dilutions were plated onto brain heart infusion (BHI) agar plates,
which were incubated for 24 h at 37°C, and the number of CFU was determined.
Data are presented as percent CFU reduction 5 [1 2 (CFU in target monolayers
incubated with effector cells)/(CFU in target monolayers incubated without ef-
fector cells)] 3 100.

51Cr release assay. RMAS-Kd target cells were labeled with 51Cr (5 3 106

cells, 250 mCi of 51Cr) for 60 min and then washed twice. The 51Cr-labeled target
cells were pulsed with a 1029 M concentration of the LLO 91–99, p60 217–225,
or p60 449–457 peptide for 60 min. The peptide-pulsed target cells were added
in 100-ml volumes to 96-well round-bottom microtiter plates at 104 cells/well.
Effector cells in a 100-ml volume were added at an E/T ratio of 50:1. Following
a 4-h incubation at 37°C, 150 ml of supernatant was collected, and the percent
lysis was calculated as 100 3 [(experimental cpm 2 spontaneous cpm)/(total
cpm 2 spontaneous cpm)]. The data presented are the mean of triplicate wells.
Spontaneous release was less than 10% for all experiments.

CTL frequency analysis. 51Cr-labeled RMAS-Kd target cells were pulsed with
either 1029 M LLO 91–99, p60 217–225, or p60 449–457 for 60 min and then
plated in a 100-ml volume to round-bottom microtiter plates at 5 3 103 targets/
well. Serial dilutions of the antilisterial effectors were added in 100-ml volumes,
in replicates of 10 to 20 for each peptide, typically beginning with a 50:1 E/T
ratio. The assay was terminated 4 to 6 h later, the 96-well plates were centrifuged,
and 0.15 ml of supernatant was removed from each well for analysis. Wells were
scored positive if release exceeded 3 standard deviations above the spontaneous

release. The fraction of negative wells was plotted against the number of input
cells, and the CTL frequency was calculated as the number of cells in the total
population that corresponds to the 37% negative value (40).

RESULTS

L. monocytogenes strains used for the present studies. We
have shown previously that LLO 91–99-specific CTLs are ab-
sent in mice immunized with a strain of L. monocytogenes in
which the tyrosine (single-letter-code Y) at amino acid position
92 within LLO has been substituted for by a phenylalanine
(single-letter-code F) (9). In these studies, we were unable to
detect any stimulation of LLO 91–99-specific CTLs in mice
immunized with the 92F mutant. In addition, we were unable
to detect the 91-92F-99 peptide as an MHC class I-associated
target for LLO 91–99-specific CTLs with J774 cells infected
with the 92F strain. Based upon these results with the 92F
mutant and the ability to manipulate the CTL response fol-
lowing immunization with L. monocytogenes, we developed a
strain of L. monocytogenes in which the tyrosine at position 2
within the p60 217–225 epitope has been changed to phenyl-
alanine, thus eliminating the anchor residue at position 2 that
is required for Kd binding. In addition, the isoleucine at amino
acid 225 has been changed to valine. We refer to this mutant as
the p60 218F strain. Table 1 shows the amino acid sequences of
the LLO 91–99 and p60 217–225 determinants for the 92F and
p60 218F strains used for the studies presented in this report.

Peptide-specific CTLs are absent from mice immunized with
the p60 218F or 92F mutants. In order to verify that the
mutants as listed in Table 1 had specific defects for stimulation
of peptide-specific CTLs, BALB/c mice were immunized with
viable wild-type L. monocytogenes or the 92F or p60 218F
mutants. Six days later, immune spleen cells were stimulated in
vitro to obtain effector CTLs that were then assessed for pep-
tide-specific CTL responses. The data presented in Fig. 1 show
that LLO 91–99 and p60 217–225-specific CTLs are stimulated
following immunization with wild-type L. monocytogenes. Im-
munization with the p60 218F mutant results in the stimulation
of LLO 91–99-specific but not p60 217–225-specific CTLs. As
previously reported (9) and again shown in Fig. 1, p60 217–
225-specific but not LLO 91–99-specific CTLs are stimulated in
mice immunized with the 92F mutant.

The CTL activity of these populations was also tested against
targets cells infected with wild-type L. monocytogenes. The data
presented in Fig. 2 show that J774 target cells infected with
wild-type L. monocytogenes are lysed by effector CTLs from
mice previously immunized with the 92F or p60 218F mutants.
Thus, although LLO 91–99- or p60 217–225-specific CTLs are
absent in mice immunized with the 92F or p60 218F mutants,
respectively, the capacity to lyse L. monocytogenes-infected

TABLE 1. Amino acid sequences of LLO 91–99 or p60 217–225 for
L. monocytogenes mutants

L. monocytogenes straina
Amino acid sequenceb

LLO 91–99 p60 217–225

Wild type GYKDGNEYI KYGVSVQDI
p60 218F GYKDGNEYI KFGVSVQDV
92F GFKDGNEYI KYGVSVQDI

a The L. monocytogenes strains utilized for study include the wild type; the 92F
mutant, which contains a Y-to-F substitution at aa 92 of LLO; or p60 218F, which
contains a Y-to-F substitution at aa 218 of p60 and an I-to-V substitution at aa
225. (Substitutions are underlined.)

b The amino acid sequence is given in the single-letter code for each of the
strains listed. The amino acid sequence was determined by DNA sequencing as
described in Materials and Methods.
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targets does not appear to be altered with these immune ef-
fector populations.

Induction of active immunity. The results presented in Fig.
1 show that LLO 91–99- and p60 217–225-specific CTL effec-
tors are absent in mice immunized with the mutants in which
amino acid substitutions for tyrosine have been placed at the
second amino acid position for LLO 91–99 (Y to F) or p60
217–225 (Y to F). In order to determine whether the absence
of LLO 91–99 or p60 217–225 CTL responses influences anti-
listerial protection, BALB/c mice were immunized with the
92F or p60 218F mutant, and the levels of antilisterial protec-
tion were assessed 3 weeks later. The levels of protection were

compared to the level of protection in mice previously immu-
nized with wild-type L. monocytogenes. Figure 3A shows that
mice immunized previously with wild-type L. monocytogenes,
the 92F mutant, or the p60 218F mutant and then challenged
with 10 LD50 of wild-type L. monocytogenes show a log10 pro-
tection value in the range of 3.5 to 4. We found the levels of
antilisterial protection following wild-type challenge in the
group immunized previously with the p60 218F mutant to be
equivalent to control levels. Similarly, and as previously re-
ported (9), the levels of antilisterial protection following wild-
type challenge in the group immunized previously with the 92F
mutant were also found to be equivalent to control levels.
Additional experiments were conducted in which mice were
immunized with wild-type L. monocytogenes, the 92F mutant,
or the p60 218F mutant and then challenged 3 weeks later with
the p60 218F strain. Figure 3B shows log10 protection values
for the experimental groups to be in the range of 3.5 to 4 as
well.

The absence of p60 217–225-specific CTLs does not alter
intermolecular or intramolecular CTL responses. Results
from our previous study suggest that the presence or absence
of LLO 91–99-specific CTLs does not alter the magnitude of
other L. monocytogenes-derived peptide-specific CTL re-
sponses (7). In order to evaluate this further, experiments were
conducted with populations of effector CTLs from mice immu-
nized with the p60 218F mutant. As shown in Table 2, the
absence of p60 217–225-specific CTLs does not alter the levels
of LLO 91–99-specific CTLs. In addition, the absence of p60
217–225-specific CTLs does not alter or enhance the levels of
p60 449–457-specific CTLs compared to the levels measured in
mice immunized with wild-type L. monocytogenes. Further-
more, the data show that p60 449–457-specific CTLs occur less
frequently than CTLs to the p60 217–225 determinant. Table 2
also includes data showing results with effector CTLs from
mice previously immunized with the 92F mutant. Consistent
with our previous report (7), the absence of LLO 91–99-spe-
cific CTLs does not alter the levels of p60 217–225-specific
CTLs. In addition, the absence of LLO 91–99-specific CTLs
does not alter the level of p60 449–457-specific CTLs. Culture-

FIG. 1. p60 217–225-specific CTLs are absent from mice immunized with the
p60 218F mutant. BALB/c mice were immunized either with wild-type L. mono-
cytogenes, the 92F mutant, or the p60 218F mutant. Six days later, spleen cells
were stimulated in culture for 72 h, and the recovered cells were utilized as
effector CTLs. 51CR-labeled RMAS-Kd cells were pulsed with a 1029 M con-
centration of either the LLO 91–99 (solid bars) or p60 217–225 (stippled bars)
peptide for 60 min and then added at 104 cells/well. Effector CTLs were added
at an E/T ratio of 50:1. The assay was terminated 4 h later, and the percent 51Cr
was determined. The data are representative of four experiments.

FIG. 2. Effector CTLs from mice immunized with the p60 218F mutant lyse
L. monocytogenes-infected target cells. BALB/c mice were immunized either with
wild-type L. monocytogenes, the 92F mutant or the p60 218F mutant. Six days
later, spleen cells were stimulated in culture for 72 h, and the recovered cells
were utilized as effector CTLs. J774 target cells were infected with wild-type L.
monocytogenes at an MOI of 2:1 to 5:1 and washed 60 min later, and 40 mg of
gentamicin per ml was added. Three hours later, effector CTLs at an E/T ratio
of 20:1 (solid bars) or 5:1 (stippled bars) were added. The assay was terminated
4 h later, and the percent CFU reduction was determined. The data are repre-
sentative of four experiments. The mean number of CFU per well for L. mono-
cytogenes-infected J774 cells in the absence of antilisterial CTLs for this exper-
iment was 9.2 3 106.

FIG. 3. Active immunization with the p60 218F mutant protects against chal-
lenge with wild-type L. monocytogenes. BALB/c mice were immunized with
approximately 0.1 LD50 of the indicated strain of L. monocytogenes. Three weeks
later, the animals were challenged with wild-type L. monocytogenes (A) or the
p60 218F mutant (B). Forty-eight hours later, the numbers of splenic CFU were
determined. The data are presented as the mean log10 CFU per spleen for each
group. The data are representative of two experiments.
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activated spleen cells from normal mice or mice previously
immunized with a heat-killed preparation of L. monocytogenes
do not contain LLO 91–99-, p60 217–225-, or p60 449–457-
specific CTLs (data not shown).

CTL development in an environment of existing antivector
immunity. Mice injected with the p60 218F mutant do not
possess CTLs to the p60 217–225 determinant, and the levels
of LLO 91–99-specific CTLs are similar to the levels observed
in wild-type-immunized donors (Table 2). Similarly, mice in-
jected with the 92F mutant do not possess CTLs to the LLO
91–99 determinant, and the levels of p60 217–225-specific
CTLs are similar to the levels observed in wild-type-immu-
nized donors (7). These observations allow experiments to test
whether L. monocytogenes-specific CTLs are stimulated in an
environment of existing antilisterial immunity. BALB/c mice
were immunized with the p60 218F mutant or 92F mutant, and
2 months later, they were injected with wild-type L. monocy-
togenes. (At the time the secondary L. monocytogenes injection
is given, the immune animals are resistant to a 1,000-LD50
challenge of wild-type L. monocytogenes [data not shown].) Six
days later, spleen cells were stimulated to generate effector
CTLs, and the frequency of effector CTLs was determined (7).
Control groups include animals given a single immunization
with wild-type L. monocytogenes (to establish primary CTL
response levels), as well as groups of animals immunized twice
with wild-type L. monocytogenes (to establish memory CTL
response levels). (In order to verify the presence or absence of
peptide-specific CTLs following the initial immunization, ef-
fector CTLs were obtained from a subgroup of animals 6 days
following the initial injection. We found that BALB/c mice
initially injected with the 92F mutant did not possess LLO
91–99-specific CTLs and that animals initially injected with the
p60 218F mutant did not possess p60 217–225 CTLs. Mice
initially injected with wild-type L. monocytogenes possessed
LLO 91–99- and p60 217–225-specific CTLs. For these three
groups, positive CTL responses were consistent with primary
levels [data not shown].) The data presented in Table 3 for
experiment A show that the numbers of LLO 91–99, p60 217–
225, and p60 449–457-specific CTLs from the animals given a
single injection of wild-type L. monocytogenes are at levels
consistent with a primary CTL response. Animals that received
a primary injection and a secondary injection of wild-type L.
monocytogenes possess enhanced numbers of CTLs specific for
LLO 91–99, p60 217–225, and p60 449–457, a finding consis-
tent with the presence of memory CTLs. When effector CTLs
from animals that received an initial immunization with the
p60 218F mutant and then were given a secondary injection

with wild-type L. monocytogenes are assessed, the frequencies
of effector cells specific for LLO 91–99 and p60 449–457 are
consistent with the presence of a memory CTL response. How-
ever, the numbers of CTLs specific for p60 217–225 are equiv-
alent to a level measured as a primary CTL response. For
animals that received an initial immunization with the 92F
mutant and then were given a secondary injection with wild-
type L. monocytogenes, the frequencies of effector cells specific
for p60 217–225 are consistent with the presence of a memory
CTL response (Table 3 [experiment B]). However, the fre-
quency of CTLs specific for LLO 91–99 is equivalent to that
detected in a primary CTL response. The results presented in
Table 3, experiment C, show that, in some studies, although
injection of wild-type L. monocytogenes into animals previously
immunized with the 92F strain results in stimulation of LLO
91–99-specific CTLs, the effector frequency is not always equiv-
alent to levels considered to be a primary response. However,
it is apparent from this experiment that the CTL response to
the p60 217–225 determinant is consistent with a memory
response.

DISCUSSION

The effectiveness of vaccines for the general population in
which a virus or bacteria is used as a vector to deliver heter-
ologous antigen may depend on the immune response to the
vector itself. It is not difficult to envision that for any given
vector that is utilized, individuals within the population may
have existing immunity to the vector. Thus, a situation may be
encountered in which vaccine efficacy requires that primary
responses develop even though existing immunity to the vector
may result in a more rapid elimination of the vaccine carrier,
thus compromising the effort. For example, with adenovirus as
a carrier, existing antiviral immunity significantly alters the
development of a primary response (37). Existing immunity to
adenovirus also limits its effectiveness in models of gene ther-
apy (23). Concerns over the use of vaccinia virus as a carrier for

TABLE 2. Immunization with the p60 218F mutant does not
stimulate p60 217–225-specific CTLs

Immunizationa
Effector CTL frequencyb

LLO 91–99 p60 217–225 p60 449–457

Wild type 1/58,500 1/84,500 1/181,000
p60 218F mutant 1/52,900 NDc ,1/200,000
92F mutant ND 1/93,480 ,1/200,000

a BALB/c mice were immunized with the indicated strains of L. monocyto-
genes. Six days later, spleen cells were stimulated in culture, and the recovered
effectors were assessed for frequencies of peptide-specific CTLs.

b 51Cr-labeled RMAS-Kd cells were pulsed with a 1029 M concentration of the
indicated peptide for 60 min and then added at 5 3 103 cells/well. Serial dilutions
of effector cells were added, and 4 to 6 h later, supernatant was collected for
assay of 51Cr release. CTL frequency was determined as previously described (7).
The data are representative of three experiments.

c ND, not detected.

TABLE 3. Existing antilisterial immunity does not alter the
development of primary CTLs to L. monocytogenes-

derived determinants

Expt
Immunizationa Effector CTL frequencyb

Primary Secondary LLO 91–99 p60 217–225 p60 449–457

A
Wild type 1/21,840 1/90,800 1/226,000
Wild type Wild type 1/2,350 1/5,600 1/19,000
p60 218F Wild type 1/3,300 1/81,310 1/23,070

B
Wild type 1/31,500 1/99,050 NDc

92F Wild type 1/32,900 1/62,460 ND

C
Wild type 1/19,375 1/68,444 ND
92F Wild type 1/57,930 1/25,010 ND

a BALB/c mice were immunized with the indicated strains, and 2 months later,
they were injected with wild-type L. monocytogenes. Control animals were im-
munized with the wild-type strain at this time. Six days later, spleen cells were
stimulated in culture, and the recovered cells were assessed for peptide-specific
effector CTLs.

b 51Cr-labeled RMAS-Kd cells were pulsed with a 1029 M concentration of the
indicated peptide for 60 min, and then they were added at 5 3 103 cells/well.
Serial dilutions of effector cells were added, and 4 to 6 h later, supernatant was
collected for assay of 51Cr release. CTL frequency was determined as previously
described (7). The data are representative of three experiments.

c ND, not determined.
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recombinant molecules have also been reported (30). One
study showed that stimulation of a primary antibody response
when using vaccinia virus to deliver the recombinant antigen
was suppressed for at least 9 months because of anti-vaccinia
virus immunity that was stimulated from a previous exposure
to the vaccinia virus (24). Whether these observations are due
to unknown virus-associated influences on antigen processing
and presentation remains to be determined (19).

L. monocytogenes has been proposed and tested as a vaccine
delivery system. Because of knowledge about the pathogenesis
of this bacterium (12, 35), as well as an understanding of the
protective cell-mediated immune response that develops fol-
lowing infection (5), this model system can be utilized to ad-
ditionally test the concept of priming of CTL responses when
immunity to the vector exists. Injection of BALB/c with an
immunizing dose of L. monocytogenes (0.1 LD50) results in
relatively uncontrolled bacterial replication in the spleen for
the first 72 h, which then begins to decline (6, 25). Six days
following injection, splenic CFU are barely detectable. This
finding is in marked contrast to the clearance of L. monocyto-
genes from the spleens of immune animals. Rather than un-
controlled growth, a rapid decline in splenic CFU is observed.
By 48 h following challenge, splenic CFU are typically below
detection limits (data not shown). Thus, when considering uti-
lization of L. monocytogenes or any other vector as a vaccine
carrier, a key question of concern asks if there is sufficient time
for stimulation of a primary response to the recombinant an-
tigen of interest. This is relevant given the narrow window that
the vector would be expected to persist in an environment of
existing antivector immunity. For the use of L. monocytogenes
as a vaccine carrier, this concern is underscored from the
results of a previous study showing that development of anti-
listerial immunity is significantly reduced or does not develop
when immunized animals are treated with antibiotics to halt
the infection 1 to 2 days after the immunization (31).

The data presented in this report suggest that existing anti-
listerial immunity does not inhibit subsequent development of
a primary CTL response when the epitope of interest is deliv-
ered within L. monocytogenes. Thus, primary immunization
with the p60 218F L. monocytogenes mutant that does not
stimulate the development of p60 217–225-specific CTLs fol-
lowed by secondary immunization with the wild-type strain
results in development of p60 217–225-specific CTLs (Table 3).
Similarly, primary immunization with an L. monocytogenes mu-
tant that does not stimulate the development of LLO 91–99-
specific CTLs followed by secondary immunization with the
wild-type strain results in development of LLO 91–99-specific
CTLs. Even though existing antilisterial immunity results in
rapid clearance of the wild-type strain, priming can still occur
to an L. monocytogenes-specific determinant. In addition, de-
terminants that would be expected to elicit a memory response
following the secondary injection with L. monocytogenes are at
an increased frequency of peptide-specific CTLs. These data
suggest that primary and secondary CTL responses develop
independently.

The studies that have defined the LLO 91–99 and p60 217–
225 epitopes as targets of antilisterial CTLs utilized cell lines
or clones continuously stimulated in the presence of L. mono-
cytogenes-infected target cells or crude preparations of L.
monocytogenes-derived peptides (32, 33). The studies pre-
sented in this report showing peptide-specific CTL responses
were done by utilizing effector cell populations obtained after
primary culture stimulation of L. monocytogenes immune cells
with the polyclonal T-cell mitogen ConA. Studies with ConA-
stimulated Listeria-immune spleen cells have shown that pep-
tide-specific MHC class I-restricted CTLs reside solely within

the CD81 T-cell subset, with no peptide-specific MHC class
I-restricted CTL activity measured in non-CD81 cells (8, 10).
Furthermore, we found that the peptide concentration (1029

M) for sensitization of target cells for cytolysis by the poly-
clonally stimulated effector population is similar to that ob-
served for peptide-specific T-cell lines and clones (16, 18). This
would suggest that the CTL effector cells used in our studies
possess similar properties in terms of recognition of peptide-
pulsed cells and subsequent lytic functions, as observed with
CTLs which have been selected for epitope-specific respon-
siveness. Antilisterial effectors obtained following culture stim-
ulation have also been shown to possess enhanced in vivo
activity, as measured by the levels and the duration of protec-
tion to L. monocytogenes challenge (3). In addition, experi-
ments with ConA-stimulated Listeria-immune cells showed the
importance of the immune CD81 T-cell subset for the in vivo
expression of antilisterial immunity (1, 4). Subsequent studies
with Listeria-specific CD81 T-cell lines, as well as peptide-
specific CD81 T-cell lines and clones, are consistent with this
earlier report (16, 18).

Because this polyclonally stimulated CTL population has
not been selected in vitro for a specific MHC class I-presented
target peptide, the nature of the response is reflective of the
array of responses that occur in vivo. This is supported by
published data showing that the relative ratio of LLO 91–99-
compared to p60 217–225 peptide-specific CTLs is not altered
following the ConA culture stimulation step compared to the
ratio of effector CTLs assessed directly ex vivo (7). This ob-
servation was recently confirmed, and the authors further sug-
gested that some aspects of in vitro peptide restimulation may
cause disparate expansion of CTLs specific for different
epitopes (11).

The development of L. monocytogenes mutants that do not
stimulate LLO 91–99- or p60 217–225-specific CTLs has al-
lowed for studies assessing the development of responses in the
presence or absence of CTLs to intermolecular or intramolec-
ular determinants. We originally demonstrated the feasibility
of this approach following immunization with an L. monocy-
togenes mutant in which the tyrosine anchor residue within
LLO 91–99 was changed to phenylalanine. We now extend
these findings with effector CTLs from mice immunized with
an L. monocytogenes mutant in which the tyrosine anchor res-
idue within p60 217–225 has been changed. The numbers of
intermolecular (LLO 91–99) or intramolecular (p60 447–457)
specific CTLs that develop are not influenced, even though
effector CTLs to the p60 217–225 determinant are absent (Ta-
ble 2).

L. monocytogenes, which as a pathogen is a strong stimulator
of Th1 cytokines and cellular immune responses (26, 28), has
been utilized as a candidate vaccine delivery system. Recom-
binant strains have been tested for the successful stimulation of
protective antitumor and antiviral immune responses (21, 34,
39). However, a major concern for the rational design of ef-
fective subunit recombinant vaccines is whether existing im-
munity to the carrier or vector influences the development of
a primary response to the determinant(s) of interest. This is an
issue for the general application of this approach to the clinical
setting. The results from experiments presented in this report
show that L. monocytogenes-specific primary CTL responses
can develop within an environment of existing antilisterial im-
munity. These data suggest that existing immunity to L. mono-
cytogenes may not compromise its utility as a vaccine carrier, a
concern that is underscored by results obtained when vaccinia
virus or adenovirus is utilized as the carrier (23, 24, 30, 37).
Thus, these data are consistent with the continued evaluation
of the efficacy of L. monocytogenes as a vaccine delivery vector.
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We are currently investigating whether CTLs with specificity
for heterologous (non-L. monocytogenes-derived) determi-
nants when delivered by recombinant L. monocytogenes can
also be stimulated in an environment of existing antilisterial
immunity.
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