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the American Type Culture Collection and were grown in TPB
as described above.
APCs. The cell lines P815 (mastocytoma) and J774A.1 (macrophage-like) were obtained from the American Type Culture
Collection (ATCC CRL 6448 and TIB 67, respectively) and
were maintained in antibiotic-free modified Eagle’s medium
(MEM) supplemented with 7.5% fetal calf serum. Bone marrow macrophages were isolated from the femurs of BALB/c
mice and were cultured in media supplemented with granulocyte-macrophage colony-stimulating factor (10% supernatant
from CHO cells transfected with the murine granulocyte-macrophage colony-stimulating factor gene) for 7 to 10 days before
use.
Infection of APCs. APCs (106) were harvested and resuspended in 10 ml of antibiotic-free MEM. A total of 109 live L.
monocytogenes bacteria (1 ml of a 3-h log-phase culture) were
washed three times in phosphate-buffered saline (PBS) and
resuspended in PBS. Ten microliters of the washed bacteria
(107 bacteria, i.e., a multiplicity of infection of 10 bacteria per
APC) were added to the APCs. After 30 min (for the J774 cell
line and the bone marrow macrophages) or 3 h (for the P815
cells), gentamicin was added to a final concentration of 5 mg/ml
in order to kill the extracellular bacteria. The total time of
infection was 6 h.
For infection with heat-killed L. monocytogenes, a similar
protocol was used; however, the multiplicity of infection was
increased to 100:1 and no gentamicin was added. For supernatant-pulsed cells, 1 ml of supernatant was added to 106 cells
suspended in 5 ml of MEM supplemented with 7.5% fetal calf
serum. These cells were incubated for 3 h and then added to a
cytotoxicity assay.
Cytotoxicity assay. The p60-specific CD81 T-cell line L9.6
was obtained from Eric Pamer (Yale University School of
Medicine, New Haven, Conn.). This clone recognizes the peptide KYGVSVQDI in the context of the MHC class I H-2Kd
molecule, as described by Pamer (11). Infected and uninfected
APCs were labeled with 51Cr, and a standard 4-h cytolysis assay
was performed.
p60-specific cytolytic T cells kill macrophage-like lines and
primary macrophages infected with wild-type or LLO2 L.
monocytogenes. L. monocytogenes p60 is a 60-kDa protein that
is present on the surface of the bacterium and is also secreted
by viable bacteria (8). A CD81 CTL recognizing an epitope
derived from the p60 molecule presented by the MHC class I
molecule H-2Kd has been derived (11). This peptide epitope
can be recovered from H-2Kd molecules 6 h after infection
with wild-type L. monocytogenes (11). We examined whether

Upon phagocytosis by macrophages, several species of bacteria remain within the phagosome whereas other bacterial
species escape into the cytosol. In the case of wild-type Listeria
monocytogenes, escape into the cytosol is achieved by the secretion of a lysin, listeriolysin O (LLO). In contrast, Listeria
innocua and various mutant strains of L. monocytogenes do not
synthesize functional LLO and do not escape the phagosome
(2, 13). By comparing the abilities of wild-type and mutant
(LLO2) L. monocytogenes to sensitize phagocytic antigen-presenting cells (APCs) for lysis by cytotoxic T lymphocytes
(CTL), one study concluded that presentation of L. monocytogenes-derived peptides by major histocompatibility complex
(MHC) class I molecules occurs only if the L. monocytogenes
bacteria escape into the cytosol (2). A conflicting report (20)
observed class I-restricted presentation to an L. monocytogenes-specific CTL line raised against heat-killed L. monocytogenes. Using a T-cell clone specific for an epitope derived from
the L. monocytogenes protein p60 (11), we demonstrated that
presentation of the p60 epitope by class I molecules occurs
regardless of whether bacteria reside in the cytosol (LLO1) or
the phagosome (LLO2). We suggest that this secreted protein
is able to enter the class I pathway from either location and
that therefore class I presentation can be influenced not only
by the intracellular location of the pathogen but also by the
properties of the antigenic protein produced by the pathogen.
Bacterial strains. L. monocytogenes 163/85 (LLO1) and
162/85 (LLO2) (5) were grown in tryptic peptone broth (TPB).
L. monocytogenes 162/85 has a transposon inserted in the LLO
gene which causes a truncation in the protein, rendering the
LLO secreted from this bacterium nonfunctional. L. monocytogenes 162/85 was grown in TPB supplemented with 1 mg of
tetracycline per ml in order to maintain selection for the transposon. The inability of the strain to produce functional hemolytic LLO was confirmed by plating on sheep blood agar plates,
its inability to escape into the cytosol was confirmed by the
failure to polymerize actin upon phagocytosis into APCs (data
not shown). Freshly thawed stocks of both L. monocytogenes
strains were added to 4.5 ml of TPB (a mixture of TPB and
tetracycline was used for 162/85) and cultures were grown for
3 h at 378C.
L. innocua SLCC 3379 and SLCC 3423 were obtained from
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Listeria monocytogenes is an intracellular pathogen which escapes the phagosome and resides in the cytosol
of the host cell. Using Listeria innocua and a mutant strain of L. monocytogenes (listeriolysin O negative), which
do not enter the cytosol of the host cell, we demonstrate class I presentation of an epitope of p60, a protein
secreted by L. monocytogenes, to a class I-restricted CD81 cytotoxic T lymphocyte clone.
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APCs infected with either wild-type or LLO2 L. monocytogenes would be recognized and killed by the p60-specific CTL
clone. The p60-specific CTL clone lysed J774 and P815 target
cells infected with wild-type L. monocytogenes, verifying that
the p60 epitope is presented by H-2Kd on the surface of these
target cell lines (Fig. 1A and B). The same target cells infected
with the mutant strain 162/85 were also lysed by the p60specific CTL (Fig. 1A and B). The killing of APCs infected
with 162/85 by the p60-specific CTL suggests that even though
these bacteria did not escape the phagosome and enter the
cytosol, the p60 molecule that they produced reached the class
I processing pathway. To determine that this mode of presentation was not confined to these immortalized cell lines and
was also a property of normal macrophages, we examined
whether bone marrow-derived macrophages behaved similarly
and were able to present the p60 epitope from both wild-type
and LLO2 L. monocytogenes. The bone marrow macrophages
infected with both wild-type and LLO2 strains were lysed by
the p60-specific CTL (Fig. 1C). The killing was not due to
extracellular loading of p60-derived epitopes from p60 secreted by extracellular bacteria, since APCs pulsed with bacterial culture supernatant could not be lysed by the p60-specific
CTL (Fig. 2A). Similarly, supernatant from washes of L. monocytogenes were unable to sensitize APCs for lysis by the p60specific CTL (data not shown). A previous study which demonstrated class I presentation by LLO2 L. monocytogenes (20)
used T cells elicited by APCs infected with heat-killed bacteria.
We therefore examined whether heat-killed LLO1 would sensitize the APCs for lysis by the p60-specific CTL clone. In
contrast to cells infected with live bacteria, cells infected with
heat-killed wild-type L. monocytogenes were not killed by the
p60-specific CTL (Fig. 2B), suggesting that either p60 is not
produced by heat-killed bacteria or it is unable to reach the
class I processing pathway in sufficient quantities to sensitize
the APCs for lysis by the CTL.
p60-specific CTL recognize J774 macrophages infected with
L. innocua. We examined whether p60 from other Listeria
species which do not escape the phagosome can be processed
and presented by the class I pathway. Similar to the 162/85
mutant L. monocytogenes, L. innocua does not produce a lysin
which allows for escape from the phagosome. Consequently, L.
innocua resides in the phagosome of infected cells and is considered avirulent. L. innocua secretes a p60-related protein
which is highly conserved between L. innocua and L. monocytogenes (3), and the epitope (residues 217 to 225) recognized by
the CTL clone is identical for the two species. As shown in Fig.
3, APCs infected with L. innocua are lysed by the p60-specific

CTL, and the level of killing was similar to that of cells infected
with wild-type L. monocytogenes. Thus, p60 produced by other
Listeria species which do not escape the phagosome can be
processed and presented by MHC class I molecules.
Our observation that cytosolic location is not required for
class I presentation is in contrast with the results of previous
studies that did not demonstrate CTL-mediated lysis of macrophages infected with LLO2 L. monocytogenes (2). The difference between those observations and our results could be
due to the difference in the effector T-cell populations used.
The bulk T-cell cultures used by Bouwer et al. were of unknown specificity, whereas the T-cell clone we used is known to
recognize an epitope from the p60 protein. Our experiments
are in agreement with the experiments of Szalay and colleagues, who demonstrated that Listeria-derived proteins from
LLO1 and LLO2 L. monocytogenes could be presented to
Listeria-specific T-cell lines (20). Our system is, however, distinct from their study, as Szalay et al. utilized T-cell lines that
were raised against cells infected with heat-killed Listeria species, whereas the p60-specific T-cell clone used in the present
study was raised against live bacteria and was unable to lyse
cells infected with heat-killed L. monocytogenes. It is conceivable that the presentation pathways for live and dead bacteria
are different.
The finding that L. monocytogenes bacteria do not need to
reside in the cytosol for their antigens to be presented by class
I molecules is consistent with the finding that CD81 CTL

FIG. 2. p60-specific CTL do not recognize J774A.1 cells infected with heatkilled L. monocytogenes (A) or pulsed with supernatant from a log-phase L.
monocytogenes culture (109 bacteria) (B). The target cells are denoted by the
following symbols: open circles, uninfected cells; open triangles, cells pulsed with
the p60 peptide from residues 217 to 225; half-filled squares, cells infected with
heat-killed L. monocytogenes; filled diamonds, cells pulsed with supernatant from
log-phase culture. APCs were infected as described in the text. E:T ratio, ratio of
effector cells to target cells.
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FIG. 1. Cytotoxic reactivity of p60-specific CTL clone for APCs infected with L. monocytogenes as described in the text. The target cells are denoted by the following
symbols: open circles, uninfected cells; filled squares, cells infected with wild-type L. monocytogenes; filled circles, cells infected with LLO2 L. monocytogenes; open
triangles, cells pulsed with the p60 peptide from residues 217 to 225. The following APCs were used: P815 cells (A), J774A.1 macrophages (B), and bone marrow
macrophages (C). E:T ratio, ratio of effector cells to target cells.
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FIG. 3. Cytotoxic reactivity of p60-specific CTL clone for J774A.1 cells infected with L. monocytogenes or L. innocua. The target cells are denoted by the
following symbols: open circles, uninfected cells; filled squares, cells infected with
wild-type L. monocytogenes; filled circles, cells infected with L. innocua; open
triangles, cells pulsed with the p60 peptide from residues 217 to 225. E:T ratio,
ratio of effector cells to target cells.
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