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Sublethal infection of mice with recombinant Listeria monocytogenes expressing a model epitope in either
secreted or nonsecreted form results in similar CD8* T-cell priming. Since nonsecreted bacterial proteins have
no obvious access to the endogenous major histocompatibility complex (MHC) class I presentation pathway,
presentation of these antigens requires destruction of the bacterium to reveal the nonsecreted molecules to an
exogenous MHC class I presentation pathway. Gamma interferon (IFN-y), a cytokine made by multiple cell
types in response to L. monocytogenes infection, could be required for exogenous presentation of nonsecreted
bacterial antigens via its capacity to upregulate the expression of molecules involved in antigen presentation,
its capacity to activate macrophages to kill bacteria to expose nonsecreted molecules or both. IFN-y knockout
(KO) mice were used to address the requirement for IFN-y in CD8* T-cell priming against (i) a model
exogenous antigen and (ii) secreted and nonsecreted L. monocytogenes antigens. We demonstrate that IFN-y
KO mice are capable of cross-presenting the model exogenous antigen ovalbumin to prime CD8* T-cell
responses that are only slightly weaker than that in wild-type (WT) mice. Despite their extreme susceptibility
to primary L. monocytogenes infection, previously immunized and naive IFN-y KO mice were able to generate
CD8™ T-cell responses against both secreted and nonsecreted L. monocytogenes antigens which were similar to
responses of WT mice. Interestingly, IFN-y KO mice were as capable as WT mice in mediating the charac-
teristic drop in bacterial load in the liver at 4 h postinfection, although the IFN-y KO mice have exacerbated
bacterial loads as early as 24 h postinfection. These results demonstrate that the regulatory functions of IFN-y
are not required for priming of CD8™" T cells by cross-presentation of a model exogenous antigen or in response
to a nonsecreted L. monocytogenes antigen. In addition, the capacity of IFN-y to activate the microbicidal
activities of macrophages is not required for the very early innate immune response to L. monocytogenes or

priming of CD8* T cells against a nonsecreted bacterial antigen.

Listeria monocytogenes, a gram-positive facultative intracel-
lular bacterial pathogen, can enter and multiply within both
phagocytic and nonphagocytic cells. L. monocytogenes is able to
productively infect phagocytic cells due to its ability to disrupt
the membrane-bound phagosome after infection (14). Al-
though escape from the vacuole allows a subset of bacteria to
avoid the bactericidal effects of phagolysosomal fusion, entry
into the host cell cytoplasm provides a route for bacterial
antigens to enter the endogenous pathway of major histocom-
patibility complex (MHC) class I antigen processing and pre-
sentation to CD8™ T cells (9).

The endogenous pathway of MHC class I antigen presenta-
tion is initiated by the degradation of cytosolic proteins, either
self or pathogen derived, by host cell proteases such as the
proteasome (31). The resulting peptides are transported into
the endoplasmic reticulum by the transporters associated with
antigen processing (TAP). In the endoplasmic reticulum, the
peptides bind to MHC class I molecules and are transported to
the cell surface where the MHC class I-peptide complex can be
recognized by CD8" T cells. However, antigens without access
to the cytoplasm and the endogenous pathway (exogenous
antigens) can also be presented by MHC class I molecules. In
vitro experiments suggest multiple routes for the presentation
of exogenous model antigens by MHC class I molecules in-
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cluding cytosol-dependent and -independent pathways (1, 2,
22, 28, 32, 37). These studies have generally implicated pro-
fessional antigen-presenting cells (APC) such as macrophages
and dendritic cells (DC) in the presentation of exogenous
antigens to prime CD8" T-cell responses. Recent evidence
suggests that in vivo cross-presentation of model exogenous
antigens to prime CD8" T-cell responses is dependent on
CD40L-CD40 interactions (5, 36).

Once L. monocytogenes enters the cytoplasm, secreted L.
monocytogenes proteins are accessible to the endogenous
MHC class I antigen presentation pathway (31), whereas non-
secreted L. monocytogenes proteins are sequestered within the
bacterial cell. However, it has been demonstrated that recom-
binant L. monocytogenes which express an H-2L%-restricted
epitope from the nucleoprotein (NP118-126) of lymphocytic
choriomeningitis virus (LCMV), as either a secreted or a non-
secreted fusion protein, are able to prime similar CD8" T-cell
responses (38). Since the nonsecreted fusion protein is not
exposed when L. monocytogenes is in the host cell cytoplasm,
presentation of the nonsecreted epitope requires destruction
of L. monocytogenes in the phagosome to reveal nonsecreted L.
monocytogenes antigens to an exogenous MHC class I presen-
tation pathway.

Gamma interferon (IFN-v), a cytokine produced by NK cells
during the initial phase of L. monocytogenes infection, activates
the microbicidal activities of macrophages, increasing destruc-
tion of L. monocytogenes in the phagosome (33). As such,
IFN-v is critical in resistance to primary infection with virulent
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L. monocytogenes (10, 17, 24, 27). IFN-y also plays multiple
regulatory roles in the host immune response including the
upregulation of molecules such as MHC class I, TAP, LMP2,
and LMP?7 that enhance antigen presentation to CD8" T cells
(19). Previous work has demonstrated that IFN-y is not re-
quired for detectable priming of CD8" T-cell responses
against secreted L. monocytogenes proteins that are presented
by the endogenous MHC class I presentation pathway (24).
However, the requirement for IFN-v, as a regulatory molecule
in priming of CD8™" T cells against exogenous antigens or as a
molecule that enhances priming of CD8™ T cells in response to
nonsecreted bacterial antigens by increasing the microbicidal
activities of macrophages, is unknown.

In this study, we used IFN-y knockout (KO) mice to exam-
ine the requirement for IFN-y, through its immune regulatory
or microbicidal actions, for in vivo priming of CD8" T cells
against a model exogenous antigen or a nonsecreted L. mono-
cytogenes antigen.

MATERIALS AND METHODS

Mice. BALB/c (H-2* MHC), C57BL/6 (B6; H-2* MHC), and CB6 (H-2*)
mice were purchased from the National Cancer Institute. IFN-y KO mice on the
B6 background (18) were purchased from The Jackson Laboratory. IFN-y KO
mice on the BALB/c background have been described elsewhere (24). H-2
IFN-y KO mice were generated by crossing the parental IFN-y KO strains.

Bacteria. Bacteria used in this study were virulent L. monocytogenes strain
10403s (6), virulent recombinant L. monocytogenes strain XFL303 (referred to as
LM-NPs), expressing a secreted fusion protein containing the LCMV NP118-126
epitope, recombinant L. monocytogenes XFL304 (referred to as LM-NPns),
expressing a nonsecreted fusion protein containing the LCMV NP118-126
epitope (38), and attenuated recombinant L. monocytogenes strain DP-11942,
which carries an in-frame deletion in the actA gene (8). Growth and maintenance
of all L. monocytogenes strains were as described elsewhere (24). Actual numbers
of CFU injected were determined for each experiment by plate count.

Immunization with ovalbumin-loaded splenocytes. Age- and sex-matched
mice were immunized intravenously with 25 X 10° splenocytes that had been
loaded with ovalbumin as described previously (11). Briefly, 120 X 10° spleno-
cytes were depleted of red blood cells by incubating in ACK lysis buffer (0.15 M
NH,CI, 1.0 mM KHCO3;, 0.1 mM Na,EDTA) for 5 min at room temperature.
After being washed twice in Hanks’ balanced salt solution, the splenocytes were
incubated for 10 min at 37°C in 1 ml of a freshly prepared solution of ovalbumin
(10 mg/ml) in hypertonic medium (0.5 M sucrose, 10% polyethylene glycol 1000,
10 mM HEPES). Splenocytes were then diluted to 15 ml with warm hypotonic
media (60% RPMI 1640, 40% water) and incubated for an additional 2 min at
37°C. Cells were washed twice in Hanks’ balanced salt solution and then resus-
pended at 50 X 10° splenocytes/ml. Splenocytes were irradiated (10 Gy) prior to
injection in 0.5 ml.

Infection with L. monocytogenes. Eight- to ten-week-old age- and sex-matched
BALB/c or IFN-y KO mice were immunized by intravenous injection with 10°
CFU of ActA mutant L. monocytogenes strain DP-1.1942 and were challenged 28
to 33 days later by intravenous injection with 3 X 10° CFU of virulent LM-NPs
or LM-NPns. Naive IFN-y KO mice were infected with 25, 50, or 100 CFU of
virulent recombinant L. monocytogenes by intravenous injection. Naive BALB/c
mice were infected with 10° CFU.

In vitro stimulation of effector cells. Spleen cells (40 X 10°) from mice
immunized or infected 7 days previously were incubated for 5 days with 25 X 10°
irradiated (30 Gy) APC from either B6 (ovalbumin injections) or BALB/c (L.
monocytogenes infections) mice. Irradiated splenocytes were pulsed with 1 nM
appropriate peptide (OVA257-264 or NP118-126, respectively) for 1 h at 37°C
and then washed extensively prior to coculture with splenocytes from responder
mice. Cultures were grown at 37°C in RPMI 1640 supplemented with 10% fetal
calf serum, L-glutamine, and antibiotics (RP10 [23]).

SICr release assays. OVA257-264-specific responses were determined in stan-
dard 4-h >!Cr release assays using EL-4 (H-2> MHC) targets with or without 10
nM OVA257-264 peptide. NP118-126-specific responses were determined in
standard 4-h >'Cr release assays using P815 (H-2¢ MHC) targets with or without
10 nM NP118-126 peptide. In all assays, 10* >'Cr-labeled target cells were plated
in each well of 96-well microtiter plates in 100 wl of RP10. Effector cells were added
in 100 pl to generate a series of effector-to-target ratios. In all assays, total release
was determined by incubating targets in 0.5% Triton X-100. Spontaneous re-
lease was determined by incubating targets in media alone. Percent specific
release was determined as (experimental release — spontaneous release)/(total re-
lease — spontaneous release) X 100.

Intracellular cytokine staining of splenocytes. Intracellular cytokine staining
was performed using a Cytofix/Cytoperm Plus kit (Pharmingen). Briefly, 20 x 10°
splenocytes from each mouse were treated with ACK lysis buffer for 5 min at
room temperature to remove red blood cells. Splenocytes were washed twice in
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RP10 and resuspended in 1 ml of RP10 supplemented with 5% rat concanavalin
A supernatant and 50 mM «-methylmannoside. Cells (200 pl) were incubated for
4 to 5 h at 37°C with medium alone or with 100 nM either NP118-126, OVA257-
264, or LL091-99 peptide, all in the presence of brefeldin A. Cells were washed
twice in FACS (fluorescence-activated cell sorting) buffer (phosphate buffered
saline supplemented with 1% fetal calf serum and NaN3) and were incubated
with antibody directed against the FeylII/III receptors (2.4G2) diluted 1:100 (to
block Fc receptors) and fluorescein isothiocyanate-labeled anti-CD8 (1:100) on
ice for 15 to 30 min. The cells were washed twice with FACS buffer and then fixed
and permeabilized by incubating for 10 to 20 min in 250 wl of Cytofix/Cytoperm.
The splenocytes were then washed twice in Perm/wash solution and stained with
phycoerythrin-conjugated anti-tumor necrosis factor (TNF) (1:100) for 30 min
on ice. Cells were washed twice in perm/wash solution and resuspended in 250 .l
of FACS buffer for analysis by flow cytometry (FACScan; Becton Dickinson).
The stimulated and unstimulated splenocytes from each mouse were compared
to each other for analysis. The gate for TNF" cells was selected such that the
percentage of TNF* cells in the unstimulated sample for each mouse was 0.2%
or less of the CD8™ splenocytes; this level has been subtracted from the peptide-
stimulated splenocytes to determine the level of response above background.
The total number of CD8™ cells in the spleen of each mouse was determined by
multiplying the percentage of CD8" cells for each mouse by the total number of
splenocytes. The number of CD8* cells was then multiplied by the percentage of
TNF™ cells in the CD8™ population in order to determine the number of TNF*
CD8" cells in each spleen. The number of TNF™ cells obtained in the unstimu-
lated samples was subtracted from the number of TNF™" cells obtained in the
stimulated sample from each mouse.

CFU assays. BALB/c or IFN-y KO mice were infected with 10° CFU of L.
monocytogenes strain 10403s. At various times following infection, CFU were
counted in organ homogenates of spleen and livers as described elsewhere (24).
The results are expressed as mean CFU/organ * standard deviation (SD).
Statistical analysis was performed using Student’s ¢ test.

RESULTS

IFN-y is not required for in vivo CD8" T-cell priming
against a model exogenous antigen. IFN-y enhances multiple
aspects of MHC class I antigen presentation including MHC
gene expression, TAP expression, and proteasome configura-
tion (19). Although IFN-y may enhance the efficiency of MHC
class I presentation in some systems, it is not required to prime
CD8™" T-cell responses against some viruses (21) and secreted
L. monocytogenes antigens (24), both of which are accessible to
the endogenous MHC class I presentation pathway. However,
the requirement for IFN-y in presentation of exogenous model
antigens or nonsecreted bacterial antigens, both of which re-
quire processing by exogenous MHC class I presentation path-
ways, has not been addressed.

As a model to determine if IFN-y was required for the
function of exogenous MHC class I presentation pathways in
vivo, we used cross-presentation of ovalbumin-loaded spleen
cells (29). CB6 (H-2", wild type [WT]) or H-2"*/ IFN-y KO
mice were immunized with ovalbumin-loaded splenocytes de-
rived from BALB/c (H-2%) mice. Priming of a H-2K"-restricted
CD8™" T-cell response to the OVA257-264 epitope in this sit-
uation requires cross-presentation since the antigen-loaded
BALB/c splenocytes lack the presenting MHC class I molecule.
The ability of naive or immunized animals to generate a CD8*
T-cell response to the H-2K"-restricted OVA257-264 peptide
was determined by >'Cr release assay 5 days after in vitro
restimulation of splenocytes from each mouse. Immunized WT
and IFN-y KO mice were able to generate a CD8" T-cell
response against the OVA257-264 peptide presented via cross-
presentation (Fig. 1A and B) under in vitro restimulation con-
ditions which failed to induce a response from naive WT or
IFN-y KO mice (data not shown). Although clearly detectable,
the level of response was lower in the IFN-y KO mice than in
WT mice. Similar results were obtained after immunization
with ovalbumin-loaded B6 (H-2) splenocytes (Fig. 2). CD8*
T-cell priming did not depend on IFN-y produced by the
immunizing splenocytes since H-2"*/ IFN-y KO mice immu-
nized with ovalbumin-loaded, H-2¢ MHC IFN-y KO (24)
splenocytes were able to generate a specific CD8™* T-cell re-
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FIG. 1. Cross-presentation of OVA257-264 does not require IFN-y. H-2>¢
WT (A and C) and IFN-y KO (B and D) mice were immunized with ovalbumin-
loaded H-2¢ BALB/c splenocytes (A and B) or H-2¢ TFN-y KO splenocytes (C
and D). Seven days postimmunization, spleen cells were stimulated with
OVA257-264 peptide in vitro and the CD8* T-cell response to the H-2K"-
restricted OVA257-264 epitope was tested in a standard >'Cr release assay after
5 days in culture. Each pair of symbols represents the ability of an individual
mouse to recognize either EL-4 (H-2°) targets pulsed with OVA257-264 (filled
symbols) or the same targets without peptide (open symbols). A representative
experiment of six is shown. E:T, effector/target cell ratio.

sponse against the OVA257-264 epitope (Fig. 1C and D).
These results indicate that IFN-v it is not an absolute require-
ment for in vivo priming of CD8" T-cell responses against a
model exogenous antigen.

The frequency and total number of OVA257-264-specific
CD8™ T cells are reduced in IFN-y KO mice. The bulk in vitro
restimulation and *'Cr release assay does not provide a quan-
titative assessment of the in vivo OVA257-264 specific CD8"
T-cell response generated by cross-presentation. Recently, sev-
eral new techniques including staining with MHC class I tet-
ramers, intracellular IFN-v staining and IFN-y enzyme-linked
immunospot analysis, have been shown to provide similar es-
timates of CD8" T-cell priming after infection (30). CD8" T
cells also produce TNF after antigen stimulation, and detec-
tion of TNF has been used as a measure of antigen specificity
in several applications including the expression cloning of
MHC class I-restricted tumor antigens (40). Since staining for
IFN-y is not useful in the analysis of cells from IFN-y KO
mice, we performed intracellular TNF staining on spleen cells
to determine the frequency and total number of OVA257-264-
specific CD8" T cells in immunized mice. In other experi-
ments, we recently demonstrated that intracellular staining for
TNF provides a reliable measure of the frequency of antigen-
specific CD8™" T cells although staining for TNF detects only a
subset of the cells (~50% in comparisons of three different
epitopes) detected by intracellular staining for IFN-y (2a).
H-2¢ WT and IFN-y KO mice were immunized with ovalbu-
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FIG. 2. An increased number of CD8" T cells respond to OVA257-264 in
WT mice. (A) The percent OVA257-264-responsive CD8" T cells in groups of
H-2* WT or IFN-y KO mice was determined by intracellular cytokine staining
for TNF at 7 days after immunization with BALB/c H-2¢ or B6 (H-2°) spleno-
cytes loaded with ovalbumin. (B) The total number of TNF*" CD8* cells in the
spleen of each mouse was determined as described in Materials and Methods.
Data are presented as mean + SD for groups of five mice. *, P < 0.05; #*, P <
0.005 by Student’s ¢ test. A representative experiment of three is shown.

min-loaded splenocytes from either B6 or BALB/c mice, and
their spleen cells were analyzed 7 days later. WT mice exhib-
ited similar frequency of OVA257-264 specific CD8" T cells
after immunization with BALB/c- or B6-loaded splenocytes,
representing 0.2 to 0.28% of CD8" T cells, respectively (Fig.
2A), although the absolute number of OVA257-264-specific
CD8" T cells was ~2-fold-higher in mice immunized with
Bo6-loaded splenocytes (Fig. 2B). Furthermore, the OVA257-
264-specific CD8" T-cell response in WT mice was increased
in frequency (two- to threefold [Fig. 2A]) and absolute number
(two- to fourfold [Fig. 2B]) compared to that observed in
IFN-y KO mice immunized with ovalbumin-loaded BALB/c or
B6 splenocytes. These results demonstrate that IFN-y plays a
quantitative role in the efficiency of CD8" T-cell priming but
further confirm that IFN-vy is not required to generate a CD8™"
T-cell response via cross-presentation of a model exogenous
antigen.

Previously immunized WT and IFN-y KO mice demonstrate
similar primary responses to secreted and nonsecreted bacte-
rial antigens. In addition to its role in antigen presentation,
IFN-y is important in host defense against L. monocytogenes
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infection (3, 10, 17, 24, 27). IFN-y activates the microbicidal
activities of macrophages, resulting in destruction of L. mono-
cytogenes in the phagosome (33). Thus, priming of CD8" T
cells against the nonsecreted L. monocytogenes antigen may be
dependent on the antimicrobial action of IFN-y. The preced-
ing studies (Fig. 1 and 2) demonstrate that the regulatory
functions of IFN-y are not required for MHC class I presen-
tation of a model exogenous antigen. This result permits the
analysis of the impact of the antimicrobial activities of IFN-y
on CD8" T-cell priming against nonsecreted L. monocytogenes
antigens.

The application of IFN-y KO mice to this question is com-
plicated by the finding these mice are extremely susceptible to
infection with virulent LM (24). The previously determined
50% lethal dose (LDs,) of virulent L. monocytogenes for IFN-y
KO mice is approximately 10 organisms (24), and thus a sur-
vivable immunizing dose of 0.1 LD, would require the accu-
rate administration of a single organism. However, IFN-y KO
mice survive high levels of infection (LDs, of ~10%° CFU)
with an attenuated L. monocytogenes strain, DP-L1942, that
lacks the ActA virulence factor and cannot spread between
cells (24). After immunization with DP-1.1942, IFN-y KO mice
develop acquired immunity to subsequent challenge with vir-
ulent L. monocytogenes that is dependent on CD8™ T cells and
is similar to that generated by immunization of WT mice (24).
To determine whether IFN-y is required to generate a re-
sponse against nonsecreted bacterial antigens, WT and IFN-y
KO mice were first immunized with DP-L.1942 and then chal-
lenged with recombinant L. monocytogenes expressing the
H-2L%restricted NP118-126 epitope from LCMYV as a secreted
(strain XFL303, referred to as LM-NPs) or nonsecreted (strain
XFL304, referred to as LM-NPns) fusion protein (38).

In this experimental scenario, the previously immunized
IFN-y KO mice survive the infection with virulent recombinant
L. monocytogenes due to the secondary response against en-
dogenous, shared L. monocytogenes antigens. However, the
CD8" T-cell response against the NP118-126 epitope, which is
not expressed by the immunizing L. monocytogenes, represents
a primary response and was tested in a >'Cr release assay
following in vitro restimulation. WT and IFN-y KO mice pre-
viously immunized with attenuated L. monocytogenes are able
to respond to NP118-126 expressed as a secreted fusion pro-
tein (Fig. 3A and B). Naive WT mice also mount a substantial
CD8™" T-cell response against the NP118-126 expressed as
either a secreted or a nonsecreted fusion protein (see Fig. SA
and B). In contrast, the response by both the previously im-
munized WT and IFN-y KO mice to NP118-126 expressed as
a nonsecreted fusion protein is greatly reduced, although it is
still detectable in all animals (Fig. 3C and D), compared to the
complete lack of response observed with cells from uninfected
WT and IFN-y KO mice (Fig. 3E and F). The decreased
response to the nonsecreted fusion protein in previously im-
munized mice is not due to failure to infect the mice with a
high dose of LM-NPns since the recall responses to LLO91-99,
an antigen shared by DP-L.1942 and the recombinant L. mono-
cytogenes, are similar in LM-NPns- and LM-NPs-challenged
mice (Fig. 4). The decreased response against the nonsecreted
antigen is not due to the absence of IFN-y since it is also seen
in WT mice and is thus a consequence of prior immunization.
These results suggest that prior immunization has a differential
impact on the primary response to a secreted L. monocytogenes
antigen compared to a primary response to the same antigen
expressed in nonsecreted form. In addition, these results dem-
onstrate that IFN-y is not required to generate a low-level
CD8™" T-cell response to the nonsecreted L. monocytogenes
antigen.
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FIG. 3. Prior immunization has differential impact on CD8" T-cell responses
to secreted or nonsecreted L. monocytogenes antigens in both WT and IFN-y KO
mice. The response generated against the NP118-126 epitope was determined by
in vitro restimulation of spleen cells from WT (A, C, and E) or IFN-y KO (B, D,
and F) mice at 7 days after infection with recombinant L. monocytogenes. WT
BALB/c mice were immunized with 10° CFU of attenuated L. monocytogenes
DP-L1942 and challenged 30 days later with 3 X 10° CFU of virulent recombi-
nant L. monocytogenes LM-NPs (A) or LM-NPns (C). IFN-y KO mice were
immunized with 10° CFU of attenuated L. monocytogenes DP-L1942 and chal-
lenged 30 days later with 3 X 10° CFU of virulent recombinant L. monocytogenes
LM-NPs (B) or LM-NPns (D). Spleen cells from naive WT (E) or IFN-y KO
mice (F) were also analyzed. Each pair of symbols represents the ability of in
vitro-restimulated spleen cells from an individual mouse to recognize P815 (H-
24) targets pulsed with NP118-126 (filled symbols) or the same targets without
peptide (open symbols). The y axes for panels A and B are different from those
for the other panels. A representative experiment of three is shown. E:T, effec-
tor/target cell ratio.

IFN-vy is not required to generate an immune response
against nonsecreted bacterial antigens. The previous results
suggested that IFN-y is not required to mount a CD8" T-cell
response to a nonsecreted LM antigen. We further evaluated
this notion by analyzing the NP118-126-specific CD8" T-cell
response in IFN-y KO mice after primary infection with re-
combinant L. monocytogenes. In these experiments, we in-
fected IFN-y KO mice with 25, 50, or 100 CFU of recombinant
L. monocytogenes and analyzed surviving mice for NP118-126-
specific CD8* T-cell responses at 7 days postinfection by in
vitro restimulation and >'Cr release assays. Although the ma-
jority of animals succumbed to infection before analysis, sur-
viving IFN-y KO mice responded equally well to either the
secreted or nonsecreted NP118-126 epitope (Fig. 5C and D).
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FIG. 4. Recall response of LLO91-99-specific CD8" T cells. WT or IFN-y
KO mice were infected with 10° CFU of DP-L1942 (ActA™); 30 days later,
groups of three mice were infected with 3 X 105 CFU of either LM-NPs or
LM-NPns. The CD8" T-cell response to LLO91-99 was determined by intracel-
lular cytokine staining for TNF at 7 days after infection with LM-NPs or LM-
NPns. Data are presented as mean * SD of the total number of LLO91-99-
specific CD8* T cells/spleen. A representative experiment of three is shown.

Furthermore, the response against the secreted and nonse-
creted NP118-126 by IFN-y KO mice was similar to the re-
sponse by WT mice (Fig. SA and B). Therefore, the ability to
generate CD8" T-cell responses to nonsecreted bacterial an-
tigens is not dependent on the antimicrobial activities of
IFN-y.

IFN-y KO and WT mice exhibit similar patterns of response
against secreted and nonsecreted LM antigens. Since the level
of response detected after in vitro restimulation and 'Cr re-
lease assays does not necessarily correlate with the number of
responding CD8" T cells in vivo, intracellular TNF staining
was performed to determine the frequency and total number of
NP118-126-responsive CD8" T cells in WT and IFN-y KO
mice immunized with recombinant L. monocytogenes. As re-
ported for naive WT mice infected with recombinant L. mono-
cytogenes (38) (Fig. 6A and B), the frequency of NP118-126-
specific CD8" T cells observed after infection of IFN-y KO
mice with recombinant L. monocytogenes expressing the se-
creted epitope was increased (~5-fold) compared to mice im-
munized with recombinant L. monocytogenes expressing the
nonsecreted epitope (Fig. 6C). Similarly, the total number of
NP118-126-specific CD8" T cells per spleen was increased
~7-fold in mice challenged with recombinant L. monocyto-
genes that secrete the epitope (Fig. 6D). Thus, IFN-y KO mice
respond to both secreted and nonsecreted NP118-126 similarly
to WT mice. This result demonstrates that IFN-y-dependent
processes are not required for presentation of nonsecreted L.
monocytogenes antigens and do not significantly affect the rel-
ative efficiency of CD8" T-cell priming against secreted and
nonsecreted L. monocytogenes antigens.

IFN-y KO mice eliminate L. monocytogenes with Kinetics
similar to those for WT mice early in infection. The capacity of
IFN-y KO mice to mount a CD8" T-cell response against a
nonsecreted L. monocytogenes antigen suggests the existence
of IFN-y-independent mechanisms to kill the organism and
reveal these molecules to the host processing machinery. Pre-
vious studies have demonstrated that the number of L. mono-
cytogenes in the liver decreases, as a result of bacterial destruc-
tion by neutrophils (12, 35), between 4 and 8 h after infection
of WT mice and is followed by an exponential increase in the
number of bacteria over the next several days (12, 35). In the
spleen, however, the number of L. monocytogenes increases
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FIG. 5. IFN-y KO mice respond to both secreted and nonsecreted bacterial
antigens. The response generated against the NP118-126 epitope by naive WT (A
and B) or IFN-y KO (C and D) mice which were infected with LM-NPs (A and
C) or LM-NPns (B and D) was tested in a standard >'Cr release assay. WT mice
were infected with 10° bacteria; IFN-y KO mice were infected with 25, 50, or 100
bacteria. All mice infected with 50 or 100 CFU of either recombinant failed to
survive to day 7. IFN-y KO mice which received 25 bacteria and survived 7 days
were used for this analysis. Each pair of symbols represents the ability of in
vitro-restimulated spleen cells from an individual mouse to recognize either P815
targets pulsed with NP118-126 (filled symbols) or the same targets without
peptide (open symbols). The experiment shown is representative of two exper-
iments in which mice survived to 7 days. E:T, effector/target cell ratio.

continuously. To determine whether this early control of in-
fection was independent of IFN-vy, we compared the number of
L. monocytogenes detected in the organs of IFN-y KO and WT
mice over the first 24 h postinfection. During the early course
of infection, the IFN-y KO mice exhibit the same capacity to
limit L. monocytogenes growth in the liver as WT mice (Fig.
7A), whereas bacterial growth is unchecked in the spleen (Fig.
7B). However, by approximately 24 h postimmunization, the
IFN-y KO mice demonstrate a reduced ability to control L.
monocytogenes infection in both organs. This early control of L.
monocytogenes in the liver occurred even though the challenge
dose used to allow detection of L. monocytogenes shortly after
infection represents 10,000 times the LD, of virulent L. mono-
cytogenes in IFN-y KO mice. These results demonstrate the
existence of IFN-y-independent mechanisms of bacterial kill-
ing in vivo that may affect CD8" T-cell priming against non-
secreted L. monocytogenes antigens.

DISCUSSION

In previous studies (38) and in data presented in here (Fig.
3 and 6), sublethal infection with recombinant L. monocyto-
genes expressing a nonsecreted form of a model epitope results
in a CD8" T-cell response that is only slightly less vigorous
than that observed after sublethal infection with recombinant
L. monocytogenes expressing the same epitope in secreted
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FIG. 6. The absence of IFN-y does not alter the relative magnitude of the
primary response to secreted and nonsecreted LM antigens. WT BALB/c mice
were infected with 10° CFU of recombinant L. monocytogenes; IFN-y KO mice
were infected with 25 CFU. The frequency of NP118-126-specific CD8* T cells
from 7-day-infected naive WT BALB/c (A) and IFN-y KO (C) mice was deter-
mined by intracellular cytokine staining for TNF as described in the legend to
Fig. 4. The number of NP118-126-specific CD8" T cells in the spleen of WT (B)
and IFN-y KO mice (D) was calculated. *, P < 0.05; ##, P < 0.01; ##*, P < 0.005
by Student’s ¢ test. A representative experiment of two is shown.

form. Processing and presentation of the nonsecreted L. mono-
cytogenes epitope requires bacterial lysis, a process that gener-
ally occurs in the phagosomes of professional APC and neu-
trophils. Since these nonsecreted molecules originate in an
extracytosolic compartment, their processing occurs by an ex-
ogenous pathway of MHC class I presentation. In contrast,
secreted L. monocytogenes molecules are freely accessible to
the widely distributed endogenous MHC class I presentation
pathway that originates in the cytosol (9). Interestingly,
epitope-specific protective immunity was observed only against
recombinant L. monocytogenes expressing the secreted antigen
(38). These results reveal a striking dichotomy between CD8™
T-cell priming and protective immunity based on antigen lo-
cation and suggest that exogenous and endogenous MHC class
I presentation pathways perform nonoverlapping functions in
the host response to infection.

Although several pathways have been identified for MHC
class I presentation of exogenous model antigens in vitro (22,
28, 32, 37), the exact pathway for in vivo presentation of the
nonsecreted L. monocytogenes antigen is unknown. IFN-y KO
mice were used in an initial attempt test the hypothesis that the
listeriacidal activity associated with IFN-y-mediated activation
of professional APC (33) is required for destruction of the
organism in the phagosome and presentation of the nonse-
creted antigen by infected APC to prime CD8" T-cell re-
sponses.

In addition to its role as an important effector of innate
immunity to L. monocytogenes infection (10, 24, 27), IFN-vy is
a critical regulator of expression of a number of immunologi-
cally relevant gene products, some of which, such as LMP7 and
TAP, are involved in MHC class I antigen presentation (19). In
order to dissociate the antimicrobial activities of IFN-y from
its regulatory function, we first determined whether IFN-y was
required for exogenous presentation of a model MHC class
I-restricted antigen. In vivo cross-presentation of the H-2K"-
restricted ovalbumin epitope (OVA257-264) to CD8™" T cells is
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FIG. 7. Bacterial burdens in IFN-y KO and WT mice are similar at early time
points after infection. CFU in the liver (A) and the spleen (B) of WT (filled
symbols) and IFN-y KO (open symbols) mice were determined at the indicated
times after infection with 105 CFU of virulent L. monocytogenes strain 10403s.
Data are from a representative of two independent experiments and are pre-
sented as mean CFU = SD from three mice per group. CFU per organ at 1 and
4 h were not significantly different between WT and IFN-y KO mice. CFU per
liver (P < 0.01) and spleen (P < 0.005) were significantly higher in IFN-y KO
mice at 24 h postinfection.

dependent on CD4" T-cell help (4) and has recently been
shown to require CD40L-CD40 interaction (5). By definition,
cross-presentation is dependent on an exogenous pathway of
MHC class I presentation since the antigen expressing cells
cannot directly present the epitope to host T cells. Our studies
with IFN-y KO mice demonstrate that in contrast to mice
lacking CD40-mediated signals, IFN-y KO mice are able to
cross-present this model exogenous antigen to prime a signif-
icant CD8" T-cell response. However, IFN-y enhances the
frequency of the CD8" T-cell response against exogenous an-
tigens ~2- to 3-fold, as determined by intracellular cytokine
staining (Fig. 2). This result is similar to that reported by
Geginat et al. for CD8" T-cell priming against murine cyto-
megalovirus in mice treated with anti-IFN-y monoclonal anti-
body (20). Although IFN-y contributes to the efficiency of
cross-priming, our results clearly demonstrate that the cytokine
is not required for cross-presentation of a model antigen to
prime CD8" T-cell responses in vivo. This result allows direct
analysis of the requirement for the microbicidal activities of
IFN-v in exogenous presentation of the nonsecreted L. mono-
cytogenes antigen.

A complication to these experiments is the finding that
IFN-v plays an important role in the innate immune response
to primary L. monocytogenes infection, as shown by in vivo
depletion studies (10) and the extreme susceptibility of IFN-y
KO (24) and IFN-y receptor KO (27) mice to virulent L.
monocytogenes infection. The recombinant L. monocytogenes
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strains expressing the NP118-126 epitope are highly virulent in
IFN-y KO mice (see the legend to Fig. 5), and thus infecting
these animals with a survivable dose of recombinant L. mono-
cytogenes was technically challenging. To circumvent this prob-
lem, we first made use of an earlier observation that IFN-y KO
mice can be vaccinated with a high dose of an attenuated L.
monocytogenes strain (one that lacks the ActA virulence factor)
and develop acquired, CD8" T-cell immunity to L. monocyto-
genes infection that is similar to that achieved by vaccination of
WT mice (24). To assess the requirement for IFN-y in CD8*
T-cell priming against the nonsecreted LM antigen, we first
vaccinated IFN-y KO and WT mice with the ActA™ L. mono-
cytogenes strain and then challenged the immune mice with a
high dose of recombinant L. monocytogenes expressing the
NP118-126 epitope as a secreted or nonsecreted fusion pro-
tein. In this experimental scenario, the mice survive the chal-
lenge infection due to the secondary CD8" T-cell response to
endogenous L. monocytogenes antigens, such as LLO91-99 or
p60217-225 (24), which are shared by all L. monocytogenes
strains. However, responses to the NP118-126 epitope are pri-
mary responses, occurring in the context of a secondary re-
sponse. These studies revealed low levels of CD8* T-cell prim-
ing against the nonsecreted L. monocytogenes antigen in both
WT and IFN-y KO mice, suggesting that the prior immuniza-
tion, and not the lack of IFN-v, affected the priming against the
nonsecreted antigen.

The impact of prior immunization on the response to a
newly introduced L. monocytogenes antigen has recently been
addressed by two groups with disparate results. Using a fre-
quency analysis after in vitro restimulation with the nonspecific
mitogen concanavalin A, Bouwer et al. found that existing
immunity to L. monocytogenes did not inhibit the ability to
develop a CD8™" T-cell response against a secreted bacterial
antigen introduced during a recall response to L. monocyto-
genes (7). In contrast, Vijh et al. used a peptide-specific en-
zyme-linked immunospot assay on direct ex vivo splenocytes
and found that the response to newly introduced secreted
bacterial antigens was reduced during a recall response com-
pared to the response generated during primary infection (41).
In our experiments with >'Cr release assays performed 5 days
after in vitro restimulation, the response against the secreted
NP118-126 fusion protein introduced during a recall infection
did not appear to differ significantly from that found in a
primary immune response (Fig. 3). However, the response
against the nonsecreted epitope was substantially reduced (Fig.
3). These findings suggest that prior immunization substan-
tially impairs the response to a newly introduced nonsecreted
bacterial antigen but has less impact on the response to a newly
introduced secreted antigen. When the responses to the se-
creted and nonsecreted epitopes were tested using a more
quantitative analysis directly ex vivo, it was found that the
responses to both the secreted and nonsecreted NP118-126
epitope were weaker than the response generated during a
primary infection (data not shown). The disparity found using
these different methods is consistent with the notion that bulk
in vitro restimulation assays may underestimate differences in
initial precursor frequencies. The decreased response to newly
introduced antigens may result from elimination of infected
cells before effective CD8" T-cell priming against the new
antigen can occur. For example, perforin-dependent elimina-
tion of LCMYV infected APC by memory cytotoxic T lympho-
cytes is thought to control the T-cell response against LCMV
variants given in subsequent challenges (27a). Thus, the prior
immunization scheme used in these experiments adds a level of
complexity to the interpretation of the results.

To eliminate this complication, we infected naive IFN-y KO
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mice with graded low doses (25 to 100 CFU) of the NP118-
126-expressing recombinant L. monocytogenes strains and mea-
sured the NP118-126-specific CD8* T-cell response in surviv-
ing mice at 7 days postinfection. All mice infected with 50 or
100 CFU of either strain succumbed to infection prior to anal-
ysis, confirming the lack of resistance to primary L. monocyto-
genes infection in the absence of IFN-y. Some mice that re-
ceived 25 CFU survived 7 days after infection with virulent
recombinant L. monocytogenes. Bulk in vitro restimulation of
spleen cells from these mice revealed no significant differences
in the level of CD8" T-cell priming in IFN-y KO mice infected
with recombinant L. monocytogenes expressing the secreted or
nonsecreted NP118-126 epitope. Frequency analysis by intra-
cellular TNF staining revealed that the three- to fivefold in-
creased CD8™ T-cell priming against the secreted epitope ob-
served after infection of WT BALB/c mice was also observed in
H-2¢ MHC IFN-y KO mice. These results demonstrate that
the microbicidal activities of IFN-y are not required for CD8"
T-cell priming against the nonsecreted L. monocytogenes anti-
gen.

In contrast to the decreased CD8" T-cell priming in IFN-vy
KO mice in response to ovalbumin, no difference in the mag-
nitude of the CD8" T-cell response to the nonsecreted NP
epitope was seen between the WT and IFN-y KO mice. This
finding is complicated because the antigen load given in the
two sets of experiments differs between the WT and IFN-y KO
mice. In the studies in which mice were immunized with
ovalbumin, the WT and IFN-y KO mice were given the same
number of antigen-loaded splenocytes from the same prepa-
ration. In the studies in which IFN-y KO mice were given
recombinant L. monocytogenes, even 25 organisms caused a
lethal infection associated with high bacterial numbers for
these mice. Further studies are required to examine the mag-
nitude of CD8" T-cell priming in WT and IFN-y KO mice.
However, the finding that the relative levels of CD8" T-cell
priming against the secreted and nonsecreted epitopes in WT
and IFN-y KO mice are similar suggests that IFN-y-mediated
microbicidal activity has very little impact on the CD8" T-cell
response to nonsecreted antigens.

Although IFN-y is required for innate immunity against L.
monocytogenes, the number of organisms present in the spleens
and livers of IFN-y KO mice was similar to that of WT mice at
1 and 4 h after high-dose infection. During this time, the
number of bacteria decreases in the liver as previously dem-
onstrated (12, 13, 35). This decrease in the number of L.
monocytogenes in the liver in WT mice is due, at least in part,
to the action of neutrophils since depletion of these cells prior
to infection results in a continuous increase in the number of
organisms seen in the liver (12). Further evidence for neutro-
phil-mediated elimination of L. monocytogenes in the liver is
provided by the fact that neutrophils are found in close prox-
imity with infected hepatocytes but not with infected spleno-
cytes (13). As early as 24-h postinfection, the IFN-y KO mice
have increased numbers of bacteria in both the spleen and liver
compared to the WT animals. Similar exacerbation of infection
at 48 h after infection of IFN-vy receptor KO mice have been
reported (17). These results demonstrate the presence of IFN-
v-independent pathways of L. monocytogenes killing and are
consistent with the CD8" T-cell priming results.

The precise mechanism by which nonsecreted L. monocyto-
genes antigens prime CD8" T-cell responses in vivo is not
known. In one scenario, infected APC such as macrophages or
DC may kill some L. monocytogenes in the phagosome and
activate one of the previously described exogenous MHC class
I presentation pathways. It is intriguing to speculate that ex-
pression of the pore-forming listeriolysin O (LLO) molecule by
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L. monocytogenes may facilitate a phagosome to cytosol path-
way of exogenous presentation, even after bacterial destruc-
tion. Support for this notion comes from experiments where in
vitro presentation of a model CD8 " T-cell antigen expressed in
Escherichia coli is greatly enhanced by coexpression of low
levels of LLO even though the LLO is not secreted and the
bacteria are killed in the phagosome (26). An additional pos-
sibility is that bacteria which escape to the host cell cytoplasm
die or are killed in this location. A possible candidate for the
killing of cytoplasmically located L. monocytogenes is ubiquici-
din, which is located in the cytoplasm and has microbicidal
activity (25). Construction of LLO-deficient recombinant L.
monocytogenes expressing the nonsecreted epitope should ad-
dress this issue. However, any pathway of CD8™ T-cell priming
that depends on killing of L. monocytogenes in the phagosome
of an infected APC would be predicted to exhibit some depen-
dence on the microbicidal activities of [IFN-y. Our results dem-
onstrating that IFN-vy is not required as an effector of micro-
bicidal activity for CD8" T-cell priming against a nonsecreted
L. monocytogenes antigen are not consistent with this scenario.

DC are the most potent APC in priming T-cell responses
(39), and recent in vitro results show that DC are capable of
cross-presenting antigens obtained from virus infected cells
that are undergoing apoptosis (1, 2). Such a pathway may be
operative to present nonsecreted L. monocytogenes antigens to
prime CD8* T-cell responses in vivo. In this case, killing of L.
monocytogenes would have to be carried out by an IFN-vy-
independent pathway, and the effector cell would need to un-
dergo apoptosis. Our results demonstrate the existence of IFN-
v-independent mechanisms for killing of L. monocytogenes that
are consistent with a previously demonstrated role for neutro-
phils in innate resistance to L. monocytogenes infection. Since
the neutrophil is capable of killing L. monocytogenes and also
undergoes spontaneous apoptosis after a short life span vivo
(13, 15, 16, 34), it is an attractive candidate as the substrate for
DC-mediated priming of CD8™" T cells against nonsecreted L.
monocytogenes antigens. A second potential route by which DC
may acquire nonsecreted L. monocytogenes epitopes for anti-
gen presentation is from infected hepatocytes, which appear to
undergo L. monocytogenes-induced apoptosis (34). However,
L. monocytogenes are not killed by the hepatocytes as they
undergo apoptosis (34). Therefore, lysis of the bacteria to
expose the nonsecreted antigen may occur during the process
of phagocytosis by the DC. Resolution of these issues will
require identification of cells that present the nonsecreted
epitope after in vivo infection. The recombinant L. monocyto-
genes expressing the same model CD8" T-cell epitope in se-
creted and nonsecreted form (38) provide elegant probes to
dissect the function of exogenous and endogenous MHC class
I presentation pathways in the context of in vivo bacterial
infection.
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