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Understanding how existing antivector immunity impacts live vaccine delivery systems is critical when the
same vector system may be used to deliver different antigens. We addressed the impact of antivector immunity,
elicited by immunization with attenuated act4-deficient Listeria monocytogenes, on the CD8"-T-cell response to
a well-characterized lymphocytic choriomeningitis virus epitope, NP118-126, delivered by infection with re-
combinant L. monocytogenes. Challenges of immune mice with act4-deficient and with wild-type recombinant L.
monocytogenes generated similar numbers of CD8* T cells specific for the NP118-126 epitope. High-dose
immunization with actA-deficient L. monocytogenes resulted in substantial numbers of CD8™ T cells specific for
the L. monocytogenes L1.0O91-99 epitope in the effector and memory stages of the T-cell response. Challenge of
these immune mice with recombinant L. monocytogenes resulted in rapid control of the infection and decreased
CD8™-T-cell responses against both the secreted and nonsecreted form of the recombinant antigen compared
to the response of naive mice. In contrast, mice immunized with a low dose of act4-deficient L. monocytogenes
had ~10-fold fewer effector and memory T cells specific for LLO91-99 and a substantially higher CD8"-T-cell
response against the recombinant antigen after challenge with recombinant L. monocytogenes. Although mice
immunized with low-dose actA-deficient L. monocytogenes had a substantial recall response to LL0O91-99, which
reached the same levels by 5 to 7 days postchallenge as that in high-dose-immunized mice, they exhibited
decreased ability to control L. monocytogenes replication. Thus, the level of antivector immunity impacts the
control of infection and efficiency of priming responses against new antigens introduced with the same vector.

A substantial effort to identify attenuated microorganisms
that can serve as vaccine delivery vehicles has been made. This
approach takes advantage of the biology of the microbial vec-
tor to prolong antigen display, deliver antigens to relevant host
cell compartments, and induce appropriate types of immune
responses (1, 24). Bacterial vectors for antigen delivery are
attractive for several reasons. Unlike viral vectors, large quan-
tities of genetic material may be added to a bacterial vector
without affecting the production of infectious progeny. Since
multiple bacterial gene products (virulence factors) are re-
quired to induce disease, redundant mutations in the bacterial
vector can be introduced to ensure that no virulent progeny are
obtained by a back-mutation without interfering with bacterial
replication or the capacity to establish a limited infection.
However, one drawback to the use of microbial vectors of any
type is that antivector immunity may limit specific vector sys-
tems to a single immunization. This is an important consider-
ation when the existing immune status against the vector is
unknown for the general population or when the same vector
is utilized to deliver different antigens. Therefore, we sought to
determine the impact of existing antivector immunity on the
CD8*-T-cell response against a new antigen delivered by the
same microbial vector.

Listeria monocytogenes, a gram-positive facultative intracel-
lular bacterial pathogen, has been proposed and tested in
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mouse models as a vector to deliver recombinant antigens (13,
14, 23, 25, 26, 30). Infection of mice with L. monocytogenes
results in the generation of major histocompatibility complex
(MHC) class I-restricted CD8* T cells, which transfer protec-
tive immunity to naive animals (18). Infection of mice with a
virulent strain of recombinant L. monocytogenes designed to
express a well-characterized CD8"-T-cell epitope from lym-
phocytic choriomeningitis virus (LCMV) (NP118-126) leads to
priming of CD8" T cells against the recombinant epitope at
levels which are comparable to levels of priming against en-
dogenous L. monocytogenes antigens and which provide pro-
tection from subsequent viral challenge (25, 26). These results
indicate that recombinant L. monocytogenes can serve as an
antigen delivery system that is sufficient to generate protective
CD8"-T-cell responses. Furthermore, an attenuated act4-de-
ficient strain of L. monocytogenes has been shown to be safely
administered to immunocompromised mice that lack the
gamma interferon (IFN-v) structural gene while still inducing
substantial CD8"-T-cell priming against known epitopes from
virulent L. monocytogenes and protection against challenge
infection (5, 15, 28). Therefore, attenuated L. monocytogenes
may be an attractive vaccine vector that is able to elicit immune
responses against recombinant proteins even in severely im-
munocompromised hosts.

Previous studies have yielded conflicting results regarding
the impact of prior immunization with virulent L. monocyto-
genes on priming of CD8" T cells specific for a newly intro-
duced antigen. One study, which assessed CD8"-T-cell re-
sponses by limiting dilution assay 5 days after in vitro
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stimulation with concanavalin A, found that prior immuniza-
tion with virulent L. monocytogenes had no effect on CD8"-T-
cell priming against an epitope introduced during challenge
with L. monocytogenes (9). However, a second study, which
assessed CD8*-T-cell responses by enzyme-linked immuno-
spot (ELISPOT) assay for IFN-y production by cells stimu-
lated directly ex vivo, found that prior immunization with vir-
ulent L. monocytogenes decreases the number of CD8* T cells
primed against an epitope introduced during challenge with L.
monocytogenes (29). It is likely that the differences observed in
these studies result from the use of different experimental
conditions (28). In both previous studies, virulent L. monocy-
togenes was utilized for the initial vaccination and challenge.
Since it is unlikely that virulent strains of L. monocytogenes
would be used for human vaccination, this study was designed
to determine what impact prior immunization with an attenu-
ated strain of L. monocytogenes had on CD8"-T-cell priming
against secreted and nonsecreted bacterial antigens introduced
in a secondary immunization with either a virulent or an at-
tenuated strain of L. monocytogenes.

MATERIALS AND METHODS

Mice. Female BALB/c (H-2* MHC) mice were purchased from the National
Cancer Institute. H-2 MHC perforin knockout (PKO) mice with a BALB/c
background have been previously described (31).

Bacteria. Bacteria used in this study were virulent L. monocytogenes strain
10403s (8); virulent recombinant L. monocytogenes strain XFL303 (referred to as
L. monocytogenes NPs), expressing a secreted fusion protein containing the
LCMV NP118-126 epitope (25); recombinant L. monocytogenes XFL304 (re-
ferred to as L. monocytogenes NPns), expressing a nonsecreted fusion protein
containing the LCMV NP118-126 epitope (25); attenuated recombinant act4-
deficient L. monocytogenes, which carries an in-frame deletion in the actA4 gene
(11); and an attenuated recombinant L. monocytogenes strain that was created
from L. monocytogenes NPs by introducing an in-frame deletion of the act4 gene
(referred to as actA-deficient L. monocytogenes NPs). Growth and maintenance
of all L. monocytogenes strains were as described previously (15). The actual
number of CFU injected was determined for each experiment by plate count.

Virus. LCMV strain Armstrong was used as previously described (7). Mice
were challenged with approximately 2 X 10° PFU.

Infection with L. monocytogenes. Age- and sex-matched BALB/c or PKO mice
8 to 12 weeks old were immunized by intravenous injection with various numbers
of actA-deficient L. monocytogenes CFU (50% lethal dose [LDs,] ~ 107 CFU)
and were challenged 28 to 33 days later by intravenous injection with 1.5 X 10°
to 3 X 10° virulent L. monocytogenes NPs or L. monocytogenes NPns (~0.1 LDs
for immune mice) or 1.5 X 107 to 3 X 107 CFU of attenuated act4-deficient L.
monocytogenes NPs (~0.1 LDs, for immune mice). Naive mice were infected
with 1 X 10% to 3 X 103 CFU of L. monocytogenes NPs or L. monocytogenes NPns
(~0.1 LDs, for naive mice).

SICr release assays. NP118-126- and LLO91-99-specific responses were de-
termined in a 21-h direct ex vivo >'Cr release assay using P815 (H-2¢ MHC)
targets with or without 100 nM NP118-126 or LLO91-99 peptide. A total of 10*
S1Cr-labeled target cells were plated in each well of 96-well microtiter plates in
100 pl of RP10. Effector cells were added in 100 ul to generate a series of
effector-to-target ratios. Total release was determined by incubating targets in
0.5% Triton X-100. Spontaneous release was determined by incubating targets in
medium alone. Percent specific release was determined as [(experimental re-
lease — spontaneous release)/(total release — spontaneous release)] X 100.

Intracellular cytokine staining of splenocytes. Intracellular cytokine staining
to detect epitope-specific CD8" T cells was performed as described elsewhere
(28). Briefly, approximately 2 X 10° splenocytes were incubated for 6 h at 37°C
with medium alone or with 100 nM NP118-126 or LLO91-99 peptide, all in the
presence of brefeldin A. Cells were washed in fluorescence-activated cell sorting
(FACS) buffer (phosphate-buffered saline supplemented with 1% fetal calf se-
rum and NaNj;) and were incubated with antibody directed against the FeyII/ITI
receptors (2.4G2) (1:100) and fluorescein isothiocyanate-labeled anti-CD8 (1:
100; PharMingen) on ice for 30 min. The cells were washed, fixed, and perme-
abilized (Cytofix/Cytoperm; PharMingen) on ice for 15 min. The splenocytes
were then washed in Perm/Wash solution (PharMingen) and stained with phy-
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coerythrin-conjugated anti-IFN-y (XMG1.2) (1:100) for 30 min on ice. Cells
were washed and resuspended in 250 wl of FACS buffer for analysis by flow
cytometry (FACScan; Becton Dickinson). Lymphocytes were gated by forward
and side scatter and analyzed with Flowjo (Treestar). The total number of
antigen-specific CD8" T cells obtained for each condition was determined by
using the percent CD8" splenocytes, the percent IFN-y* CD8™ splenocytes, and
the total splenocyte number. The total number of cytokine-positive cells obtained
in the unstimulated samples was subtracted from the total number of cytokine-
positive cells obtained in the stimulated sample from each mouse. The average
response *+ standard deviation (SD) for each treatment group was then calcu-
lated.

CFU assays. Immune BALB/c or PKO mice were infected with 1.5 X 10° to
2 X 10° CFU of L. monocytogenes NPns. At various times following infection the
numbers of L. monocytogenes CFU in homogenates of spleen and livers were
determined as described previously (15). The results are expressed as mean CFU
per organ = SDs.

RESULTS

Immune mice generate equivalent CD8"-T-cell responses
following challenge with virulent and act4-deficient recombi-
nant L. monocytogenes. Attenuated L. monocytogenes strains
are potentially attractive vaccine delivery vectors to elicit type
I CD4"- and CD8*-T-cell responses. It is likely that some
individuals in the population will have preexisting immunity to
L. monocytogenes that could negatively impact its use as a
delivery vector. Thus, we wished to determine whether preex-
isting immunity affects the CD8"-T-cell response to an antigen
introduced in either a virulent or an attenuated strain of re-
combinant L. monocytogenes. Mice were immunized with 10°
CFU of actA-deficient L. monocytogenes and then challenged
30 days later with either virulent L. monocytogenes NPs (10°) or
actA-deficient L. monocytogenes NPs (6 X 10°), both of which
express the Lrestricted CD8'-T-cell epitope NP118-126
from the nucleoprotein of LCMV (26). The secondary re-
sponse to the endogenous L. monocytogenes epitope LLO91-99
and the primary response to the newly introduced LCMV
NP118-126 epitope were determined by intracellular cytokine
staining for IFN-y. IFN-vy intracellular cytokine staining pro-
vides an estimate of the number of antigen-specific CD8" T
cells similar to those obtained by either ELISPOT assay or
MHC class I tetramer staining (6, 7, 21, 27) without underes-
timating the number of antigen-specific CD8" T cells, as oc-
curs with limiting dilution assays (6, 7, 21, 27). The recall
response to LLO91-99 at day 7 postchallenge is vigorous (Fig.
1A), while the response to the newly introduced NP118-126 is
much lower (Fig. 1A). Immune mice challenged with approx-
imately 0.1 LDs, (for immune mice) of L. monocytogenes NPs
and those challenged with the same relative amount of actA4-
deficient L. monocytogenes NPs generated similar numbers of
CD8* T cells specific for LLO91-99 (2.2 X 10° for L. mono-
cytogenes NPs challenged versus 3.3 X 10° for actA-deficient L.
monocytogenes NPs) (Fig. 1B). Infection of immune mice with
L. monocytogenes NPs and with actA-deficient L. monocyto-
genes NPs also resulted in similar numbers of CD8" T cells
specific for the NP118-126 epitope (3.5 X 10* for L. monocy-
togenes NPs versus 5.4 X 10* for actA-deficient L. monocyto-
genes NPs) (Fig. 1C). Reduced levels of NP118-126-specific
memory CD8™" T cells were present at 28 days postinfection. In
order to further characterize the functional characteristics of
the memory NP118-126-specific CD8™" T cells generated by the
attenuated and virulent recombinant L. monocytogenes, mice
were challenged 28 days after recombinant L. monocytogenes
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FIG. 1. Challenge of immune mice with act4-deficient listeriae and
that with WT listeriae generate similar numbers of antigen-specific
CD8™ T cells. BALB/c mice were immunized with 10° CFU of actA4-
deficient L. monocytogenes and challenged 28 days later with either
1.5 X 10° CFU of L. monocytogenes NPs or 6 X 10° CFU of actA-
deficient L. monocytogenes NPs. The number of LLO91-99-specific (A
and B) or NP118-126-specific (A and C) CD8™" T cells per spleen was
determined 7 days after challenge by intracellular cytokine staining for
IFN-vy. (A) Data are from a representative mouse challenged with
actA-deficient L. monocytogenes NPs and stimulated with no peptide
(top), LLO91-99 (middle), or NP118-126 (bottom). The number within
the gate is the percentage of CD8" T cells producing IFN-y. Data are
from one of three independent experiments with three mice per group.
ns, no significant difference between values.

immunization with LCMV. In order to determine if each of
these strains of recombinant L. monocytogenes is able to act as
an effective immunization vector, the CD8"-T-cell response to
the newly introduced NP118-126 epitope was also monitored.
The kinetics of the CD8"-T-cell response and the number of
IFN-y-producing NP118-126-specific CD8" T cells was the
same in actA-deficient- and wild-type (WT)-immunized mice
challenged with LCMV (Fig. 2B) and WT L. monocytogenes
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NPs (data not shown). The NP118-126-specific CD8" T cells
also demonstrate a similar ability to lyse NP118-126-expressing
targets directly ex vivo 3, 5, and 9 days following LCMV chal-
lenge (Fig. 2F to H) and 3 and 5 days following L. monocyto-
genes NPs challenge (data not shown). The number of LLO91-
99-specific CD8™" T cells does not differ in either group of mice
after LCMV challenge (Fig. 2A). Furthermore, the lytic ability
of the LLO91-99-specific CD8™" T cells does not differ in mice
immunized with actA-deficient L. monocytogenes NPs or WT
L. monocytogenes NPs (Fig. 2C to E). These results indicate
that challenge of immune mice with either virulent or with
attenuated recombinant L. monocytogenes can generate similar
recall responses and that the two are equally effective at gen-
erating CD8" T cells that are specific for an antigen intro-
duced in the context of a previously encountered pathogen.
The functional ability of these CD8" T cells is indistinguish-
able in mice immunized with virulent and attenuated recom-
binant L. monocytogenes. Since challenge of immune mice with
either WT or attenuated L. monocytogenes resulted in no ap-
preciable differences in the CD8"-T-cell response to either the
recall or new antigen, the remaining experiments used only
virulent recombinant L. monocytogenes as the challenge organ-
ism.

Impact of actA-deficient L. monocytogenes dose on the mag-
nitude and kinetics of the LL0O91-99-specific CD8*-T-cell re-
sponse. In order to determine the quantitative impact of pre-
vious immunization with attenuated L. monocytogenes on the
generation of CD8™"-T-cell responses against a new antigen, we
evaluated CD8"-T-cell priming against the dominant H-2K*-
restricted LLO91-99 epitope (22) 7 days after infection of
BALB/c mice with various doses of the act4-deficient L. mono-
cytogenes strain using intracellular cytokine staining for IFN-y.
Significant levels of LLO91-99-specific CD8*-T-cell priming
were observed after infection with doses of actA-deficient L.
monocytogenes varying from 500 to 10° CFU, and the magni-
tude of CD8"-T-cell response correlated with the infecting
dose (Fig. 3). Mice that received an immunizing dose of 500
CFU of actA-deficient L. monocytogenes had approximately
10-fold fewer (7 X 10* versus 6 X 10°) total LLO91-99-specific
CD8™" T cells per spleen than did mice that were immunized
with 10° CFU of actA-deficient L. monocytogenes (Fig. 3).
These results indicate that CD8*-T-cell priming against the
actA-deficient L. monocytogenes strain occurs over a wide
range of doses and that the level of CD8"-T-cell priming can
be modulated by the immunizing dose.

The CD8*-T-cell response against L. monocytogenes can be
divided into three phases: (i) activation and expansion of ef-
fector CD8™ T cells; (ii) a death phase, in which more than
80% of antigen-specific CD8" T cells are eliminated by apo-
ptosis; and (iii) a memory phase, in which the number of
remaining antigen-specific CD8" T cells is maintained. Previ-
ous studies showed that the activation and expansion phase
generally occurs through day 7 to 9 of infection, the death
phase is essentially complete by day 14, and the memory phase
lasts from approximately day 14 up to 2 years (7, 21). Recent
studies have demonstrated that the magnitude of the primary
CD8™"-T-cell response to infection influences the number of
CD8™" T cells present in the stable memory pool, which in turn
influences the number of CD8" T cells generated during a
recall response (12, 21). To address these issues in mice im-
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FIG. 2. Challenges of immune mice with act4-deficient and WT L.
monocytogenes NPs generate functionally similar antigen-specific
CD8™ T cells. BALB/c mice were immunized with 10° CFU of actA-
deficient L. monocytogenes and challenged 28 days later with either
1.3 X 10° CFU of L. monocytogenes NPs or 1.1 X 10° CFU of actA-
deficient L. monocytogenes NPs. The mice were challenged 28 days
later with 2 X 10° LCMYV particles. The numbers of LLO91-99-specific
(A) and NP118-126-specific (B) CD8" T cells per spleen were deter-
mined by intracellular cytokine staining for IFN-y on the indicated
days after immunization. (A and B) Open symbols, mice challenged
with actA-deficient L. monocytogenes NPs; closed symbols, mice chal-
lenged with WT L. monocytogenes NPs. Three mice per group were
analyzed at each time point. The lytic ability of antigen-specific CD8*
T cells was tested in a 21-h, ex vivo >'Cr release assay at 3 (C and F),
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munized with actA-deficient L. monocytogenes, the magnitude
of the LLO91-99-specific response was analyzed at various
times following immunization. Again, immunization with 10°
CFU of actA-deficient L. monocytogenes resulted in signifi-
cantly more LLO91-99-specific CD8™ T cells at 7 days postin-
fection of BALB/c mice than immunization with 500 CFU (Fig.
3 and 4A). As previously shown with virulent L. monocytogenes
(12), the number of LLO91-99-specific CD8™" T cells decreases
by day 28 in mice immunized with either dose of L. monocy-
togenes (Fig. 4A). Since the number of LLO91-99-specific
CD8™ T cells per spleen at 28 days postimmunization in mice
given 500 CFU of actA-deficient L. monocytogenes approaches
the reliable limit of detection of the assay (~5 X 10° antigen-
specific CD8" T cells/spleen), the difference in the number of
LLO91-99-specific memory CD8" T cells in mice given 500
and 10° CFU of attenuated L. monocytogenes is at least 10-fold.
These results are consistent with the notion that there is a
direct relationship between the number of antigen-specific
CD8" effector T cells obtained at the peak of expansion and
the number of antigen-specific memory CD8™ T cells (12, 21).

We next determined whether the size of the memory pool
induced by immunization with actA-deficient L. monocytogenes
influenced the magnitude of the epitope-specific recall CD8™ -
T-cell response to secondary challenge with virulent recombi-
nant L. monocytogenes (2 X 10° CFU, ~0.1 LDs, for immune
mice). Challenge of mice immunized with 500 CFU of actA4-
deficient L. monocytogenes generated LLO91-99-specific
CDS8™ T cells with early kinetics that were similar to those of
mice immunized with 10° CFU of actA-deficient L. monocyto-
genes (Fig. 4A). As expected, the mice immunized with 500
CFU of actA-deficient L. monocytogenes had fewer LLO91-99-
specific CD8" T cells at day 3 (~8-fold) following challenge
than mice which had been immunized with 10° CFU of atten-
vated L. monocytogenes (Fig. 4A). However, by day 5 after
challenge, only a twofold difference was observed. At 7 days
after challenge, the numbers of LLO91-99-specific CD8" T
cells were the same in mice immunized with low and high doses
of actA-deficient L. monocytogenes. Similar results were ob-
tained in mice challenged with another virulent L. monocyto-
genes strain (data not shown). In order to determine the impact
of immunization dose on control of the challenge infection,
bacterial numbers were measured at various times postchal-
lenge. The number of L. monocytogenes present in the spleens
(Fig. 4B) and livers (data not shown) of mice immunized with
500 CFU of actA-deficient L. monocytogenes was higher than
that in mice immunized with 1 X 10° CFU of actA-deficient L.
monocytogenes or in naive mice given 2 X 10° CFU of recom-
binant L. monocytogenes (~0.1 LDs,) at all times after chal-
lenge. The mice immunized with 500 CFU of L. monocytogenes
had 450-fold more L. monocytogenes in the spleen 3 days after
challenge, and the difference increased to 1,000-fold by 5 days

5 (D and G), and 9 (E and H) days after LCMV challenge of immu-
nized mice. Specific lysis of P815 (C through H, open symbols) and
P815 targets coated with LLO91-99 (C through E, filled symbols) or
NP118-126 (F through H, filled symbols) was analyzed for mice im-
munized with actA-deficient L. monocytogenes NPs (circles, C through
H) or WT L. monocytogenes NPs (triangles, C through H). For anal-
ysis, splenocytes from three mice were pooled at each time point.
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FIG. 3. The number of antigen-specific CD8" T cells generated
during an immune response correlates with the immunizing dose of
actA-deficient L. monocytogenes. BALB/c mice were immunized with
the indicated doses (in CFU) of actA-deficient L. monocytogenes; 7
days later the number of LLO91-99-specific CD8™ T cells per spleen
was determined by intracellular cytokine staining for IFN-y. Repre-
sentative data are from one of three independent experiments and are
means plus SDs for three mice/group. Statistical analysis performed
with Student’s ¢ test resulted in P values of <0.005. Statistical analysis
was also performed to compare the CD8"-T-cell priming observed
with each of the lower doses against priming at 10° CFU. Values
obtained with 500 (P < 0.005), 10*> (P < 0.005), and 10* (P < 0.01)
CFU were all significantly different from that obtained with 10° CFU.
wx, P < 0.005; =+, P < 0.01.

after challenge and to 15,000-fold by 7 days after challenge
(Fig. 4B). These results indicate that the mice immunized with
the low dose of actA-deficient L. monocytogenes have a de-
creased ability to eliminate bacteria following challenge with
virulent L. monocytogenes despite numbers of LLO91-99-spe-
cific CD8" T cells by day 7 postchallenge similar to those
found in high-dose-immunized mice (Fig. 4A). However, the
mice immunized with low doses of attenuated L. monocyto-
genes do demonstrate protective immunity, since naive mice
infected with the dose of virulent L. monocytogenes used in the
challenge rapidly succumb to this level of infection (data not
shown). Thus, the presence of low numbers of CD8" memory
T cells at the time of challenge correlates with reduced effi-
ciency of bacterial control following challenge infection.

The response to antigens introduced during a recall re-
sponse is reduced compared to a primary response against the
same antigen. Previous studies with recombinant L. monocy-
togenes strains expressing the same model antigens in secreted
or nonsecreted form demonstrated that antigen compartmen-
talization has a relatively small but reproducible impact on the
magnitude of the primary CD8'-T-cell response (25, 28).
While the exact route by which nonsecreted L. monocytogenes
antigens are presented to prime the CD8"-T-cell response is
unknown, it is possible that cross-presentation of necrotic or
apoptotic L. monocytogenes-infected cells by dendritic cells
(DC) is required (3, 4, 32). Antivector immunity results in
more rapid clearance of infected cells and may reduce the
number of L. monocytogenes-infected cells that proceed to
apoptosis or necrosis. Therefore, we wished to determine if
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antivector immunity differentially impacted CD8"-T-cell re-
sponses to a new antigen expressed as either a secreted or a
nonsecreted epitope. To this end, BALB/c mice were immu-
nized with act4-deficient L. monocytogenes (1 X 10° CFU) and
challenged 30 days later with virulent recombinant L. mono-
cytogenes (3 X 10° CFU, ~0.1 LDy, for immune WT mice)
expressing the CD8"-T-cell epitope NP118-126 as a secreted
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FIG. 4. Kinetics of CD8"-T-cell responses in mice immunized with
low and high doses of actA-deficient L. monocytogenes. (A) BALB/c
mice were immunized with either 500 (squares) or 10° (circles) CFU of
actA-deficient L. monocytogenes. Mice were challenged 28 days later
with 2 X 10° CFU of L. monocytogenes NPns (arrow). The number of
LLOY1-99-specific CD8" T cells per spleen was determined by intra-
cellular cytokine staining for IFN-y on the indicated days (numbers of
days after challenge are in parentheses). The reliable limit of detection
is ~5 X 10 antigen-specific CD8* T cells. Data are from a represen-
tative experiment from three independent experiments and are
means = SDs for three mice/group. (B) Following the challenge, the
ability of mice to eliminate bacteria was determined by measuring the
number of L. monocytogenes present in the spleen at the indicated time
points. Mice were immunized with 500 (squares) or 10° (circles) actA-
deficient L. monocytogenes organisms. Asterisks indicate naive mice
challenged with 2 X 10° CFU of L. monocytogenes NPns. Time points
shown are days 3, 5, and 7 after infection of naive mice and after
challenge of immune mice (in parentheses). Statistical analysis by
Student’s ¢ test indicates that P is <0.05 for all time points.
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FIG. 5. Previous immunization with attenuated L. monocytogenes
decreases the response against newly introduced bacterial antigens.
Naive BALB/c mice were challenged with recombinant L. monocyto-
genes NPs or L. monocytogenes NPns. Previously immunized mice had
received 10° CFU of actA-deficient L. monocytogenes 28 days earlier
and were then challenged with 3 X 10° CFU of L. monocytogenes NPs
or L. monocytogenes NPns. The number of antigen-specific CD8" T
cells per spleen was determined by intracellular cytokine staining for
IFN-vy. Data are from a representative experiment of six independent
experiments and are means = SDs for three mice/group.

(L. monocytogenes NPs) or nonsecreted (L. monocytogenes
NPns) fusion protein (25). The response against NP118-126
was determined 7 days later by intracellular cytokine staining
for IFN-vy. The immune BALB/c mice exhibited a decreased
ability to respond to new secreted (sixfold) and nonsecreted
(sixfold) bacterial antigens compared to the response gener-
ated in naive mice infected with 10° CFU of virulent recom-
binant L. monocytogenes (~0.1 LDs, for naive WT mice) (Fig.
5). Following sublethal infection of naive WT mice, CD8"-T-
cell priming against the nonsecreted NP118-126 epitope is
three- to fourfold less than the response against the secreted
form of the same epitope (25, 28). This relationship is also
observed in WT mice previously immunized with attenuated L.
monocytogenes (Fig. 5). Since the naive and the immune mice
were challenged with the same relative amount (~0.1 LDs),
the decreased level of CD8"-T-cell priming in the immune
mice is not due to their receiving a smaller dose of recombi-
nant L. monocytogenes. Although naive mice had greater num-
bers of bacteria present at 3 days after infection, by 5 days after
infection the number is less than that in mice immunized with
1 X 10° CFU of L. monocytogenes and challenged with 2 X 10°
CFU of recombinant L. monocytogenes (Fig. 4B). These results
indicate that antivector immunity has a significant impact on,
but does not eliminate, the CD8"-T-cell responses against new
epitopes (secreted or nonsecreted) delivered by recombinant
L. monocytogenes.

Immunization dose influences CD8*-T-cell priming against
a new antigen. Since the number of L. monocytogenes CFU
given to mice during immunization results in different numbers
of LLO9Y1-99-specific CD8" T memory cells (Fig. 4A) as well
as a difference in ability to eliminate L. monocytogenes after
challenge (Fig. 4B), the impact of immunization dose on the
generation of CD8" T cells in response to a newly introduced
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antigen was investigated. After challenge with recombinant L.
monocytogenes, mice immunized with 500 CFU of actA-defi-
cient L. monocytogenes had >10-fold more CD8* T cells spe-
cific for a newly introduced nonsecreted bacterial antigen than
did mice that were immunized with 10° actA-deficient L. mono-
cytogenes (3 X 10° versus 1 X 10*) (Fig. 6A). Similar results
were observed in the CD8"-T-cell response against the se-
creted bacterial antigen (10° versus 10%) (Fig. 6B), indicating
that protein localization does not have an impact on the ability
to prime responses against the newly introduced antigen in WT
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FIG. 6. Mice immunized with 500 CFU of actA-deficient L. mono-
cytogenes generate more CD8"' T cells specific for an antigen intro-
duced during challenge than mice immunized with 10° CFU of actA-
deficient L. monocytogenes. BALB/c mice were immunized with either
500 or 10° CFU of actA-deficient L. monocytogenes. The mice were
challenged 28 days later with 2 X 10° CFU of L. monocytogenes NPns
(A) or 1 X 10° CFU of L. monocytogenes NPs (B). Naive BALB/c mice
were immunized with 2 X 10° CFU of L. monocytogenes NPns (A) or
1 X 10* CFU of L. monocytogenes NPs (B). The number of NP118-
126-specific CD8" T cells per spleen was determined by intracellular
cytokine staining for IFN-y 7 days after challenge. Data are from a
representative experiment of three (A) or two (B) independent exper-
iments and are means *= SDs for three mice/group.
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mice. These results demonstrate that the level of preexisting
CD8"-T-cell immunity against the vector directly impacts the
ability to generate CD8"-T-cell responses against newly intro-
duced antigens.

Delayed clearance of infected cells in PKO mice does not
increase CD8*-T-cell priming against newly introduced anti-
gens. One potential explanation for the reduced ability to gen-
erate CD8" T cells specific for bacterial antigens introduced
during a recall response is that the infected cells are rapidly
eliminated by the cytolytic activity of activated effector memory
CD8™" T cells. If more rapid elimination of antigen-presenting
cells accounts for the decreased responses against newly intro-
duced antigens, then delaying the lysis of infected cells may
allow the development of a greater CD8*-T-cell response to
newly introduced antigens. PKO mice have decreased CD8™ -
T-cell cytotoxicity (17, 19) and lyse targets with delayed kinet-
ics in vitro (31). Based on these results, we hypothesized that
PKO mice would demonstrate delayed clearance of infected
host cells and increased priming of CD8"-T-cell responses to
newly introduced antigen. Therefore, the ability of PKO mice
to generate responses against L. monocytogenes antigens intro-
duced during a recall response was examined. PKO and WT
BALB/c mice were immunized with 10° CFU of actA-deficient
L. monocytogenes. The mice were rested for 28 to 32 days and
then challenged with 1.5 X 10° CFU of L. monocytogenes NPs.
The response against LLO91-99 was determined to compare
the kinetics of CD8"-T-cell responses during immunization
and challenge. PKO mice had greater numbers (~2- to 3-fold)
of LLO91-99-specific CD8™ T cells than WT mice at 7 and 28
days after immunization (Fig. 7A and 8A) (7) and 7 days after
challenge with virulent recombinant L. monocytogenes (Fig.
8B) (7). However, PKO mice demonstrated delayed elimina-
tion of L. monocytogenes following challenge with 1.5 X 10°
CFU of L. monocytogenes NPs compared to WT mice (Fig.
7B). The response generated against the newly introduced
NP118-126 epitope was determined by intracellular cytokine
staining 7 days after challenge. The PKO mice exhibited a
threefold-enhanced response to newly introduced secreted an-
tigens (L. monocytogenes NPs infection) compared to WT mice
(Fig. 8D). These results demonstrate that the PKO mice gen-
erate enhanced CD8"-T-cell responses to newly introduced
antigens. However, PKO mice demonstrate the same increased
numbers of CD8" T cells following a primary infection (Fig.
7A and 8A and C). Since there is not a greater net increase in
the number of CD8™ T cells generated against a newly intro-
duced antigen than in the number of CD8" T cells generated
during a primary response to L. monocytogenes, the absence of
perforin-dependent cytolysis did not dramatically alter the re-
sponse of vaccinated mice to a new antigen. These results
indicate that increasing the duration of bacterial infection does
not enhance the CD8*-T-cell response generated against bac-
terial antigens.

DISCUSSION

Naive CD8" T cells must encounter their antigen in the
context of professional antigen-presenting cells, likely DC, in
order to receive the appropriate costimulatory signals for ac-
tivation and clonal expansion. However, memory-T-cell acti-
vation is less stringent due to increased adhesion molecule
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FIG. 7. PKO mice have numbers of LLO91-99-specific CD8" T
cells similar to those of WT mice but eliminate bacteria with delayed
kinetics after challenge with L. monocytogenes. (A) WT (squares) and
PKO (circles) mice were immunized with 1 X 10° CFU of act4-
deficient L. monocytogenes. The mice were challenged 28 days later
with 1.5 X 10° CFU of L. monocytogenes NPs (arrow). The number of
CD8™" T cells specific for LLO91-99 was determined at each time point
by intracellular cytokine staining for IFN-y. Data are means = SDs.
(B) The numbers of CFU in spleen (open symbols) and liver (closed
symbols) were determined on the indicated days after immunization.
Dashed line, limit of detection. Data are from a representative exper-
iment of three independent experiments and are the averages for three
mice at each time point in each group.

expression and perhaps alteration in the sensitivity of T-cell
receptor stimulation (2). In a primary infection, the immature
DC acquire antigen and mature; the mature DC then migrate
to the draining lymph nodes, where they are able to activate
naive T cells. In a recall response, memory T cells, which are
capable of circulating through tissue, are recruited to the initial
site of infection, where they can be activated to lyse infected
host cells or produce cytokines. These effector mechanisms
function to limit the challenge infection and thus may reduce
the quantity of antigen for priming of naive CD8" T cells
specific for new antigens introduced with a previously encoun-
tered microbial vector. Consistent with this notion, our results
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FIG. 8. PKO mice respond to a newly introduced bacterial antigen
during recall responses to L. monocytogenes. WT (filled bars) and PKO
(open bars) were immunized with 1 X 10° CFU of actA-deficient L.
monocytogenes and challenged with 1.5 X 10° CFU of L. monocyto-
genes NPs 28 days later. Previously unimmunized WT mice were chal-
lenged with 1.5 X 10°> CFU of L. monocytogenes NPs. The numbers of
CD8" T cells specific for LLO91-99 (A and B) and NP118-126 (C and
D) were determined 7 days later by intracellular cytokine staining for
IFN-y. Data are from a representative experiment of three indepen-

dent experiments and are means = SDs for three mice/group.

(Fig. 5) demonstrate that immunization with an attenuated
pathogen reduces the number of CD8" T cells that respond to
a new antigen introduced during a recall response.

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 (9). In contrast, Vijh et al. used a peptide-specific direct
ex vivo ELISPOT assay and found that the response to newly
introduced secreted bacterial antigens was reduced during a
recall response compared to the response generated during
primary infection (29). It was found previously that in >'Cr
release assays performed 5 days after in vitro restimulation, the
response against the secreted NP118-126 fusion protein intro-
duced during a recall infection did not differ significantly from
that in a primary immune response (28). When the responses
to the new secreted epitope were quantitated by IFN-vy intra-
cellular cytokine staining ex vivo, it was found that the re-
sponse to the NP118-126 epitope was reduced compared to the
level of response generated during a primary infection (Fig. 5).
The disparity found with these different methods is consistent
with the notion that bulk in vitro restimulation assays may
underestimate differences in initial precursor frequencies.

Since it is unlikely that virulent L. monocytogenes will be
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used as a vaccine vector, we compared the CD8"-T-cell re-
sponses generated by virulent and attenuated recombinant L.
monocytogenes. In mice previously exposed to attenuated L.
monocytogenes, the CD8"-T-cell response to WT and actA-
deficient L. monocytogenes NPs were similar in magnitude and
function (Fig. 2). The mice were given different doses of WT
(10° CFU) and actA-deficient (10’ CFU) L. monocytogenes
NPs; however, these doses both represent approximately 0.1
LDs, for each strain of L. monocytogenes in previously immu-
nized mice. Thus, in mice given similar effective doses of WT
and actA-deficient L. monocytogenes NPs, the preexisting an-
tivector immunity has similar impacts on the ability to generate
CD8*-T-cell responses against a new antigen.

Studies with virulent L. monocytogenes suggest that infec-
tious dose does not correlate with the level of CD8"-T-cell
responses generated (20, 29). However, the use of attenuated
L. monocytogenes allowed us to vary the immunizing dose over
a much greater range. This larger range of infection clearly
indicates that there is a correlation between infection level and
the number of antigen-specific CD8" T cells generated (Fig.
3). The ability to manipulate the level of adaptive immunity
allowed us to determine how the level of existing immunity
impacts priming against an epitope introduced during the re-
call response. The number of antigen-specific CD8" T cells
present at both the peak and memory phases of the response
correlated with the numbers of attenuated L. monocytogenes
given to the mice. In addition to having a decreased number of
LLO91-99-specific CD8* T cells following challenge with re-
combinant L. monocytogenes, mice immunized with low doses
of bacteria had an increase in the number of bacteria present.
These results indicate that the number of bacteria used for
immunization directly impacts the ability of mice to clear a
subsequent infection. This is due to the fact that the number of
antigen-specific CD8" T cells present in the low-dose-immu-
nized mice does not reach the memory level of the high-dose-
infected mice until 3 days after infection. During this time,
bacteria continue to replicate and create new foci of infection.
However, the continued presence of bacteria leads neither to
increased expansion of antigen-specific CD8" T cells nor to a
delay in the contraction of CD8*-T-cell numbers (20). There-
fore, by the time the T-cell numbers are equivalent in the low-
and high-dose-immunized mice, the death phase of the re-
sponse has begun. It is unlikely that the high-dose-immunized
mice have an effector population of CD8™ T cells which do not
produce IFN-v, as it has been previously shown that estimates
of the number of antigen-specific CD8* T cells obtained from
intracellular cytokine staining for IFN-y, tetramer staining,
and ELISPOT assay are very similar (6, 7, 21, 27). Thus, the
inability of the low-dose-immunized mice to eliminate bacteria
is not due to functional differences in the antigen-specific
CD8™ T cells but rather due to the decreased number of CD8™"
T cells that are present early after challenge.

Consistent with the notion that the level of CD8"-T-cell
memory influences priming against a new antigen introduced
with the same vector, mice immunized with 500 CFU of L.
monocytogenes generated greater numbers of CD8" T cells
specific for newly introduced secreted and nonsecreted bacte-
rial antigens than did mice immunized with 10° CFU of L.
monocytogenes (Fig. 5). Together, these results suggest that the
presence of higher numbers of memory CD8" T cells may limit
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the activation of naive CD8" T cells specific for the newly
introduced antigen by controlling the infection and decreasing
the antigen load. In individuals with preexisting immunity to
the vector used to introduce new antigens, substantial immune
responses may not be generated or may require higher antigen
doses or more immunizations in order to develop an effective
memory pool of antigen-specific CD8" T cells.

PKO mice are unable to carry out the granule exocytosis
pathway of CD8*-T-cell cytolysis (17, 19). However, they are
capable of a delayed lysis of targets, mediated via CD95L/
CD?Y5 interaction, during in vitro >'Cr release assays (10). PKO
mice also exhibit adaptive immunity to L. monocytogenes in-
fection that is partially dependent on CD8™" T cells, although it
is not as potent as that observed in WT mice (16, 31). Since
PKO mice exhibit delayed clearance of L. monocytogenes dur-
ing infection, they were used to determine whether delaying
antigen clearance would increase the number of CD8™ T cells
generated against a newly introduced antigen. After immuni-
zation with attenuated L. monocytogenes, PKO mice reproduc-
ibly generate greater numbers of effector and memory LLO91-
99-specific CD8* T cells than WT mice (7; this study).
Consistent with previous studies (16, 31), the immune PKO
mice had higher bacterial numbers at days 3 and 5 after chal-
lenge, but by day 7 no detectable bacteria remained in the
spleens or livers of either type of mice (Fig. 7B). Furthermore,
immune PKO mice generated a more vigorous CD8"-T-cell
response against a newly introduced secreted bacterial antigen
than WT mice. However, this response was no greater than the
three- to fourfold increase in antigen-specific CD8 T cells
seen in PKO mice following primary infection with actA4-defi-
cient L. monocytogenes (Fig. 7TA and 8) (7). Therefore, increas-
ing the time between infection and clearance of bacteria does
not increase the number of CD8™ T cells specific for the newly
introduced antigen. These results also indicate that perforin is
not required for generating CD8*-T-cell responses against a
new antigen.

Furthermore, these data are consistent with recent findings
that demonstrated that the number of CD8™" T cells generated
in response to a bacterial infection is not decreased when mice
are treated with antibiotics 24 h after infection (20). Adminis-
tration of antibiotics starting 24 h after infection resulted in
clearance of bacteria within 12 h of initiation of antibiotic
treatment, indicating that the first 36 h of infection are impor-
tant for determining the size of the CD8*-T-cell response. In
view of these results, it is not surprising that extending the
duration of infection in PKO mice did not result in substan-
tially greater numbers of antigen-specific CD8* T cells. To-
gether these results suggest that the most reliable method of
increasing CD8™"-T-cell priming in individuals with preexisting
antivector immunity may involve an increase in the infectious
dose or the number of immunizations.
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