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Following infection or immunization, antigen-specific CD8⫹
T lymphocytes undergo extensive clonal expansion. Most of the
effector T cells generated during this process die by apoptosis;
however, a small population of antigen-specific CD8⫹ T cells
remains in the host for an extended period of time as memory
cells. Memory CD8⫹ T cells are a critical component of protective immunity because they can rapidly and extensively proliferate, secrete inflammatory cytokines, such as gamma interferon (IFN-␥), and lyse infected target cells upon reexposure
to antigen (15). Consequently, vaccines are often specifically
designed to stimulate this population of cells. To stimulate
CD8⫹ T cells most effectively, the target antigen must be
delivered not just into the bloodstream but into the cytosol of
host cells. Once the antigen is delivered to the cytosol, it is
broken down into peptides by the proteasome and presented
on the cell surface by major histocompatibility complex class I
(MHC-I) molecules to CD8⫹ T cells (13, 34).
One successful strategy that our laboratory has employed to
induce CD8⫹ T-cell responses in mice is to fuse heterologous
CD8⫹ T-cell epitopes to a detoxified derivative of Bacillus
anthracis anthrax lethal toxin (LT) (6–8, 11, 26). LT is a bipartite toxin in which the first protein, protective antigen (PA),
delivers the enzymatically active second protein, lethal factor
(LF), across the host cell membrane into the cytosol (33).
Entry into cells is initiated when PA binds one of its ubiqui-

tously expressed cell surface receptors, ANTXR1 (10) or
ANTXR2 (38), and forms a heptamer that can bind up to three
LF molecules (31, 32). The entire toxin complex is then endocytosed by cells in a clathrin-dependent manner (1). Acidification of the endosome triggers a conformational change in PA
leading to formation of a transmembrane pore (9, 24, 30). This
PA pore facilitates translocation of catalytic LF molecules into
the cytosol, where they can ultimately lead to host cell death
(33). Importantly, the N-terminal 255 amino acids of LF (LFn)
comprise a domain with no toxic activity that is still delivered
into cells by PA (2). Therefore, CD8⫹ T-cell epitopes fused to
LFn are also delivered into the host cell cytosol in a nontoxic
manner.
We and others have previously shown that once in the cytosol, the heterologous antigen fused to LFn gains access to the
MHC-I processing and presentation pathway (8, 12, 29). As a
result, injecting mice intraperitoneally (i.p.) with picomole
quantities of LFn-antigen fusion protein and PA leads to stimulation of antigen-specific CD8⫹ T cells in a PA-dependent
manner (6–8, 11, 26). We have also demonstrated that these T
cells are retained in the spleens of mice for at least 4 months
after immunization (11) and that prior immunization does not
interfere with the priming of antigen-specific T cells in a subsequent immunization with a different epitope (6). The data
supporting these conclusions came from experiments in which
splenocytes from immunized mice were restimulated for 5 days
in vitro and tested for antigen-specific cytotoxic activity in
standard 51Cr release assays (6–8, 11, 26). While these findings
illustrated the ability of the LT-based system to induce CD8⫹
T-cell responses in mice, the myriad of other kinetic, pheno-
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Memory CD8ⴙ T cells are essential for protective immunity against many intracellular pathogens; therefore,
stimulation of this population of cells is an important goal of vaccination. We have previously shown that a
detoxified derivative of Bacillus anthracis anthrax lethal toxin (LT) can deliver heterologous CD8ⴙ T-cell
epitopes to the major histocompatibility complex class I processing and presentation pathway of murine host
cells and that immunization of mice with these LT-antigen fusion proteins leads to the induction of antigenspecific CD8ⴙ T cells. In this report we extend these findings to include a detailed characterization of the
phenotypic and functional properties of the T cells stimulated by the LT-based system. We found that after an
initial period of expansion and contraction, antigen-specific CD8ⴙ T cells differentiated into a pool of memory
cells that produced gamma interferon and displayed in vivo cytotoxic activity. The transition to memory cells
appeared to be quite rapid based on an analysis of the phenotypic marker CD127 and the effectiveness of a
booster immunization administered early after the initial immunization. We also investigated the composition
of the memory T-cell pool induced by this system and found that while one immunization induced a mixture
of effector memory T cells (CD62Llow) and central memory T cells (CD62Lhigh), a second immunization
preferentially elevated the effector memory T-cell frequency. Finally, we demonstrated that mice that received
prime-boost immunizations of LT-antigen proteins were more protected in a Listeria monocytogenes challenge
model than mice that received only one immunization.
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MATERIALS AND METHODS
Mice and immunizations. BALB/cBy/J (H-2d) mice were obtained from the
Jackson Laboratory. All animal experiments were approved by Harvard Medical
School’s Institutional Animal Care and Use Committee. LFn-NP118-126 was
made and purified as described elsewhere (11). LFn-NP118-126 contains an
amino-terminal His6 tag and a carboxyl-terminal fusion to NP118-126 (RPQASG
VYM), an H-2Ld-restricted epitope from the nucleoprotein (NP) of lymphocytic
choriomeningitis virus (LCMV). PA protein was a gift from R. J. Collier (Harvard Medical School, Boston, MA). Mice were immunized i.p. either with 30
pmol of LT-NP (30 pmol of LFn-NP118-126 [1 g] plus 30 pmol of PA [2.5 g])
or with 30 pmol of LFn-NP118-126 alone, both in 200 l of phosphate-buffered
saline (PBS). Booster immunizations were administered 9 or 21 days after the
primary immunization as indicated below. In some experiments, control, unimmunized mice were also used. Listeria monocytogenes strain XFL303 (L. monocytogenes-NP) (40) was kindly provided by H. Shen (University of Pennsylvania
Medical Center, Philadelphia). L. monocytogenes-NP was grown to stationary
phase in brain heart infusion broth, aliquoted, titrated, and stored at ⫺80°C.
Before immunization, bacteria were thawed, grown to early exponential phase in
brain heart infusion broth, and diluted in PBS. For CD127 or CD44 analysis mice
were infected with approximately 0.1 50% lethal dose (LD50) of L. monocytogenes NP (1 ⫻ 103 CFU). For challenge experiments, mice were infected with
0.73 LD50 of L. monocytogenes-NP (7.3 ⫻ 103 CFU). In all cases, L. monocytogenes-NP was injected intravenously (i.v.) into the tail vein in 200 l PBS.
Approximately 72 h after challenge, spleens and livers were harvested and homogenized in 0.2% NP-40. Dilutions of the homogenate were made in PBS and
plated on tryptic soy agar plates containing streptomycin (100 g/ml).
IFN-␥ enzyme-linked immunospot assay (ELISPOT) analysis. Spleens from
experimental mice were harvested, and red blood cells were lysed by hypotonic
shock with ammonium chloride and potassium. Serial dilutions of splenocytes
were added to nitrocellulose-backed 96-well plates previously coated with rat
anti-mouse IFN-␥ antibody (BD Biosciences). Each well also contained 1 ⫻ 105
irradiated, NP118-126 peptide-pulsed P815 (H-2d) mastocytoma cells. After 24 h,
the plates were washed and treated with biotinylated rat anti-mouse IFN-␥
antibody (BD Biosciences) for an additional 18 h. The plates were then washed,

and streptavidin-horseradish peroxidase (BD Biosciences) was added. The plates
were developed with 1 mg/ml 3,3⬘diaminobenzidine tetrahydrochloride dihydrate
(Bio-Rad) in 50 mM Tris (pH 7.9). The number of NP-specific T cells was
determined by subtracting the number of spots in the presence of unpulsed P815
cells from the number of spots observed when the T cells were incubated with
peptide-pulsed P815 cells.
Intracellular cytokine staining. Single-cell suspensions of splenocytes from
immunized mice were stimulated for 6 h with 100 nM NP118-126 peptide in the
presence of GolgiPlug (BD Biosciences). Cells were surface stained with antiCD8␣ antibody (BD Biosciences), fixed and permeabilized using a Cytofix/
Cytoperm Plus kit (BD Biosciences), and stained intracellularly with anti-IFN-␥
antibody (BD Biosciences). To determine the percentage of IFN-␥⫹ NP-specific
T cells in the total CD8⫹ T cells, the percentage of IFN-␥⫹ T cells in parallel
unstimulated samples (no peptide) was subtracted from the peptide-stimulated
value for the same mouse.
Flow cytometric analysis of NP-specific CD8ⴙ T-cell frequency and phenotype.
Spleens were harvested from experimental mice on the indicated days after
immunization, and red blood cells were lysed. Splenocyte suspensions were
enriched for CD3⫹ T cells by negative selection using T-cell enrichment columns
(R&D Systems) according to the manufacturer’s recommendations. The resulting T-cell populations were surface stained with H-2Ld:NP118-126 (LdNP) MHC
tetramers (allophycocyanin conjugated) that were generated at the National
Institutes of Health Tetramer Facility (Bethesda, MD). Cells were also stained
with anti-CD8␣, anti-CD62L, anti-CD44, and anti-CD127 antibodies (all obtained from BD Biosciences) and analyzed with a BD Biosciences FACSCalibur
flow cytometer. Flowjo software (Tree Star) was used for all data analysis.
In vivo lysis assay. Splenocytes from naı̈ve BALB/c mice (1 ⫻ 107 cells/100 l)
were pulsed with 5 M NP118-126 peptide or without peptide in RP-10 (RPMI
1640 [Invitrogen], 10% fetal bovine serum, L-glutamine, HEPES, 50 M 2-mercaptoethanol, 50 U/ml penicillin, 50 g/ml streptomycin) for 1 h. Peptide-pulsed
and unpulsed populations were differentially labeled with the intracellular fluorescent dye carboxyfluorescein diacetate succimidyl ester (CFSE) (0.5 M CFSE
for peptide-pulsed cells and 5 M CFSE for unpulsed cells) in PBS with 0.1%
bovine serum albumin for 10 min at 37°C. Labeling was stopped by addition of
5 volumes of cold RP-10. Cells were washed three times with PBS, and the two
populations were mixed at a 1:1 ratio. A total of 5 ⫻ 106 cells (2.5 ⫻ 106 cells of
each population) were injected i.v. into the tail veins of recipient BALB/c mice
that had been previously immunized with LT-NP or that had received no prior
immunization. Approximately 18 h later, splenocytes were harvested from recipient mice, and single-cell suspensions were analyzed by flow cytometry. Adoptively transferred cells were distinguished from host cells by CFSE staining,
and peptide-pulsed cells (CFSElow) were distinguished from unpulsed cells
(CFSEhigh) by the intensity of the CFSE staining. The percentage of specific
lysis was calculated as follows: 100 ⫺ {[(percentage of peptide-pulsed cells in
immunized mice/percentage of unpulsed cells in immunized mice)/(percentage of peptide-pulsed cells in unimmunized mice/percentage of unpulsed cells
in unimmunized mice)] ⫻ 100}.
Statistical analysis. Data are expressed below as means and standard deviations. The statistical significance of differences was analyzed using a two-tailed
Student t test for independent samples (followed by Bonferroni’s correction to
adjust for multiple comparisons in Fig. 3 and 5B). A P value of ⬍0.05 was
considered statistically significant.

RESULTS
Single LT-NP immunization induces clonal expansion and
contraction of NP-specific CD8ⴙ T cells. In this study we characterized the CD8⫹ T-cell response induced by PA plus nontoxic LFn fused to NP118-126. NP118-126 is a well-characterized
H-2Ld-restricted CD8⫹ T-cell epitope from the nucleoprotein
of LCMV. We have previously shown that NP118-126-specific T
cells with cytotoxic activity can be cultured from the spleens of
BALB/c mice injected with LFn-NP118-126 plus PA (LT-NP) 2
weeks earlier (6, 11). However, we were interested in a more
detailed kinetic analysis of the primary T-cell response to this
toxin fusion protein. Therefore, we immunized mice i.p. with
LT-NP and determined the number of NP-specific T cells in the
spleens of mice over the subsequent month by IFN-␥ ELISPOT
analysis (Fig. 1A). As expected, the number of NP-specific T
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typic, and functional properties of the responding T cells have
not been investigated or described.
It is becoming increasingly clear that CD8⫹ T cells exhibit
diverse phenotypic and functional characteristics. Recent reports have classified long-lived memory T cells into two distinct
groups, the lymph node-homing, highly proliferative, interleukin-2 (IL-2)-producing, central memory T cells (TCM) and the
tissue-residing, cytotoxic, effector memory T cells (TEM) (18,
35, 36). Importantly, the TCM and TEM composition of an
antigen-specific T-cell pool can change both with time and
after successive immunizations (18, 19). It is also evident that
circumstances surrounding the priming event, such as the nature of the vaccine vector or infectious agent, the inflammatory
environment, and the antigen load, can greatly impact the
phenotypic and functional properties of the resulting effector
and memory T cells (18, 19, 39). This complexity suggested the
need for a detailed analysis of the CD8⫹ T-cell response stimulated by LT-delivered antigen.
In this study we characterized the induction, effector functions, phenotypes, and protective capacities of memory CD8⫹
T cells induced by immunization of mice with LFn-antigen
fusion proteins and PA. We showed that the CD8⫹ T cells
stimulated by the fusion proteins rapidly transitioned to cells
with a memory phenotype whose frequency could be increased
by a second immunization. Furthermore, the memory cells
stimulated by the LT-based system displayed protective effector functions and were a mixture of TCM and TEM. We also
investigated how primary memory and secondary memory T
cells stimulated by LFn fusion proteins and PA differed, both
phenotypically and functionally.
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cells was below the limit of detection in control, unimmunized
mice. In mice immunized with LT-NP, however, these cells
rapidly expanded and reached a peak frequency of more than
104 cells/spleen 6 days later. Like many pathogen-specific
CD8⫹ T-cell responses, the effector population then underwent a period of contraction, in this case contraction by 73%.
By day 28 the frequency of NP-specific T cells had stabilized at
approximately 3 ⫻ 103 cells/spleen. These results not only
illustrate the magnitude and kinetics of the T-cell response
stimulated by LT-NP but also show that the responding T cells
produced the inflammatory cytokine IFN-␥. We also analyzed
the NP-specific T-cell frequency in a parallel group of LT-NPimmunized mice using H-2Ld:NP118-126 (LdNP) tetramers and
flow cytometry and detected similar levels of expansion
(0.4% of the total splenic CD8⫹ T cells) and contraction
(80%) (Fig. 1B). Furthermore, both ELISPOT and tetramer
analyses of splenocytes from mice immunized with LFnNP118-126 (without PA) (Fig. 1A and data not shown) confirmed our previously published finding that CD8⫹ T-cell stimulation is entirely dependent on PA-mediated delivery of
antigen into the cytosol of host cells (8).
To ensure that the T cells identified by tetramer staining
were in fact cells that had encountered the NP antigen, we
used flow cytometry to measure the expression of the T-cell

activation marker CD44 on LdNP⫹ cells isolated from mice at
the peak of the LT-NP-induced primary response. The vast
majority of CD8⫹ LdNP⫹ cells expressed elevated levels of
CD44 compared to naı̈ve CD8⫹ cells from unimmunized mice
(Fig. 1C). The extent of CD44 upregulation was similar to that
on CD8⫹ LdNP⫹ cells isolated from mice infected 7 days
earlier with L. monocytogenes-NP118-126 (L. monocytogenesNP), a recombinant strain of L. monocytogenes that was engineered to express the NP peptide and that stimulates a robust
NP-specific CD8⫹ T-cell response in mice (40). These results
demonstrate that tetramer-positive cells from LT-NP-immunized mice were, in fact, antigen experienced.
NP-specific T cells rapidly transition to CD127high memory
cells. The cytokine IL-7 is required for the survival and maintenance of CD8⫹ T cells (37). The alpha chain of its receptor,
CD127, is constitutively expressed on the surface of naı̈ve
CD8⫹ T cells, downregulated on recently activated effector
cells, and expressed by long-lived memory cells (37). In several
infection models, including L. monocytogenes, investigators
have shown that the small population of effector T cells retaining or regaining CD127 expression are the cells destined to
survive the contraction phase and populate the memory pool
(16, 22). We wanted to investigate the expression of CD127 on
T cells induced by the LT-based antigen delivery system. To do
this, we used flow cytometry to analyze CD127 expression on
NP-specific T cells isolated from mice previously immunized
with LT-NP. We compared the results to measurements of
CD127 expression on NP-specific T cells isolated from mice
inoculated with a sublethal dose of L. monocytogenes-NP. Even
28 days after L. monocytogenes-NP infection, only 63% (on
average) of NP-specific T cells expressed high levels of surface
CD127 (CD127high) (Fig. 2). This highlights the finding that
enrichment of memory T cells can be a relatively slow process,
often taking many weeks (21, 22). In marked contrast, more
than 95% of NP-specific T cells were CD127high at the same
time point after LT-NP immunization (Fig. 2). This difference
suggests that compared to the T cells responding to L. monocytogenes-NP, the T cells responding to LT-NP either evolved
toward a CD127high phenotype more quickly or did not undergo the same initial level of CD127 downregulation after
priming. To investigate these possibilities, we monitored
CD127 expression on NP-specific T cells at earlier times after
L. monocytogenes-NP or LT-NP immunization. As expected, at
the peak of the response to L. monocytogenes-NP (day 7),
CD127low cells predominated, but as time progressed, the proportion of CD127high cells slowly increased (Fig. 2). The T cells
stimulated by LT-NP were also enriched for CD127high cells
over time, but strikingly, by 9 days after immunization approximately 90% of the NP-specific T cells already displayed a
CD127high phenotype (Fig. 2). In contrast, 9 days after L.
monocytogenes-NP infection, the majority of NP-specific T cells
still expressed low levels of surface CD127 (CD127low) (Fig. 2).
These results demonstrate that the enrichment of CD127high
cells is more rapid after LT-NP immunization than after L.
monocytogenes-NP infection and suggest that memory cell development may also be accelerated.
Another interesting finding was that at the peak of the LTNP-induced T-cell response (day 6), the majority (63%, on
average) of NP-specific T cells already displayed a CD127high
memory phenotype (Fig. 2). Therefore, CD127 may be re-
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FIG. 1. NP-specific CD8⫹ T cells expand and contract following
LT-NP immunization. Groups of BALB/c mice were immunized i.p.
with 30 pmol of LT-NP, 30 pmol of PA, or 30 pmol of LFn-NP118-126
in the absence of PA or were not immunized. The frequencies of
splenic NP-specific T cells on the indicated days after immunization
were determined by (A) IFN-␥ ELISPOT analysis or (B) flow cytometry using LdNP tetramers. Data were compiled from several independent experiments, and the values are the results for 3 to 25 mice
(A) and 7 to 10 mice (B). The dotted line indicates the limit of
detection for the ELISPOT assay. (C) Expression of the T-cell activation marker CD44 on CD8⫹ LdNP⫹ splenocytes isolated at the peak of
the response to either LT-NP (day 6) or L. monocytogenes-NP (LMNP) (day 7) or on naı̈ve CD8⫹ cells from unimmunized mice.
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tained on many NP-specific effector T cells or is downregulated
very early after priming and is reexpressed by day 6. Importantly, although 63% of NP-specific T cells were CD127high at
the peak of the LT-NP-induced T-cell response, only 20 to
27% were expected to survive the contraction phase (Fig. 1A
and B). These results demonstrate that CD127 expression by
LT-NP-induced T cells is not sufficient to ensure the survival of
these cells during the contraction phase and therefore that
CD127 cannot be used as a marker to identify the precursors of
long-term memory cells among the large pool of effectors.
Memory T-cell frequency is elevated by an early booster
immunization. Because the degree of protective immunity afforded by pathogen-specific CD8⫹ T cells is directly correlated
to the frequency of these cells at the time of challenge, the
efficacy of a vaccine is often linked to the number of memory
T cells that it induces (23, 39). Unfortunately, many vaccines
do not stimulate a robust T-cell response after one injection
and thereby provide only limited protection in challenge models. However, administering a temporally spaced homologous
or heterologous booster vaccine can be a successful strategy for
expanding the pool of memory CD8⫹ T cells and therefore
providing more protective immunity (39, 44). We wanted to
determine whether sequential immunizations with the LTbased system would boost the antigen-specific T-cell pool. To
test this possibility, we immunized mice with LT-NP, waited 21
days, and then reimmunized the same mice with LT-NP a
second time. Twenty-eight days later we determined the fre-

quency of NP-specific T cells in the spleens of these mice using
LdNP tetramers and compared the results to the frequency in
a parallel group of mice that were immunized only once, 28
days earlier. We found that on average, the second immunization boosted the splenic NP-specific memory T-cell population
more than twofold (Fig. 3).
A substantial rest period (weeks to months) between the
initial and booster immunizations is often required for optimal
reexpansion of memory CD8⫹ T cells, most likely because the
transition from effector T cells to memory T cells is slow (21).
However, our finding that NP-specific T cells stimulated by
LT-NP are predominantly CD127high after 9 days (Fig. 2) suggested that memory T-cell development may be faster in this
system. Therefore, we hypothesized that we could administer
the booster immunization less than 21 days after the first immunization, yet achieve the same substantial secondary expansion. To test this hypothesis, we again immunized a group of
mice twice with LT-NP, but this time the injections were separated by only 9 days. Twenty-eight days later we observed the
same sizeable increase in the NP-specific memory T-cell pool
(Fig. 3). Of note, the vast majority (⬎95%) of the secondary
memory T cells also expressed high levels of CD127 (Fig. 4A
and data not shown). In conclusion, the time between the first
and second LT-NP immunizations needs to be at most 9 days
for effective boosting. Again, this suggests that the antigenspecific T cells stimulated by the LT-based system rapidly develop into memory cells capable of secondary expansion.
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FIG. 2. CD8⫹ T cells induced by LT-NP rapidly display a CD127high phenotype. Groups of BALB/c mice were immunized with 30 pmol of
LT-NP i.p. or 0.1 LD50 of L. monocytogenes-NP (LM-NP) i.v. At the indicated days after immunization (days 6, 9, 12, and 28 for LT-NP and days
7, 9, 12, and 28 for L. monocytogenes-NP) splenocytes were enriched for T cells and analyzed by flow cytometry. NP-specific T cells (CD8⫹ LdNP⫹,
as defined by the gate shown in the dot plots on the left, where the numbers indicate the percentages of CD8⫹ cells that are LdNP⫹ for the
representative mice shown) were analyzed for CD127 expression. Representative dot plots indicate the percentages of CD127high and CD127low
cells from individual mice. The graph shows the average percentage of CD127high cells in the total CD8⫹ LdNP⫹ cells from 3 to 10 mice per time
point.
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Booster immunization preferentially increases TEM frequency. Although memory CD8⫹ T cells are quite heterogeneous, they can be grouped into two functionally distinct subsets that are distinguishable by expression of the lymph node
homing marker CD62L (36, 42). While CD62Lhigh TCM traffic
to lymph nodes and CD62Llow TEM do not, both subsets are
found in the spleen and blood (18). To determine the composition of antigen-specific memory cells stimulated by the LTbased system, we used flow cytometry to measure CD62L expression on NP-specific memory T cells isolated from the
spleens of mice immunized 28 days earlier with LT-NP. At this
time point, the NP-specific memory pool was approximately
65% CD62Lhigh cells and 35% CD62Llow cells (Fig. 4A and B).
These results show that the LT-based system induces a mixture
of TCM and TEM, a potentially beneficial property of a vaccine
because both classes of memory cells have been shown to
contribute to protective immunity under different circumstances (18).
It has recently been demonstrated that the phenotype of
memory CD8⫹ T cells is influenced by the number of times
that they have encountered their cognate antigen (19). In other
words, booster immunizations can affect the TCM and TEM
composition of an antigen-specific memory T-cell population
and most often shift the balance toward TEM (20, 27). To
determine whether the phenotype of LT-NP-induced T cells
changes after a second immunization, we immunized mice
twice (with the second immunization 21 days after the first
immunization) and analyzed the expression of CD62L on NPspecific memory T cells 28 days later. Interestingly, we found
that the secondary memory T-cell pool was comprised of 50%
CD62Lhigh cells and 50% CD62Llow cells (Fig. 4A and B).
Therefore, the second LT-NP immunization preferentially ex-

FIG. 4. Reduced CD62L expression on secondary memory cells
compared to primary memory cells. BALB/c mice were immunized i.p.
either once or twice (21 days after the first immunization [D21]) with
30 pmol of LT-NP. Splenocytes were harvested 28 days later, enriched
for T cells, and analyzed by flow cytometry. (A) Representative dot
plots from individual mice demonstrating the distribution of
CD62Lhigh and CD62Llow cells. Plots were gated on CD8⫹ LdNP⫹
cells. (B) Percentages of CD62Lhigh and CD62Llow cells among CD8⫹
LdNP⫹ cells from 10 to 16 mice per group compiled from three independent experiments. CD62Lhigh and CD62Llow were defined based on
the gates indicated in panel A. (C) Calculated percent increases in the
numbers of CD62Lhigh and CD62Llow cells 28 days after a second
LT-NP immunization compared to the numbers 28 days after a first
immunization.

panded the CD62Llow TEM population. Because the second
immunization also boosted the frequency of NP-specific memory T cells (Fig. 3), the result was an approximately 80%
increase in the total number of CD62Lhigh cells and a 250%
increase in the total number of CD62Llow cells (Fig. 4C). These
data demonstrate that the primary and secondary memory
T-cell pools differed in phenotype as well as in frequency.
Importantly, the TCM and TEM composition of an antigenspecific memory pool is not normally static. Instead, the proportion of CD62Lhigh cells often increases with time, while the
proportion of CD62Llow cells decreases. Therefore, it is possible that the second LT-NP immunization did not directly
stimulate more CD62Llow cells but instead slowed the conversion to a population of cells with high levels of CD62L.
Memory T cells induced by LT-NP have effector functions.
We wanted not only to enumerate NP-specific memory CD8⫹
T cells in mice immunized with LT-NP but also to directly
assess their effector functions. Therefore, we immunized
groups of mice with LT-NP either once or twice (with the
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FIG. 3. Booster LT-NP immunizations increase the frequency of
NP-specific memory T cells. BALB/c mice were immunized i.p. either
once or twice (with the second immunization 21 [D21] or 9 [D9] days
after the first immunization, as indicated) with 30 pmol of LT-NP.
Twenty-eight days after the final immunization the frequency of
splenic, NP-specific CD8⫹ T cells was determined using LdNP tetramers and flow cytometry. The data represent 4 to 16 mice per group,
pooled from several independent experiments. For comparisons with
mice immunized once, one asterisk indicates that the P value is ⬍0.05,
and two asterisks indicate that the P value is ⬍0.01.
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second immunization either 9 or 21 days after the first immunization), harvested splenocytes 28 days later, and used flow
cytometry to determine the percentage of CD8⫹ T cells that
produced IFN-␥ in response to the NP peptide. There were
approximately twofold more IFN-␥-producing, NP-specific
CD8⫹ T cells in the mice immunized twice, independent of the
time of the second immunization (Fig. 5A). Therefore, the T
cells stimulated by both the early and late booster immunizations were functional. When the primary and secondary memory T-cell populations were analyzed, it became clear that the
percentage of NP-specific CD8⫹ T cells in the spleen (measured by tetramer staining) was roughly equivalent to the
percentage of IFN-␥-producing CD8⫹ T cells in the spleen
(compare Fig. 3 to 5A). In other words, essentially all of the
NP-specific CD8⫹ T cells induced by LT-NP were capable of
producing IFN-␥ after antigen reencounter, regardless of
whether they displayed a CD62Lhigh or CD62Llow phenotype.
An effector function of CD8⫹ T cells that is especially critical for protection against intracellular pathogens is the ability
to lyse infected target cells. Although we have previously
shown that the antigen-specific T cells stimulated by the LTbased system have cytotoxic activity after in vitro restimulation
(6, 11), we wanted to more quantitatively measure their direct
in vivo cytolytic potential. We were additionally interested in
how cytotoxicity was affected by a booster immunization.
Therefore, we immunized groups of mice either once or twice
with LT-NP (with the second immunization 21 days after the
first immunization), allowed them to rest for 28 days, and then
injected NP peptide-pulsed syngeneic splenocytes and un-

FIG. 6. LT-NP immunizations protect mice against L. monocytogenes-NP challenge. Groups of BALB/c mice were immunized with 30
pmol of LT-NP once or twice (21 days after the first immunization
[D21]) or were not immunized. After 28 days all mice were injected i.v.
with 0.73 LD50 of L. monocytogenes-NP. The number of bacteria per
spleen was determined 72 h later. The lines indicate the mean numbers
of CFU/spleen for the groups. The results are representative of three
independent experiments. The asterisk indicates that the P value is
⬍0.01 for a comparison with unimmunized mice.

pulsed syngeneic splenocytes at a ratio of 1:1 into the tail veins
of all immunized mice, as well as into a group of unimmunized
mice. Because the peptide-pulsed and unpulsed target cells
were labeled with different concentrations of the fluorescent
dye CFSE, we were able to use flow cytometry to measure any
specific lysis of the peptide-pulsed cells 18 h later. On average,
12% of the peptide-pulsed target cells were lysed in mice
immunized twice with LT-NP, which was three times the level
observed in mice immunized once (Fig. 5B). Taken together,
these data suggest that when LT-NP-induced memory T cells
reencounter antigen, they produce IFN-␥ and lyse target cells,
and that the frequency of cells with these effector functions is
amplified by a booster immunization.
Two LT-NP immunizations are more protective than one
immunization against L. monocytogenes-NP challenge. We next
wanted to determine whether the elevated number of NPspecific memory T cells in mice immunized twice with LT-NP
provided more protection against a challenge with an intracellular pathogen. To test this, we gave groups of mice either one
or two LT-NP immunizations (with the second immunization
21 days after the first immunization). Twenty-eight days later
we challenged both groups of mice, as well as a third group of
naı̈ve, unimmunized mice, with 0.73 LD50 of L. monocytogenesNP. Three days after the challenge we determined the number
of L. monocytogenes-NP organisms in the spleens and livers of
all mice. As expected, there was a high L. monocytogenes-NP
titer in the spleens of unimmunized mice (Fig. 6). In contrast,
there were many fewer bacteria in the spleens of mice immunized either once or twice with LT-NP (Fig. 6). In fact, the
mice immunized twice had almost 10-fold-fewer organisms
than the unimmunized control mice and 2-fold-fewer organisms than the mice immunized once (Fig. 6). We observed a
similar level of protection when we analyzed the titers in the
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FIG. 5. LT-NP induces IFN-␥-producing, cytotoxic memory T cells
that can be boosted by a second immunization. Groups of mice were
immunized i.p. with 30 pmol of LT-NP either once or twice (9 [D9] or
21 [D21] days after the first immunization, as indicated) or were not
immunized. (A) Splenocytes were harvested 28 days later, and the
percentage of CD8⫹ T cells that produced IFN-␥ in response to the NP
peptide was determined by intracellular cytokine staining. (B) Twentyeight days after the final immunization, mice were injected i.v. with a
1:1 mixture of CFSElow NP peptide-pulsed splenocytes and CFSEhigh
unpulsed splenocytes. The percentage of in vivo specific lysis of the
peptide-pulsed splenocytes was determined by flow cytometry 18 h
later. The data are the means and standard deviations for 4 to 16 mice
(A) or 10 to 15 mice (B) from several independent experiments. An
asterisk indicates that the P value is ⬍0.01 for a comparison with mice
immunized once (A) or for a comparison with either unimmunized
mice or mice immunized once (B).
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livers (data not shown). These results suggest that a booster
immunization with LT-NP stimulated a more protective CD8⫹
T-cell response than a single immunization, most likely by
inducing a larger number of antigen-specific T cells with protective effector functions. Perhaps not surprisingly, the level of
protection seen with the LT-NP system did not equal the level
afforded by immunization with a live, replicating vaccine. Specifically, infection of mice with 3 ⫻ 106 PFU of recombinant
vaccinia virus expressing NP provided approximately 3 logs of
protection in the same L. monocytogenes-NP challenge model,
most likely due to the extremely robust NP-specific CD8⫹
T-cell response induced by recombinant vaccinia virus expressing NP (data not shown).

Memory CD8⫹ T cells are important mediators of protection against pathogens, especially pathogens that reside inside
host cells. The circumstances surrounding the initial priming
events can greatly affect the properties of the resulting memory
T cells and consequently the extent of protective immunity that
they provide. Therefore, it is imperative to study and analyze
CD8⫹ T cells stimulated by each antigen delivery system of
interest. Here, we performed a detailed phenotypic and functional characterization of the endogenous, antigen-specific,
memory CD8⫹ T cells stimulated by antigen fused to a nontoxic derivative of anthrax LT. We found that a single immunization with LT-NP stimulated NP-specific T-cell expansion
and contraction, as well as rapid differentiation into CD127high
TCM and TEM with protective effector functions that include
the production of IFN-␥ and in vivo lysis of target cells.
There has been much effort to identify a marker that can
distinguish memory T-cell precursors from effector T cells during the acute phase of infection. CD127 expression has proven
to be such a marker during infections with L. monocytogenes
(16) and LCMV (22), among other organisms. At the peak of
the T-cell response induced by these organisms, a small fraction of antigen-specific CD8⫹ T cells expresses high surface
levels of CD127, and it is these cells that are selectively enriched during the contraction phase and persist into the memory phase (16, 22). Consequently, the percentage of CD127high
cells at the peak of the pathogen-specific T-cell response is
tightly correlated with the number of memory T cells remaining once contraction is complete. We did not find this to be
true following immunization with LT-NP. Instead, the average
percentage of CD127high NP-specific T cells at the peak of the
response (63%) was much greater than the percentage of NPspecific T cells that survived the contraction phase (20 to 27%).
Similar results have been observed following immunization
with peptide-pulsed dendritic cells (5, 25). One theory is that
the extent of CD127 downregulation on effector T cells is
related to the extent of antigen-specific T-cell expansion (25).
In other words, T cells from a large effector pool are more
likely to be CD127low, whereas T cells from a smaller effector
pool are more likely to be CD127high. In any case, our results
add to the growing evidence that CD127 expression is not
sufficient for a T cell to survive the contraction phase and
suggest that factors in addition to IL-7 are important for longterm survival. Identification of these other factors should help

increase our understanding of how cells avoid death signals
and populate the memory pool.
We went on to demonstrate that a booster LT-NP immunization significantly increased the frequency of NP-specific
memory CD8⫹ T cells. The ability to administer LT-NP multiple times and effectively boost the memory pool is beneficial
in light of the fact that the frequency of antigen-specific memory T cells is often directly linked to the degree of protective
immunity that they afford (39). A potential disadvantage with
many prime-boost regimens is the relatively long time that is
required between immunizations in order to induce robust
secondary responses. For example, rechallenge during the effector phase of the L. monocytogenes-induced CD8⫹ T-cell
response does not result in a substantial increase in the number of secondary memory T cells (5). However, we determined
that by 9 days after LT-NP immunization the NP-specific
CD8⫹ T-cell pool had undergone substantial contraction and
was comprised largely of CD127high cells, suggesting that the
LT-based antigen delivery system accelerates the rate of memory CD8⫹ T-cell development. Accordingly, a booster immunization administered at this early time point was as effective
(as measured by the frequency of secondary memory T cells) as
a booster immunization administered 21 days after the initial
immunization. Rapid memory development and a corresponding ability for fast and effective boosting are desirable characteristics for vaccines, especially in circumstances where protective immunity must be acquired in a short time. Badovinac et
al. demonstrated that CD8⫹ T cells stimulated by peptidecoated dendritic cells or L. monocytogenes coadministered with
antibiotics also rapidly differentiated into T cells with phenotypic and functional memory properties and could be effectively boosted just days after the initial injection (4, 5). Together with our data, these results suggest that the rate of
transition from effector T cells to memory T cells is not fixed
but is influenced by the form in which the antigen is introduced.
One factor that has been shown to control the rate of memory cell generation is the inflammatory environment present
during antigen encounter (19). Specifically, Badovinac et al.
found that in cases of immunization with peptide-coated dendritic cells or L. monocytogenes plus antibiotics, the lack of
overt inflammation, in particular IFN-␥, was responsible for
accelerated memory generation (4, 5). In light of these findings, it will be interesting to investigate the role of inflammation in the development of LT-NP-induced memory T cells. In
our system, the NP peptide antigen is conjugated to purified
LFn protein and administered along with PA. Therefore, it is
certainly possible that this immunization does not induce a
robust inflammatory response. Interestingly, inflammation and
IFN-␥ also seem to influence the extent of CD8⫹ T-cell contraction (14). Here we demonstrated that the NP-specific effector T-cell pool induced by LT-NP contracted by at least
73%, which suggests that the immunization delivered an inflammatory signal sufficient to initiate substantial contraction.
However, it is worth noting that the contraction that we observed in this system was not as extensive as the 90 to 95%
contraction usually observed after infections with replicating
organisms. Therefore, it is possible that the LT-based system
delivers more modest inflammatory signals. In addition, we
would not expect LFn-NP118-126 or PA proteins to persist for
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and TEM phenotypes. Our finding that this system rapidly induces CD127high memory cells that can be effectively boosted
as early as 9 days after the initial immunization also demonstrates its utility for quickly generating a large pool of antigenspecific memory T cells. Despite these potential advantages,
the magnitude of the T-cell response elicited by LT-NP is
clearly less than the magnitude of the response elicited by live,
replicating vaccines. This highlights a potential drawback to
using nonreplicating vaccines to stimulate cell-mediated immunity, that is, their difficulty in delivering sufficient antigen to
induce robust T-cell responses. It is possible that inclusion of
adjuvants or other inflammatory mediators along with the LTbased protein immunization may result in an amplified antigen-specific CD8⫹ T-cell response and a corresponding increase in protective immunity. It will also be interesting to
directly compare the properties of the T cells induced by the
LT-based system to the properties of the T cells induced by
other nonreplicating vaccine systems, particularly other bacterial toxin-based antigen delivery systems, such as that based on
the adenlyate cyclase toxin produced by Bordetella pertussis
(41). The knowledge gained should increase our understanding
of how the priming environment affects the generation of different types of memory T cells and should help us engineer
vaccines to stimulate potent and protective cell-mediated immune responses.
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