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A human immunodeficiency virus type 1 (HIV-1) vaccine that induces potent immune responses in the gastrointestinal mucosa
would be highly desirable. Here we show that attenuated recombinant Listeria monocytogenes, administered orally utilizing its
natural route of infection, induces potent mucosal as well as systemic immune responses in mice. Moreover, these responses can
be boosted efficiently with replication-incompetent adenoviral vectors. L. monocytogenes elicited more potent simian immuno-
deficiency virus (SIV) Gag-specific CD8� T lymphocyte responses in mucosal compartments than DNA vaccines.

The gastrointestinal mucosa serves as the major site for human
immunodeficiency virus type 1 (HIV-1) replication and for

the destruction of CD4� T lymphocytes (1, 2). Moreover, HIV-1
transmission typically occurs across mucosal surfaces. Therefore,
efforts to develop an HIV-1 vaccine capable of providing protec-
tive immunity at the mucosal portal of entry will likely prove
critical.

A highly attenuated recombinant Listeria monocytogenes strain,
LmddBsdal (referred to here as rLm), was previously developed as
a vaccine vector by deleting the two essential genes, dal and dat,
required for cell wall synthesis. The deletion of these genes was
partially complemented by introducing the Bacillus subtilis dal
gene into the vector, thus retaining attenuation (3). rLm, when
administered orally, followed by a booster with a replication-in-
competent recombinant adenovirus serotype 5 (rAd5) vector, has
been shown to induce robust antigen (Ag)-specific cellular im-
mune responses in systemic and mucosal inductive sites (4, 5).
However, the elucidation of L. monocytogenes vector-induced cel-
lular immunity in the effector sites of the gastrointestinal mucosa
remains unclear, and the vector’s potency compared with that of
DNA vaccine priming remains to be determined. In this study, we
examined the magnitude, kinetics, memory phenotypes, and an-
atomic distribution of the Ag-specific CD8� T lymphocytes in-
duced in the gut mucosa by an rLm priming/recombinant Ad
(rAd) boosting regimen. Furthermore, we directly compared the
priming effects of rLm and DNA vectors on the ability to induce
cellular immune responses at mucosal sites.

We initially performed a dose escalation study to determine the
optimal dose of rLm expressing simian immunodeficiency virus
strain mac239 (SIVmac239) Gag (rLm.SIVgag). Naive C57BL/6
mice (n � 8/group) were intragastrically (i.g.) administered with
108 CFU, 109 CFU, 1010 CFU, or 1011 CFU rLm.SIVgag at week 0.
No clinical adverse effects were observed (data not shown). Four
weeks later, 4 mice from each group were boosted intramuscularly
(i.m.) with 107 virus particles (vp) of rAd5.SIVgag (rLm alone, n �
4/group; rLm-rAd5, n � 4/group). Animals were bled weekly, and
vaccine-elicited CD8� T lymphocyte responses specific for the
dominant SIV Gag AL11 epitope (AAVKNWMTQTL, H2-Db) (6)
were monitored by tetramer binding assays (7, 8). As shown in Fig.
1A, the mean percentage of AL11-specific CD8� T lymphocytes

peaked at 2 weeks following rLm vector immunization, ranging
between 0.30 and 0.73% CD8� T lymphocytes. rLm at 1010 CFU
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FIG 1 rLm.SIVgag immunogenicity in mice. (A) Groups of C57BL/6 mice
(n � 8/group) received oral escalating doses of rLm.SIVgag (0 or 108 to 1011

CFU) (Lm Prime) and were then boosted i.m. with rAd5.SIVgag (0 or 107 vp;
n � 4/group) (Ad5 Boost) 4 weeks later. The inset shows the AL11-specific
CD8� T lymphocyte responses at weeks 0 to 4 in a smaller scale. (B) C57BL/6
mice (n � 4) received orally two consecutive doses of 1010 CFU rLm.SIVgag at
weeks 0 and 4. Animals were bled at the indicated time points, and AL11-
specific CD8� T lymphocyte responses were measured by tetramer binding
assays. Error bars indicate standard errors of the means (SE).
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induced the highest-frequency responses among the doses tested
at week 2 (Fig. 1A, inset). When mice were boosted with rAd5
expressing SIV Gag, robust AL11�CD8� T lymphocytes were de-
tected at weeks 6 to 8, indicating that rLm-primed immune re-
sponses were effectively boosted by rAd5.

To characterize the rLm vector-elicited immune responses fur-
ther, naive C57BL/6 mice were injected i.g. twice with 1010 CFU
rLm.SIVgag at weeks 0 and 4 (Fig. 1B). The AL11� CD8� T lym-
phocyte responses following the second rLm immunization were
1.5 to 1.6% at weeks 6 and 7, more than 5-fold higher than the
peak response following priming, suggesting that prior exposure
to L. monocytogenes does not abrogate immunogenicity (9). When
assessed for the functionality of T lymphocyte responses by intra-
cellular cytokine staining, a single administration of rLm.SIVgag
induced mean percentages of gamma interferon (IFN-�)-produc-
ing CD8� and CD4� T lymphocytes of 0.5% and 0.1%, respec-
tively, in response to SIV Gag peptide pools, measured at week 2
(data not shown).

We next evaluated the CD8� T lymphocyte responses in mul-
tiple systemic and mucosal compartments, including peripheral
blood, spleen, inguinal lymph nodes (ILN), mesenteric lymph
nodes (MLN), Peyer’s patches (PP), and the intraepithelial lym-
phocyte (IEL) and the lamina propria lymphocyte (LPL) popula-
tions of both the small bowel and the large bowel (10). C57BL/6
mice (n � 8/group) received escalating doses of rLm.SIVgag (0 or
108 to 1011 CFU), and 4 weeks later, half of the animals were
boosted i.m. with 107 vp rAd5.SIVgag (n � 4/group). Figure 2
shows the AL11-specific CD8� T lymphocyte responses 4 weeks
after rLm priming (left panel) and 4 weeks after rAd5 boosting
(right panel). The kinetics of the responses were similar in all
anatomic compartments evaluated. Four weeks after the priming
with rLm, mean peak AL11� CD8� T lymphocyte responses in all
measured compartments were significantly higher in the groups
receiving 1010 CFU and 109 CFU than in that receiving 108 CFU
(one-way analysis of variance [ANOVA] with Dunnett’s posttest).
Broad responses were detected in multiple mucosal surfaces at
magnitudes comparable to those observed in peripheral blood.
Four weeks after the rAd5 boost, animals primed with 1010 CFU
rLm exhibited significantly higher AL11� CD8� T lymphocyte
responses in the peripheral blood, spleen, ILN, and most of the gut
mucosal compartments (IEL and LPL of the small bowel, IEL of
the large bowel) than those in the rAd5-alone group, thus showing
that rLm-primed responses could be effectively boosted by a het-
erologous vector (one-way ANOVA with Dunnett’s posttest). The
increased magnitude of CD8� T lymphocyte responses observed
in the peripheral blood, spleen, and LPL of the small bowel fol-
lowing the rAd5 boost is consistent with our previous observa-
tions with rAd vectors (7, 8). Moreover, mucosal CD8� T lym-
phocyte responses in LPL appeared durable and were still detected
39 weeks after the Ad5 boost (rLm/Ad5, 0.81% [mean]; Ad5 alone,
0.22%) (data not shown).

Next, we directly compared the priming effects of rLm and
DNA vectors for a subsequent rAd5 boost. A recent study in mice

FIG 2 CD8� T lymphocyte responses induced in the periphery and gastroin-
testinal mucosa by escalating doses of rLm.SIVgag. Groups of C57BL/6 mice
(n � 8/group) received oral escalating doses of rLm.SIVgag (0 or 108 to 1011

CFU). Four weeks later, half the animals in each group were boosted i.m. with
rAd5.SIVgag (107 vp; n � 4/group). AL11-specific responses were measured at
weeks 4 (preboosting) and 8 (postboosting). Error bars, �SE. One-way
ANOVA with Dunnett’s post hoc analysis (*, P � 0.05; **, P � 0.01) was used

to compare the percentages of AL11� CD8� T lymphocytes in groups receiv-
ing 109 to 1011 CFU rLm.SIVgag with those of groups receiving 108 CFU
rLm.SIVgag (left panel) or to compare groups primed with rLm.SIVgag and
boosted with rAd5.SIVgag with those receiving rAd5.SIVgag alone (right
panel). SB, small bowel; LB, large bowel.
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showed that DNA vaccines delivered intramuscularly by in vivo
electroporation were able to induce antigen-specific CD8� T lym-
phocyte responses in the peripheral blood, spleen, and LPL of the
small bowel (11). As shown in Fig. 3, naive C57BL/6 mice (n �
8/group) received either 1010 CFU rLm.SIVgag i.g. or 50 �g plas-
mid cytomegalovirus combined with SIV Gag (pCMV.SIVgag)
i.m. and then were boosted i.m. with 107 vp rAd5.SIVgag 4 weeks
later. Animals receiving rAd5.SIVgag alone served as the control
(n � 8/group). At week 7, the magnitude, memory phenotype,
and distribution of vaccine-elicited AL11-specific CD8� T lym-
phocyte responses in multiple anatomic sites were determined
using Db/AL11 tetramer binding assays. rLm.SIVgag induced sig-

nificantly higher AL11� CD8� T lymphocyte responses than
DNA.SIVgag in the spleen, Peyer’s Patches, IEL and LPL of the
small bowel, and LPL of the large bowel and showed a trend in
other compartments (two-sided t test). Remarkably, in the vaginal
mucosa, mean responses were 43.7% for rLm/rAd5-vaccinated
animals, while the rAd5-alone and DNA-rAd5 groups induced
mean responses of 13.9% and 28.3%, respectively. Thus, the rLm
vector-primed AL11� CD8� T lymphocyte responses were
broadly distributed and involved multiple peripheral and mucosal
sites. In contrast, DNA vaccine-primed responses were more nar-
rowly restricted, suggesting that CD8� T lymphocytes generated
by DNA vaccines have a more restricted pattern of trafficking to

FIG 3 Comparison of rLm and DNA as priming vaccine vectors for a subsequent rAd5 boosting. Groups of C57BL/6 mice (n � 8/group) received 1010 CFU
rLm.SIVgag orally or 50 �g pCMV.SIVgag i.m. and were boosted i.m. with 107 vp rAd5.SIVgag 4 weeks later. Animals that received rAd5.SIVgag alone served as
the control (n � 8). At week 7, the magnitude and distribution of vaccine-elicited AL11-specific CD8� T lymphocyte responses in multiple anatomic sites were
determined by Db/AL11 tetramer binding assays. The memory phenotype of the tetramer-positive population was determined based on the expression of CD62L
and CD127. Error bars, �SE. Two-sided t tests were used to compare the means of the results for the rLm-rAd5 group with those for the DNA-rAd5 group (*,
P � 0.05; **, P � 0.01). CM, central memory; EM, effector memory; E, effector.
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other compartments. In particular, the rLm/rAd5 regimen was
more potent than the DNA/rAd5 regimen for inducing immune
responses in the small bowel and vaginal mucosa. Consistently
with our previous reports (8), peripheral and mucosal AL11-spe-
cific CD8� T lymphocytes were predominantly effector memory
cells (CD44� CD62L� CD127�), especially in the rLm- or DNA-
primed groups, while central memory phenotypes (CD44�

CD62L� CD127�) were concentrated in the systemic and muco-
sal inductive lymphoid tissues.

To determine the generalizability of the observations, we also
evaluated the capacity of rLm-primed responses to be boosted by
rAd26, an alternative serotype of adenovirus that has recently been
shown to provide protective immunity in rhesus macaques chal-
lenged with SIV (12, 13). We utilized a low, marginally immuno-
genic dose of rAd26 (6) to better define the priming effects of the
rLm vector. As shown in Fig. 4A, naive C57BL/6 mice received
1010 CFU rLm.SIVgag i.g. (n � 8/group) or a sham dose (n �
8/group) and were boosted i.m. with 107 vp rAd26.SIVgag at week
4. Like rAd5, rAd26 effectively boosted AL11-specific CD8� T
lymphocyte responses in multiple anatomic compartments, in-
cluding the gastrointestinal and vaginal mucosas (two-sided t
test). Moreover, the rLm/rAd5 and rLm/rAd26 regimens elicited
CD8� T lymphocytes with a trend toward lower PD-1 (14, 15)
expression (not statistically significant) than with Ad5-alone reg-
imens, suggestive of a less exhausted phenotype (Fig. 4B).

In summary, our studies demonstrate that priming with the
attenuated recombinant Listeria monocytogenes vector followed by
boosting with the replication-incompetent rAd5 or rAd26 vectors
results in potent antigen-specific CD8� T lymphocyte responses
in multiple peripheral and mucosal sites. rLm/rAd5 immuniza-
tion induced significantly higher AL11-specific CD8� T lympho-
cyte responses than rAd5 alone. Moreover, rLm proved more ef-
fective than DNA vaccines for priming, particularly for the
induction of mucosal responses. These data suggest that rLm is an
attractive priming vector that can be a useful component of a
priming-boosting strategy involving other viral vectors, such as
adenoviral vectors (6, 16), for the induction of mucosal immunity.

In addition, it should be emphasized that its oral delivery route
may be very practical for resource-poor settings.
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