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Abstract As a vaccine vector, Listeria monocytogenes
targets the innate immune system, resulting in a cytokine
response that enhances antigen-presenting cell function
as well as inducing a Th1 profile. It also enhances cell-
mediated immunity by targeting antigen delivery in
antigen-presenting cells to both the MHC class I path-
way of exogenous presentation that activates CD8 T
cells and the MHC class II pathway that processes
antigen endogenously and presents it to CD4 T cells. In
this review, we describe the development of vaccine
constructs that target the human papillomavirus 16
(HPV-16) E7 antigen, and we characterize their effects
on tumor regression as well as various immune param-
eters both innate and adaptive. In particular, we describe
the effect on tumor angiogenesis, induction of antitumor
suppressor factors like CD4+CD25+ T cells and regu-
latory cytokines TGF-b and IL-10, homing and infil-
tration of antigen-specific CD8+ T cells to the tumor,
and also effects of the vaccines on antigen-presenting
cells, especially focusing on dendritic cell maturation
and ability to influence tumor regression. We believe
that the identification of several immune parameters that
correlate with antitumor efficacy, and of some that have
a negative correlation, may have wider application for
other cancer immunotherapeutic approaches.
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Introduction

Cervical carcinoma is a gynecological disease that has
been identified as the second leading cause of cancer
among women worldwide. Human papillomaviruses
(HPVs) are responsible for more than 95% of the nearly
450,000 cervical cancers that occur each year throughout
the world. HPV is a double-stranded DNA tumor virus
that belongs to the papovavirus family and inhabits the
squamous epithelium of the mucocutaneous surface.
These viruses can be classified into different risk classes,
with the high-risk HPV type 16 being the most prevalent
in cervical carcinoma cases.

In many developing countries with poor screening
techniques, HPV affects millions of men and women
annually in the form of genital warts and diseases of the
cervix and anogenital region, although in the United
States, the cancer rate is relatively low at 13,500 cases
per year [2]. Recently, clinical trials to prevent HPV
infection, such as those of immunization with human
papillomavirus-like particles (VLPs) have been
extremely successful [21]. Despite these exciting results
for treatment of cervical precancers, the duration of
immunity in these trials is unknown, and reversing ad-
vanced, invasive cervical lesions with immunotherapeu-
tics is a much more difficult challenge.

One of the most successful methods of anticancer
immunotherapy involves using immunodominant pep-
tides from tumor antigens to generate high levels of
circulating T cells against cancer antigens [20]. Recent
controlled trials have shown some success in inducing
precursor regression with vaccines targeting viral on-
coproteins. Two of the HPV gene products—early
transforming proteins E6 and E7—are almost ideal
candidates for vaccine approaches against HPV neo-
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plasia because they are the only open reading frames
from the HPV genome that are constitutively expressed
in HPV-transformed tissues and are thought to be
necessary to maintain the transformed state of these
cells [22]. In addition, there is a wealth of evidence
that these two proteins are immunogenic in humans,
with the production of both humoral and cell-mediated
responses [27]. CD8+ cytotoxic T cells are essential to
antitumor therapy, as shown by studies demonstrating
the presence of CD8+ cells in the lymphocyte infil-
tration of cervical tumors, which can be cultured and
demonstrate CTL activity against certain tumor anti-
gens. Therefore, the development of a vaccine that
results in a strong adaptive immune response in indi-
viduals with inadequate protective immunity to HPV
E6 or E7, would be essential for any approach to
successfully treat HPV-associated cancer.

Intracellular bacteria are able to generate a strong
cell-mediated immune response within the host. Our lab
and those of others have demonstrated the ability of
Listeria monocytogenes to be used as a vaccine vector in
inducing directed immune responses to added antigens.
L. monocytogenes is especially attractive, as compared to
other intracellular bacteria such as Salmonella or BCG,
as a vaccine vector due to its unusual life cycle. As
facultative intracellular bacteria, listeriae are taken up
primarily by antigen-presenting cells (APCs) such as
macrophages and dendritic cells (DCs) and enter their
phagosomes (Fig. 1). The majority of bacteria are killed

and digested in the lysosomal compartment in vivo, thus
targeting the antigens to the MHC class II pathway for
antigen processing and cell surface presentation. At the
same time, some of the bacteria will escape into the
cytosol through the actions of the listeriolysin O (LLO)
protein [19]. Antigens from the Listeria that multiply in
the cytosol are presented in an MHC class I–restricted
manner to T cells, allowing the expansion of CD8+ T
cells, which are necessary for clearance of virally infected
host cells as well as being important for direct killing of
tumor cells [14]. The MHC class II antigen presentation
of bacteria-derived antigens in the lysozome induce a
CD4+ T-cell response, which is also necessary for a
robust cell-mediated immune response.

HPV 16-E7 expressing L. monocytogenes vaccine
constructs

We have designed two recombinant forms of L. mono-
cytogenes vectors that express human papillomavirus
(HPV) protein E7 [3]. The two vectors differ in the forms
of the HPV E7 that are expressed. As shown in Fig. 2,
the Lm-E7 vector is transformed with a single copy of
the gene that is integrated into the Listeria genome. The
Lm-LLO-E7 vector has the E7 protein expressed as
multiple copies from a plasmid and the E7 protein is
fused with the nonfunctional first 420 amino acids of the
listeriolysin protein. Lm-E7 secretes E7 that migrates at
approximately 14 kDa, and Lm-LLO-E7 expresses and
secretes a 67-kDa LLO-E7 fusion protein as well as the
14-kDa E7 protein as verified by anti-E7 Western blot
(Fig. 2). The Lm-E7 construct is modeled after the Lm-
Gag recombinant that has previously been demonstrated
to induce effective antiviral immunity to the HIV Gag
antigen [10–12]. Lm-LLO-E7 is modeled after the Lm-
LLO-NP strain that has shown remarkable effectiveness
as an immunotherapeutic targeting the artificial tumor
Ag, NP [15– 17].

The model that we utilize is the TC-1 tumor model,
which has several distinct advantages. It is a C57Bl/6–
derived tumor that has been immortalized with HPV-16
E6 and E7 and transformed with oncogenic ras [7]. This
tumor expresses E6 and E7 protein constitutively at low
levels, grows rapidly in syngeneic mice, and has been
used extensively to test HPV immunotherapeutics. In
our system, Lm-E7 and Lm-LLO-E7 were compared for
their abilities to impact on TC-1 growth. Subcutaneous
tumors were established on the left flank of C57BL/6
mice. Seven days later, tumors had reached a palpable
size of 4–5 mm in diameter, and the mice were treated on
days 7 and 14 with 0.1 LD50 Lm-E7, Lm-LLO-E7, or, as
controls, Lm-Gag and Lm-LLO-NP. Tumors were
measured every 3 days, and mice were sacrificed at
day 60 or when tumors reached 2 cm in diameter. While
Lm-E7 had no effect on tumor growth, Lm-LLO-E7
induced complete regression of 75% of established TC-1
tumors (Fig. 3).

Fig. 1 Antigen processing and targeting of passenger antigens by
L. monocytogenes compared to other facultative intracellular
bacteria. Facultative intracellular bacteria such as Salmonella,
BCG, and L. monocytogenes are taken up into APCs by
phagocytosis (a). Listeria alone is capable of lysing the phago-
some’s membrane by secreted virulence factors and is released into
the cytoplasm (b). Any secreted protein can be cleaved by the
proteosome, and the resulting peptides are transported into the
endoplasmic reticulum where they are loaded onto MHC class I
molecules. The class I MHC molecules are sent to the cell
membrane where they present the peptides to CD8+ T cells. In
contrast (a), Salmonella, BCG, and L. monocytogenes that fail to
lyse the phagosomal-lysosomal membrane are degraded, and their
proteins are broken down into peptides that can be loaded onto
MHC class II molecules and presented to CD4+ T cells
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Role for innate immunity in immunotherapy with Listeria

One issue that arises from these results is the necessity to
understand the immune parameters that correlate with
this obvious difference in the in vivo ability of these two
contructs to cause effective tumor regression. For in-
stance we can see that in Fig. 3, the slowing of TC-1
growth in Lm-E7–treated mice compared with naive
controls is clearly due to innate immune mechanisms,
since the isogenic control, Lm-Gag, slows tumor growth
to the same extent.

Fig. 2 Lm-E7 and Lm-LLO-E7 vaccine constructs. a Lm-E7 was
generated by introducing a gene cassette into the orfZ domain of
the L. monocytogenes genome. Lm-LLO-E7 was generated by
transforming the prfA� strain XFL-7 with the plasmid pGG-55. b
Lm-E7 and Lm-LLO-E7 secrete E7. E7 expression was analyzed by
Western blot from Lm-Gag (lane 1), Lm-E7 (lane 2), Lm-LLO-NP
(lane 3), Lm-LLO-E7 (lane 4), XFL-7 (lane 5), and wild-type
Listeria 10403S (lane 6). Reproduced with permission of the
authors and publishers [3]

Fig. 3 Lm-LLO-E7 induces
complete regression of
established TC-1 tumors.
C57BL/6 mice (eight per group)
received 2·105 TC-1 cells by s.c.
injection on the left flank. Mice
were treated on days 7 and 14
following tumor challenge with
0.1 LD50 Lm-LLO-E7, Lm-E7,
Lm-LLO-NP, or Lm-Gag, or
were left untreated. The average
tumor diameter was measured
with calipers and is shown for
each mouse. Mice were
sacrificed when tumor diameter
reached approximately 2.0 cm.
Tumor measurements for each
time point are shown only for
surviving mice. Reproduced
with permission of the authors
and publishers [3]
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Listeria induces an inflammatory cytokine cascade early
after infection

Listeria induces a potent cellular immune response and a
Th1-type cytokine profile by infecting professional APCs
in the liver and spleen, both of which are thought to be
useful for tumor immunotherapy. As described in Fig. 4,
phagocytosis of Listeria by innate immune cells such as
macrophages results in the secretion of cytokines IL-12,
IL-1, and TNF-a and also activates the macrophage,
which in turn results in the destruction of the bacteria by
an oxidative burst. IL-1 maintains this activated state of
the macrophage and also neutrophils. IL-12 and TNF-a
act on NK cells, which are stimulated to produce IFN-c.
This IFN-c in turn results in the expansion of a Th0 T-cell
population, which is further influenced by IL-12 andTNF
to differentiate into a Th1 phenotype, which also secrete
IFN-c, TNF-a, and IL-2. This Th1-type cytokine profile is
known to be most effective for tumor immunity, and the
cytokine cascade initiated by macrophages eventually
activates both the innate and adaptive arms of the cellular
immune response.

The effect of Listeria on tumor angiogenesis

Many human tumors lose responsiveness to IFN-c,
providing a possible mechanism for the tumor to avoid
immune recognition and destruction. In fact, tumor
responsiveness to IFN-c has been shown to be required
for the effectiveness of IL-12 antiangiogenesis therapy [9,
24]. To determine whether the control of tumor growth
through Listeria-induced innate immune mechanisms is

by an angiostatic mechanism, we developed a tumor
model where TC-1 cells were transfected with a domi-
nant-negative IFN-cRa chain thus rendering them
unresponsive to IFN-c. The clone, TC-1.mugR,
displayed equivalent levels of the E7 tumor antigen and
increased surface levels of IFN-cRa, and yet remained
unresponsive to IFN-c. In vivo Matrigel assays were
used to measure the ability of Lm-LLO-E7 and Lm-Gag
to inhibit tumor angiogenesis stimulated by TC-1 and
TC-1.mugR. Using hemoglobin content as an index of
Matrigel vascularization, tumor cells were mixed with
Matrigel matrix and subcutaneously implanted into
C57BL/6 mice. Mice were immunized on day 7 with Lm-
LLO-E7, Lm-Gag, or PBS. As shown in Fig. 5, a sig-
nificantly reduced level of vascularization was found in
TC-1 tumors of mice treated with either Lm-LLO-E7 or
Lm-Gag compared to the PBS-treated group (statistical
differences between groups were determined by Stu-
dent’s t test). Lm-LLO-E7 inhibited angiogenesis in both
TC-1 and TC-1.mugR tumors, and therefore, this effect
was not dependent on sensitivity to IFN-c. However, the
ability of Lm-Gag to inhibit tumor angiogenesis was
dependent on sensitivity to IFN-c, as Lm-Gag was un-
able to inhibit angiogenesis in TC-1.mugR (Fig. 5). We
demonstrate that suppression of tumor angiogenesis by
a nonspecific L. monocytogenes recombinant (Lm-Gag)
requires tumor sensitivity to IFN-c, consistent with
previous studies investigating IL-12 antitumor therapy.

Adaptive immune parameters that are influenced
by Listeria vaccine vectors

As discussed earlier in Fig. 3, only Lm-LLO-E7 was
capable of complete regression of TC-1 tumors, whereas

Fig. 4 L. monocytogenes induces a cytokine cascade early in
infection. a Bacteria are taken up by phagocytic cells including
macrophages (M/) and neutrophils. Cell wall components activate
macrophages to produce b IL-12 and TNF-a that activate NK cells,
and c IL-1 that activates neutrophils. Activated NK cells produce d
IFN-c that acts on macrophages to up-regulate antigen-processing
machinery and increase the further production of IL-12, and e it
drives the maturation of Th0 cells to Th1 cells. Reproduced with
permission of the authors and publishers, from Gunn et al. [4]

Fig. 5 Listeria inhibits angiogenesis in TC-1 and TC-1.mugR
tumors. Naive C57BL/6 mice were subcutaneously injected with
Matrigel containing 1·105 TC-1 or 1·105 TC-1.mugR tumor cells.
On day 7, mice were injected intraperitoneally with PBS, Lm-LLO-
E7, or Lm-Gag. Seven days after treatment, Matrigel plugs were
harvested and angiogenesis was quantified by determining the
hemoglobin content of individual pellets. Data shown represent the
mean ± SEM. Adapted with permission of the authors, from
Dominiecki et al. (2005) Cancer Immunol Immunother 54:477–488
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Lm-E7 did not show very significant levels of tumor
regression. Are there differences between the two vac-
cines at the effector level of adaptive immunity that are
responsible for differences in tumor efficacy?

To further analyze the abilities of the two recombi-
nants to induce E7-specific CD8+ T cells, mice were
immunized and boosted with Lm-E7 or Lm-LLOE7,
and their splenocytes were stained with H-2Db tetra-
mers loaded with the E7 peptide. Both E7 vaccine
strains induce activated CD8+ T-cell responses in the
spleen of similar magnitude. Lm-LLO-E7 induces
approximately 8.2% E7-specific tetramer positive
CD8+ T cells in the spleen which is comparable to the
12.8% induced by the Lm-E7 vaccine [3]. However,
cytotoxic T-lymphocyte (CTL) induction in the spleen
is a necessary but not a sufficient condition for effective
immunotherapy. Using in vivo depletion of T cells or
cytokines following immunotherapeutic vaccination of
implanted TC-1 with either Lm-E7 or Lm-LLO-E7, we
found that both CD8+ and CD4+ T cells, in addition
to IFN-c, were crucial to the full efficacy of Lm-LLO-
E7. Conversely, depletion of CD8+ T cells or IFN-c
had no effect on the incapacity of Lm-E7 to influence
the growth of TC-1 in C57BL/6 mice whereas depletion
of CD4+ cells in Lm-E7 mice showed improved anti–
TC-1 response. Similar results were also obtained when
TC-1–bearing mice were treated with an anti–TGF-b
mAb (2G7) before and after administration of Lm-E7
or Lm-LLO-E7. While treatment with 2G7 had no
apparent effect on mice that received Lm-LLO-E7, a
significant number of 2G7-treated Lm-E7–vaccinated

mice remained tumor free [3]. Taken together, these
data suggested that Lm-E7 and Lm-LLO-E7 might
induce qualitatively different CD4+ T-cell subsets that
could impact on the antitumor efficacy of Lm-E7–in-
duced CD8+ T cells.

Role of regulatory T cells in preventing tumor regression
by Listeria vaccine vector

It has become increasingly clear that even while vaccine
and other immunotherapeutics strategies are capable of
raising high levels of antitumor T cells, tumors often
grow despite lymphocytic infiltration. There are a vari-
ety of active mechanisms that may limit the effectiveness
of immune stimulation and prevent cancer regression.
These mechanisms may be due to the impact of lym-
phocyte-related factors or tumor-related factors [5, 6].
Recent studies have shown that large numbers of
CD4+CD25+ cells capable of suppressing effector T-cell
activity can invade the peripheral blood and tumor
microenvironment of human non–small cell lung can-
cers, ovarian cancers, and other invasive cancers [8, 28].
Studies show that when these cells are depleted using
mAb, transplanted tumors in mice can be rejected by the
host immune system, suggesting that CD4+CD25+ cells
may mitigate the immune response to cancers and that
removal of this subpopulation in vivo could evoke
effective antitumor immunity [13, 26].

To determine whether a CD4+CD25+ suppressor T-
cell population was responsible for the different tumor-
regressing capabilities of the Lm-E7 versus LmLLO-E7
vaccines, using flow cytometry, we examined the prev-
alence of CD4+CD25+ T cells in different organs from
tumor-bearing mice that were challenged with either
vaccine. There were significantly higher numbers of
CD4+CD25+ T cells in the spleen and the tumor of the
Lm-E7 vaccinated mice when compared to Lm-LLO-E7
vaccinated mice. In the spleen, Lm-E7 vaccinated mice
showed an average of 13.5% CD4+CD25+ T cells
compared to 9% in Lm-LLO-E7 vaccinated mice. Even
more strikingly we found 29% CD4+CD25+ T cells in
the tumors of Lm-E7 mice compared to those of Lm-
LLO-E7 vaccinated mice (13%). Both these differences
were statistically significant; however, we could find no
significant differences in the tumor-draining lymph

Fig. 6 CD4+ tumor-infiltrating T cells produce TGF-b and IL-10.
Mice were injected with TC-1 tumors on day 0, followed by 0.1
LD50 of either Lm-E7 or Lm-LLO-E7 on days 7 and 14 or left
unvaccinated. Splenocytes and tumor cells were incubated with or
without anti-CD3/APC stimulation for 3 days, and supernatants
were collected and analyzed. a TGF-b was detected using a highly
sensitive MLEC assay that detects all three forms of TGF-b.
Supernatants were added to mink lung epithelial cells (MLEC)
expressing PAI-1 with firefly luciferase. TGF-b activates PAI-1,
and the amount of TGF-b present is quantitated by the amount of
luciferase activity. b IL-10 was detected using the commercially
available ELISA kit from Pharmingen (San Diego, CA, USA)
according to protocols provided by the manufacturer. Adapted
with permission of the authors S.F. Hussain and Y. Paterson (2004)
J Immunother 27:339–346
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nodes, peripheral blood, or liver. These results suggest
that increased numbers of CD4+CD25+ T lymphocytes
are seen infiltrating the tumor and spleens of Lm-E7
vaccinated tumor-bearing mice compared to Lm-LLO-
E7 tumor bearing mice.

We further characterized the mechanism of action of
these CD4+CD25+ suppressor T cells and correlated
the data from the TGF-b depletion experiments de-
scribed above, by looking at whether these cells could
impact on tumor efficacy via suppressor cytokines like
TGF-b or IL-10. We stimulated T cells isolated from the
tumor and spleen of vaccinated as well as control mice
via the T-cell receptor (TCR) and collected the super-
natants and tested for the presence of suppressor cyto-
kines (Fig. 6). We found that while there was no
significant difference in the amount of these cytokines
produced in the spleen of the different groups, there was
a significant increase in both TGF-b and IL-10 in the
tumor-infiltrating lymphocytes produced by the Lm-E7
vaccinated group versus the Lm-LLO-E7 vaccinated
group.

Role of tumor-infiltrating cytotoxic T lymphocytes
in antitumor effectiveness of the Listeria vaccines

The difference in tumor regression in the two vaccine
groups is so striking that the question still remains
whether the induction of suppressor T cells is the only
explanation as to why Lm-E7–induced CTLs do not
impact on tumor growth, unlike their Lm-LLO-E7
counterparts. In fact CTL induction in the spleen is a
necessary but not a sufficient condition for effective
immunotherapy, and it is unclear whether these cells are

Fig. 7 Frequency of CD8+ T cells in the spleen and tumors of
C57BL/6 mice treated with different Listeria constructs. The dose
of vaccine injected i.p into each mouse is the value for LD50 as
indicated next to the construct name. The solid triangles represent
the average tumor diameter at day 21, following tumor implanta-
tion s.c at day 0 and vaccine doses at days 7 and 14. The hatched
bars represent the percentage of E7 tetramer+ CD8+ T cells at day
21 in the tumor and the solid bars represent those in the spleen. All
numbers are an average from eight mice in vaccine group. Numbers
1–7 indicate the different vaccines used in this experiment. Lm-E7
and Lm-LLO-E7 are described in [3]; Lm-ActA-E7 is described in
[23]; Lm-PEST-E7 is described in Sewell et al. (2004) Cancer Res
64:8821–8825. Lm-PEST-E7 (ActA-) is similar to Lm-Pest-E7
except that the host Listeria strain has the ActA gene deleted

Table 1 MHC II, B7, and CD40 expression on DCs after Lm
vaccine infection. Bone marrow–derived DCs (106/ml) were cul-
tured with 109 CFU/ml of Lm-E7, Lm-LLO-E7, or left untreated
in RPMI 1640 medium without antibiotics in a 24-well plate at
37�C. After 1 h incubation, 50 mg/ml of gentamicin was added to
kill the remaining extracellular bacteria. Cell culture continued at
37�C for 24 h. Cells were stained with either PE-labeled mAbs
specific for mouse CD11c, or FITC-labeled mAb specific for mouse
CD80, CD86, B7H1, B7DC, or CD40 MHC class II molecules.
Isotype-matched mouse IgG was used as a negative control. Then
7AAD (10 ml) was added to all samples 10 min before cells were
analyzed on a FACS flow cytometer. The values represent the
percentage of CD11c+ cells

DC marker (%) Uninfected (%) Lm-E7 (%) Lm-LLO-E7 (%)

MHC II 55 43 93
CD80 83 94 93
CD86 45 40 86
B7H1 34 11 63
B7DC 67 63 85
CD40 19 26 46
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found in the tumor. In other words, how well does
infiltration of CD8+ T cells into tumors correlate with
antitumor effectiveness?

We have compared CD8+ T-cell induction in the
spleen with infiltration into the tumor in mice immu-
nized using six different vaccine strategies (Fig. 7). TC-1
cells (2·105 cells in 500 ll of Matrigel) were injected s.c.,
and 0.1 LD50 or 0.01 LD50 of each Listeria vaccine
construct was injected i.p. on days 7 and 14. We used a
range of recombinant Listeria expressing different
molecular forms of E7 and both optimal and suboptimal
vaccine strategies for these constructs in order to provide
a range of antitumor efficacy as measured by average
tumor size within the vaccine group on days 21 or 28.
Spleens and Matrigel plugs were removed on day 21,
and underwent collagenase/DNAse digestion. Three-
color FACS was performed on the resultant single cell

populations for either intracellular IFN-c or E7-specific
tetramer and CD8 and CD62L, and then we quantitated
either CD8+ E7 tetramer+ T cells or CD8+ IFN-c+ T
cells. (Figure 7 shows the data for tetramer staining
only; similar results were obtained for IFN-c.) We
compared the tumor efficacy, as measured by the ability
of the vaccine to regress the tumor, with CD8+ T-cell
induction in the spleen and with the number of tumor-
infiltrating lymphocytes. In fact the correlation is
marked for the tumor-infiltrating lymphocytes (TILs)
identified on day 21, with the size of the tumors as
determined on days 21 or 28 (R=0.9184, for E7 tetra-
mer+ CD8+ T cells on day 28; and R=0.94386, for
IFN-c+CD8+ T cells on day 28). In contrast, the cor-
relation with the induction of T cells in the spleen is poor
(R=0.7 and R=0.3, respectively).

We have shown that depletion of CD8+ T cells in
mice that have been vaccinated with Lm-LLO-E7 almost
completely abrogates tumor regression. This is consis-
tent with the above correlation of increased numbers of
E7-specific CD8+ T cells infiltrating the tumor in the
most effective tumor-regressing vaccine, thus suggesting
a major role for this effector T-cell population in the
tumor. One of the mechanisms by which T cells infiltrate
the tumor is through the action of chemokines.
Chemokine receptors on the T cells also allow the cells
to home to sites of inflammation where chemokines are
being produced. Some of the possible differences be-
tween the Lm-E7 and Lm-LLO-E7 vectors are that the
two vectors induce different chemokine profiles,
chemokine receptor profiles, or even Th1 cytokine pro-
files. We are currently utilizing RNAse protection assays

Fig. 8 Dendritic cells matured with Lm-LLO-E7 stimulate naive T-
cell proliferation. Bone marrow DCs from C57BL/6 mice were left
uninfected or pulsed with Lm-E7 (1:1,000) or Lm-LLO-E7
(1:1,000) for 4 h. CD3+ T cells were isolated from splenocytes
from naive C57BL/6 mice and labeled with CFSE. CFSE-labeled
CD3+ T cells (75,000) were incubated in a 96-well plate at 37�C for
3 days with either soluble anti-CD3 antibody (5 lg/ml) and APC
(anti-CD3 antibody), 150,000 uninfected DCs (DC alone), 150,000
DCs pulsed with Lm-E7 (Lm-E7 DC), or 150,000 DCs pulsed with
Lm-LLO-E7 (Lm-LLO-E7 DC). Cells were then washed and
labeled with anti-CD8 antibody and examined by FACS. a Cells
from each group were gated on CD8+ T cells and analyzed for
dilution of CFSE stain. b Each cell division as determined by CFSE
dilution from the histogram analysis in (a) was gated, and the
percentage of cells in each population was tabulated. Reproduced
with permission of the authors and publishers [18]
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to examine cytokine and chemokine production in
Lm-LLO-E7–induced CD8+ T cells as compared to the
‘‘conventional’’ CD8+ responses induced by Lm-E7.

Role of antigen-presenting cells in listerial antitumor
efficacy

To successfully establish the efficacy of these listerial
vaccines, it is critical to understand the reason Lm-LLO-
E7 and Lm-E7 induce such qualitatively and quantita-
tively different populations of CD4+ and CD8+ T cells.
One obvious explanation is the effect the individual
vaccines may have on APCs. DCs are professional APCs
that initiate adaptive immune responses by priming both
CD4+ and CD8+ T cells. Mature DCs can be induced
to express a variety of costimulatory molecules which
are essential for the activation of naive T cells [1, 25]. We
therefore hypothesized that the difference in the CD4+

T-cell population induced by the two vaccines may be
due to differences in the ability of each of these vectors
to render immature DCs effective APCs [18].

Differences in surface expression of costimulatory
molecules on DCs

To analyze the expression of costimulatory molecules on
DCs infected with two Listeria cancer vaccines, bone
marrow–derived DCs were left uninfected or infected
with Lm-E7 or Lm-LLO-E7 at a multiplicity of infec-
tion (MOI) of 1,000. After 24 h of infection, surface
molecules on DCs were measured by flow cytometry. As
described in Table 1, Lm-LLO-E7 strongly enhanced
CD86 expression (86%) compared to Lm-E7 (40%).
Both recombinants slightly increased CD80 expression
level at 24 h culture. MHC class II expression was also
enhanced in the Lm-LLO-E7 group, with 93% of DCs

MHC class II+, whereas similar levels (43–55%) were
expressed on the uninfected and Lm-E7 infected groups.
Lm-LLO-E7 also up-regulated B7-H1high (63%)
compared to uninfected DCs (34%), while Lm-E7
down-regulated the levels of B7-H1high (11% and 1%).
Similarly, B7-DChigh was up-regulated by Lm-LLO-E7
(85%) compared to uninfected DCs (67%) and Lm-E7
levels (63%). Lm-LLO-E7 also strongly increased the
expression level of the CD40 molecule (46%) compared
to Lm-E7 (26%) and uninfected DCs (19%). Taken
together, our data demonstrated that Lm-LLO-E7 in-
duces more efficient DC maturation than Lm-E7.

Effect of the vaccines on antigen presentation in vitro
and in vivo

We then demonstrated that these Lm-LLO-E7–matured
DCs are also functionally superior to Lm-E7–induced
DCs at stimulating an effector T-cell response both in
vitro and in vivo. Firstly, Lm-LLO-E7–infected DCs
and Lm-E7–infected DCs were analyzed for their ability
to stimulate proliferation of T cells in vitro. Using the
proliferation marker CFSE, Figure 8 shows that 4.3%
of the T cells exposed to Lm-LLO-E7 DCs underwent
cell division or proliferation as compared to the Lm-E7
group, where all the T cells remained undivided, indi-
cating that Lm-LLO-E7–infected DCs alone are capable
of stimulating a naive CD8+ T-cell proliferative
response in vitro (Fig. 9).

To compare the in vivo antitumor efficacy of Lm-E7–
and Lm-LLO-E7–infected DCs, we examined the impact
on mice injected s.c. with TC-1 tumor cells together with
DCs either unpulsed or pulsed with Lm-LLO-E7 or Lm-
E7. In mice receiving Lm-LLO-E7–pulsed DCs, 75% of
mice remained tumor free 42 days after TC-1 challenge.
Whereas, only 37.5% of mice receiving Lm-E7–pulsed
DCs remained tumor free, confirming that Lm-LLO-

Fig. 9 Lm-LLO-E7–pulsed
DCs give better protection than
Lm-E7–pulsed DCs against TC-
1 challenge. Lm-LLO-E7
enhances in vivo antitumor
response. Bone marrow–
derived DCs (106/ml) were
pulsed with 109 CFU/ml of Lm-
E7 or Lm-LLO-E7 in RPMI
1640 medium without
antibiotics. After 1 h
incubation, 50 lg/ml of
gentamicin was added. After
30 min, cells were washed and
cultured in antibiotic-free
medium for 4 h. After washing
twice with PBS, 1·105 pulsed
DCs, unpulsed DCs, or PBS
alone was mixed with 2·105
TC-1 cells and injected s.c. in
the left flank of C57BL/6 mice.
Reproduced with permission of
the authors and publishers [18]
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E7–pulsed DCs also have better in vivo antitumor effi-
cacy than Lm-E7–pulsed DCs.

Conclusions

A critical issue in mounting an effective immune re-
sponse to antigens expressed by HPV-induced tumors is
the fact that they are poorly immunogenic. Our model
system for cervical cancer demonstrates that the pow-
erful immune response induced by infection with L.
monocytogenes secreting the HPV-16 E7 tumor antigen
is able to completely eradicate established tumors. In
this review, we try to shed light on the primary immune
mechanisms that are engendered by this vaccine system.
These include characterizing the effects on innate as well
as adaptive immune parameters. We demonstrate that
effective Listeria-induced innate immunity helps slow
tumor growth through angiostatic mechanisms. On a
cellular level, instead of potentially inducing tumor
immunity, Lm-E7–induced CD4+ T cells are suppres-
sive in nature, which correlates with impaired tumor
regression by this vaccine. This shows that recombinant
bacterial vectors have the potential to induce suppressive
immunity and reinforces the importance of analyzing
cellular immune responses to vaccines.

In contrast, we show that antigen-specific CD8+ T
cells play a critical role in tumor regression. Our results
demonstrate that both Lm-LLO-E7 and Lm-E7 vaccines
induce similar numbers of E7 tetramer+ CD8+ T cells in
the spleen, however, there are increased numbers of
antigen-specific CD8+ T cells present in the tumors of
Lm-LLO-E7 vaccinated mice as compared to those in-
duced by other vaccine constructs. This suggests that the
ability of the CD8+ T cells to home to and infiltrate the
tumor differs between the Listeria vaccine models, and it
is a focus in our lab to determine if this difference is due
to qualitative differences in their chemokine receptor
and adhesion receptor expression or any other markers
that could affect penetration of the tumor. We also
analyzed the possible reasons for the two vaccines
inducing such different immune responses. Indeed, vac-
cine efficacy correlates closely with DC maturation sta-
tus and function as determined by in vitro costimulatory
molecule expression levels and in vivo tumor regression
analysis.

Identification of such tumor homing markers,
understanding antigen presentation of these vaccines,
recognizing regulatory molecules that are immune sup-
pressive, and correlating these immunological parame-
ters with tumor regression efficacy of the vaccines, are
factors that are critical in the development and
improvement of cancer immune therapies. We believe
that our findings may provide more general lessons that
are required for effective antitumor immunotherapy.
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