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Abstract Our laboratory is interested in how immunogenicity may be modulated in vivo
in order to better design more effective immunotherapeutics against cancer. Our main
approach is to use a facultative intracellular bacterium, Listeria monocytogenes, which has
the unusual ability to live and grow in the cytoplasm of the cell and is thus an excellent vec-
tor for targeting passenger antigens to the major histocompatibility complex (MHC) class 1
pathway of antigen processing with the generation of authentic CTL epitopes. We have
used this approach to target tumor antigens expressed on breast, melanoma and cervical
cancer. We are also exploring the role of Listerial virulence factors in potentiating adaptive
immune responses by activating innate immunity. Specifically, we are using these proteins
as adjuvants for B cell lymphomas.
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Introduction

Our laboratory has long been interested in the properties of proteins that render them
immunogenic and how such immunogenicity may be modulated in vivo. In the case of the
immunoglobulin receptor on B cells both the antigenic site on the protein antigen and the
binding site of the immunoglobulin are topographic surfaces. However, in the case of the
T cell receptor the antigenic region of the protein is a peptide derived by cellular processing
which is expressed on the surface of an antigen presenting cell associated with a molecule
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of the major histocompatibility complex (MHC). The cellular compartment in which the
T cell epitope is generated determines whether it emerges at the cell surface bound to MHC
class I or II molecules and, therefore, what type of T cell response is elicited. There have
been enormous advances made in the last few years in our understanding of the molecular
and cellular machinery that governs the presentation of antigens to the immune system. In
our laboratory, we are attempting to apply this knowledge to the development of strategies
of immune regulation for cancer. Our work serves two purposes. The first is that we believe
that we can learn much about the mechanisms of immunity in testing current theories by
manipulating immunopathological states. The second is to heed Albert Sabin’s maxim “To
yield to every whim of curiosity, and to allow our passion for inquiry to be restrained by
nothing but the limits of our ability shows an eagerness of mind not unbecoming to scholar-
ship. But it is wisdom that has the merit of selecting from among the innumerable problems
which present themselves, those whose solution is important to mankind.” [1].

In recent years, we have focused our efforts largely on attempting to enhance the immu-
nogenicity of tumor antigens to provide more effective immunotherapeutics for cancer. Our
main approach is to use a facultative intracellular bacterium, Listeria monocytogenes, which
has the unusual ability to live and grow in the cytoplasm of the cell. We have shown that
recombinant forms of this organism which have been transformed to express foreign anti-
gens are excellent vectors for targeting foreign antigens to the MHC class I pathway of anti-
gen processing with the generation of authentic CTL epitopes. In the past we have
successfully used this unusual vector to target viral antigens from influenza, HIV, and SIV
and tumor associated antigens [2]. However, vaccine approaches to target tumor antigens
have to overcome additional problems to those presented by vaccines against infectious dis-
ease. Antigens expressed by cancer cells are often strongly homologous to self-antigens and
induce tolerance in the host. Tumors have also evolved a number of suppressive mechanisms
to evade immune detection. We have found that L. monocytogenes is unusually effective in
overcoming these hurdles and shows great promise as a tumor immunotherapeutic.

Listeria monocytogenes as a vaccine vector

We have long believed that the type of immunity induced by the facultative intracellular para-
site Listeria monocytogenes could be ideal for boosting the immune response to foreign anti-
gens [2]. It has been shown that L. monocytogenes enters the host cell and is taken up in a
phagosome. However, unlike most other intracellular bacteria [3], L. monocytogenes escapes
from the phagosome into the cytoplasm of the cell by disrupting the phagosomal membrane,
primarily through the action of listeriolysin O. The bacteria replicate in the cytoplasm, and
then move to the periphery of the cell where they form pseudopod-like structures that are rec-
ognized and internalized by adjacent cells where the cycle is repeated [4]. The unusual ability
of L. monocytogenes to escape phagolysosomal restriction and live in the cytoplasm explains
why this bacterium is particularly effective as a vector for targeting the class I restricted path-
way of antigen processing. The localization of bacteria in the lysosomal compartment after
invasion ensures that antigens expressed by this bacterium enter the MHC class II pathway
for antigen processing since the majority of bacteria are killed and digested in this compart-
ment in vivo [5]. Finally, the ability of the bacterium to spread from cell to cell without enter-
ing the extra-cellular matrix explains its inadequacy in inducing an antibody response [6].
Early studies showed that CD8* T cells are the major effector subset in controlling and
clearing the listerial murine infection [7, 8]. Hemolytic activity of the bacteria is required
for T-cell induction in vivo and presentation to CD8* T cells in vitro [9, 10]. The role of
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CD4" T cells appears to be less critical for the control of L. monocytogenes infections in the
murine model. Depletion of CD4* lymphocytes during adoptive transfer has a much less
pronounced effect than depletion of CD8* lymphocytes [7]. Depletion of CD4* cells during
primary L. monocytogenes infection or in L. monocytogenes immune mice had only a mar-
ginal effect in controlling L. monocytogenes challenge, although delayed-type hypersensi-
tivity and granuloma formation were severely diminished in mice treated with anti-CD4
antibody [8]. The strong DTH response to L. monocytogenes can now be directly related to
the innate immune response to this bacterium that takes place early in infection [11].
Phagocytosis of Listeria monocytogenes by a resident macrophage results in the secretion
of IL-1, IL-12, and TNF-« and its activation to a state, which is competent to destroy the
invading parasite by nitric oxide (NO) production. IL-1 secreted by resident macrophages
activates neutrophils and helps to maintain the activated state of macrophages, which have
increased MHC expression. IL-12 and TNF-« act on NK cells stimulating them to secrete
IFN-y. This facilitates the expansion of ThO cells which under the influence of IL-12 and
IFN-y differentiate to the Thl phenotype that secrete IL-2, TNF-o, and IFN-y. Later in
infection, IL-10 may be secreted by macrophages, which can downregulate the activation
of ThO-Thl. These stages in innate immunity are consistent with the ability of
L. monocytogenes to promote cell-mediated over humoral immunity and verify that the
in vivo CD4" T cell response is also restricted to a Th1 phenotype as is the case with other
intracellular pathogens [6, 12].

Listeria monocytogenes as a cancer immunotherapeutic

From studies performed in the past two decades, there has been an emerging consensus that
T cells are the critical mediators of an effective anti-tumor response [13]. Unlike antibody
targets, T cell epitopes may be cytoplasmically located and their epitopes consist of linear
amino acid stretches. A large number of tumor antigens as well as epitopes recognized by
tumor-specific T cells have now been identified [14]. Consequently, current cancer vacci-
nation strategies are primarily directed toward raising strong tumor-specific T cell
responses and introducing these identified T cell antigens to the immune system in such a
way as to prime an immune response that will be sufficient to eliminate tumor metastases
and residual tumor mass [13]. A serious problem, however, in mounting an immune
response to antigens expressed by tumor cells is that they are often poorly immunogenic
because of their strong homology to self-proteins [15]. In addition, they will have been ini-
tially presented to the immune system in the context of tumor cells that are, for the most
part, poor antigen presenting cells likely to induce tolerance to the antigen rather than an
active T cell response.

The ability of Listeria monocytogenes to stimulate strong innate and cell-mediated
immunity suggests that this bacterium may be an ideal vaccine vector to introduce poorly
immunogenic tumor-specific antigens to the MHC class I and class II antigen presentation
pathways in professional antigen presenting cells. To test the efficacy of L. monocytogenes
as a cancer vaccine, we first used a model tumor system, which utilized influenza nucleopro-
tein as a model tumor antigen [16—19]. A recombinant Listeria monocytogenes vaccine
strain (Lm-NP) that expresses nucleoprotein (NP) from influenza strain A/PR8/34 was used.
Lm-NP had previously been shown to present the K9 restricted NP epitope in vitro and
induce NP-specific CTL in vivo [20]. To provide transplantable tumors expressing NP as a
model tumor antigen, we used highly tumorigenic, class I*/IT” tumor cells transduced with
the NP gene. We found that the therapeutic potential of this vaccine vector to limit tumor
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growth [16-18] was impressive. Regression of macroscopic tumors could be demonstrated
for all tumor types and was dependent on antigen-specific CD4* and CD8" T cells.

The frequent failure of the immune system to respond to tumor antigens and the subse-
quent outgrowth of transformed cells in cancer has been attributed to inadequacies of tumor
cells in presenting antigens [13, 14] and to tolerance mechanisms acting upon tumor-specific
T cells [15]. This deficiency can be remedied by transfecting the tumor cells with cytokine
genes [21] or with costimulatory ligands [22] that either activate or bypass the requirement
for T cell and help in mounting a protective tumor-specific CD8" CTL response. Accord-
ingly, the Thl type cytokine profile induced by Listeria monocytogenes that we have
described may play an important role in the efficacy of this vaccine vector. Indeed, we have
demonstrated the presence of mRNA from a wide array of Thl type cytokines in regressing
tumors explanted from vaccinated animals and shown that depletion of the Thl type cyto-
kines IL-12, IFN-y, and TNF-o can abrogate the ability of L. monocytogenes to protect
against tumor challenge in the NP model system [19]. The induction by Thl cytokines of
cell surface molecules important in T cell activation is a considerable advantage in an anti-
cancer vaccine. Thus, Listeria monocytogenes has been shown to be an ideal vehicle not
only for presentation of tumor antigens to tumor-specific T cells but also to provide the cor-
rect milieu to enhance the efficacy of these effector cells.

Within the last few years, the importance of IFN-y has been recognized as an essential
component of successful immunotherapy of HPV-transformed tumors. Loss of responsive-
ness to [FN-y has been considered a possible mechanism responsible for the ability of many
human tumors to avoid immune recognition and clearance. Earlier work in the lab demon-
strated the dependence of Listeria vaccine efficacy on IFN-y in order to induce tumor regres-
sion of an HPV-16 immortalized tumor [23]. The effects of IFN-y signaling were studied
using tumor cells that expressed a “dominant-negative” mutated form of the IFN-7 receptor,
in a series of tumor regression studies as well as in vitro functional assays. Results from
these studies showed that vaccination with Listeria vaccines was most efficacious in the
presence of appropriate IFN-y signaling and associated MHC I upregulation by target tumor
cells. Vaccination with a recombinant Listeria expressing HPV-16 E7 induced complete
regression in the majority of the mice bearing wild type tumors when compared to mice
bearing tumors unresponsive to IFN-y Moreover, lymphocyte infiltration into the tumor was
also dependent on intact IFN-y signaling with a marked retention of potential effector cells
within the capsule of the unresponsive tumor. Current research in the laboratory is focused
on understanding the mechanisms underlying IFN-y mediated tumor T cell infiltration and
effector function.

Listeria monocytogenes as a vector for human tumor antigens

In the past five years, we have focused our attention on targeting clinically relevant tumor
antigens. We first chose a tumor antigen that is present in the majority of cervical cancer
cells. Human papillomaviruses (HPV) comprise a diverse family of double-stranded DNA
viruses that infect epithelial tissues. More than 90% of cervical carcinomas have detectable
levels of HPV DNA, most commonly of the HPV 16 genotype [24]. Expression of the HPV
16 early gene products, E6 and E7, are sufficient to immortalize human and rodent cells
[24]. These proteins are constitutively expressed by HPV associated tumors and are necessary
for maintenance of the transformed phenotype. They are, therefore, ideal candidates for
target antigens in tumor immunotherapy [24].
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To test the anti-tumor effectiveness of the E7-specific immune responses induced by E7
secreting Listeria strains we used a lung epithelial cell immortalized by HPV-16 E6 and E7
and transformed by pVEJB expressing activated human c-Ha-ras called TC-1 [25]. It is an
aggressive tumor, syngeneic with the C57B1/6 mouse.

We constructed two Listeria strains that secrete E7, but they were generated with two
different expression systems. Lm-E7 possesses a single copy of the E7 gene and the expres-
sion and secretion of the recombinant protein is driven by the hly promoter and signal
sequence. The second strain, Lm-LLO-E7, expresses and secretes a fusion protein consist-
ing of a truncated listeriolysin-O (LLO) joined at the C-terminus to E7 [26]. Although both
Listeria monocytogenes recombinants secrete the E7 tumor antigen they induce radically
different anti-tumor responses. Lm-LLO-E7 treatment effectively cures the majority of
tumor bearing mice. In vivo antibody depletion studies demonstrated that the anti-tumor
response requires CD4* and CD8* T cells as well as IFN-y. Alternatively, Lm-E7 treatment
of tumor bearing mice had little impact on the growth of the tumor.

An interesting question arises from these studies as to why fusing the E7 antigen to LLO
enhances the anti-tumor efficacy of the vaccine. This effect is not due to the ability of liste-
riolysin to dissolve endosomal membranes because the fusion protein is constructed with a
truncated version of LLO that has lost the domain responsible for the lytic activity. We
hypothesized that the enhanced immunity conferred by fusing an antigen to LLO is at least
partly due to the presence of a Proline (P), Glutamic acid (E), Serine (S), Threonine (T)
(PEST) sequence at the amino terminus of LLO [27]. To test this hypothesis, TC-1 tumor
bearing C57BL/6 mice were vaccinated with Listeria recombinants expressing HPV-16 E7
fused to LLO and containing or lacking the LLO PEST sequence [28]. These tumor regres-
sion studies showed that vaccines lacking the PEST sequence were less effective at induc-
ing tumor regression with complete regression of established tumors occurring in the
majority of animals given PEST sequence containing vaccines. Vaccines containing PEST
sequences also induced greater percentages of splenic and tumor infiltrating, antigen-spe-
cific CD8* lymphocytes. The results of these experiments suggested a link between tumor
regression and the ability of PEST containing vaccines to induce specific CTLs that were
capable of entering the tumor microenvironment.

PEST sequences in eukaryotic proteins are not only rich in the amino acids proline, glu-
tamic acid, serine, and threonine, they are generally flanked by clusters containing several
positively charged residues. These sequences serve to target the protein to the ubiquitin-
proteosome pathway for degradation; thus, the presence of this sequence in LLO may tar-
get the protein for rapid destruction by host cell proteolytic machinery [27]. In order to ver-
ify that the efficacy of the fusion protein is independent of the vector used to deliver the
antigen, we constructed a recombinant vaccinia virus that carried the gene for the fusion
protein LLO-E7. We then demonstrated that it was a much more potent cancer immuno-
therapeutic for HPV immortalized tumors than an isogenic strain of vaccinia that carries the
gene for E7 protein alone or one that expresses the E7 protein fused to a lysosomal associ-
ated membrane protein signal sequence to better target the antigen to the MHC class II
pathway for antigen processing and presentation [29]. Interestingly, another of Listeria’s
virulence factors, ActA, also contains PEST sequences. ActA is required for the assembly
of the actin filaments that characterize the propulsion and intercellular infection of Listeria
[4]. We thus engineered a recombinant strain of Listeria monocytogenes to express and
secrete HPV-16 E7 as a fusion protein with ActA. Studies assessing the ability of this vac-
cine strain of Listeria revealed complete regression of established, E7-expressing TC-1
tumors in C57BL/6 mice while inducing E7-specific cytotoxic T-lymphocyte activity [30].
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In addition to enhanced proteasomal degradation and presentation on MHC I, we
hypothesized that differences in the efficacy of the two vaccines were linked, in part, to the
ability of each of the vaccine strains to render otherwise immature professional antigen pre-
senting cells such as dendritic cells (DCs) into effective, mature APCs [31]. In vitro com-
parisons of Lm-E7, Lm-LLO-E7, and wild-type Listeria monocytogenes revealed enhanced
upregulation by Lm-LLO-E7 of MHC II as well as CD40, CD80, CD86, B7-HI, and B7-
DC on bone marrow derived DCs. Cytokine production was also monitored for each vac-
cine along with wild-type L. monocytogenes and all were capable of inducing high levels of
TNF-o and IL-12 but only Lm-LLO-E7 stimulated high levels of IL-2 protein. The
increased levels of IL-2 in Lm-LLO-E7 suggest that LLO-fused antigens may have a
greater antitumor effect due to enhanced activation of naive T cells. Activation of naive T
cells was investigated for both vaccines and the evidence demonstrated that Lm-LLO-E7
pulsed DCs increase T cell proliferation while Lm-E7 pulsed DCs show little effect.
Finally, Lm-LLO-E7 pulsed DCs when injected along with TC-1 tumor cells lead to 75%
of mice remaining tumor-free, while Lm-E7 pulsed DCs only lead to 37.5% of mice being
tumor-free. The summation of these results demonstrates that Lm-LLO-E7 enhances acti-
vation of immature DCs leading to a more robust antitumor response in comparison to the
Lm-E7 vaccine, which may explain the differences observed in previous experiments.

While these studies suggested that enhanced presentation of the antigen and increased
dendritic cell maturation are likely mechanisms to describe the adjuvant properties afforded
by antigen fusion with LLO, we investigated further the necessity of this fusion. In order to
separate the non-specific effects of Lm infection from the adjuvant effect of LLO for these
studies, we employed the use of a eukaryotic expression vector to produce a series of DNA
vaccines [31]. The DNA vaccines expressed either E7 alone (pcDNA3.1-E7), LLO alone
(pcDNA3.1-LLO), LLO fused to E7 (pcDNA3.1-LLOE7), or LLO and E7 expressed as a
bicistronic message (pcDNA3.1-LLO-IRES-E7). The vaccines were administered i.m.
along with plasmids expressing MIP-1o and GM-CSF to test for anti-tumor efficacy against
an established tumor expressing E7 (TC-1). Once again, fusion of LLO to E7 produced a
significant anti-tumor effect in comparison to just E7 alone as demonstrated by pcDNA3.1-
LLOE7 vaccination leading to 63% of mice being tumor-free in comparison to no mice in
the pcDNA3.1-E7 vaccination. Interestingly, the vaccinations with LLO expressed along
with E7 but not fused (LLO + E7mix and LLO-IRES-E7) also demonstrated anti-tumor
efficacy with 38% of mice being tumor free. We also found that fusion of LLO to E7 was
not required to enhance the E7-specific CD4" cell response but fusion was necessary to
induce an E7-specific CD8 + cell response. The E7-specific CD4" response was further
characterized and found not to increase E7-specific IgG suggesting that the CD4" T cells
induced by LLOE7 are CD4* Th1 cells. In summary, this evidence suggests that LLO alone
can act to increase MHC II presentation of antigens likely through upregulation of co-stim-
ulatory molecules and MHC. However, fusion of LLO to the antigen is required to stimu-
late a strong antigen-specific CD8" T cell response and to achieve the greatest anti-tumor
efficacy suggesting that enhanced MHC I presentation plays an important role in the adju-
vant properties of LLO.

The ability of LLO within the context of a Listeria-based vaccine to stimulate the matu-
ration of dendritic cells suggests that LLO may be capable of activating an inflammatory
cytokine cascade much like a Pathogen-Associated Molecular Pattern (PAMP). Recent
publications have suggested that LLO can stimulate the transcription and release of
inflammatory cytokines, but it is unclear if this event is independent of its cytolytic activity
[32-34]. We hypothesize that a detoxified form of LLO, such as the form used in our
vaccine strategy, can also activate an inflammatory cascade by interacting with Pattern
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Recognition Receptors (PRRs) and leading to inflammatory cytokine release and dendritic
cell maturation. We are investigating LLO PAMP activity by utilizing purified protein in an
effort to avoid non-specific vector consequences. Purified antigen alone, fused with LLO, or
mixed with LLO are being assessed for the ability to stimulate inflammatory cytokine tran-
scription and release in immature bone marrow dendritic cells. The ability of LLO to
mature bone marrow dendritic cells will also be determined, followed up with anti-tumor
efficacy against established tumors in vivo. If it is found that LLO is acting as a PAMP, we
will then continue to dissect its activation pathway by identifying its specific PRR. The
information obtained from this study could assist us in rational design of a more active
detoxified version of LLO to be utilized in our vaccine strategies.

Listeriolysin O as a vaccine adjuvant for non-Hodgkin’s lymphoma

We have built on our findings that LLO has adjuvant properties to explore its ability to
enhance the immunogenicity of the B cell idiotype expressed by lymphomas [35]. Currently
the most successful, experimental immunotherapeutic approach to non-Hodgkin’s lym-
phoma is a cancer “vaccine” comprising the idiotype of the patient’s own B cell lymphoma
coupled to keyhole limpet hemocyanin (KLH). Non-Hodgkin’s B cell lymphomas usually
express a clonotypic B cell receptor (BCR). The Vi and V| genes of this unique receptor
can be cloned and expressed as a fusion protein linked by a single flexible polypeptide chain
[36]. This construct is called scFv. There is a great deal of evidence that a strong anti-idio-
typic humoral response to the scFv is the anti-tumor effector mechanism in this approach.
The choice of KLH as the carrier protein to provide T cell help for this response and to help
break tolerance to this self-tumor associated antigen is largely historical [37]. KLH has been
used for decades to study hapten carrier relationships. However, there has not been a serious
search for better protein carriers that could perhaps enhance the immunity to the idiotype.
We are taking advantage of our recent finding, described above, that fusing an antigen to a
truncated form of LLO from Listeria monocytogenes improves the immunogenicity of the
antigen regardless of the delivery vector [26, 27, 29, 31]. We hypothesize that this bacterial
protein, and other Listerial proteins, which also contain PEST sequences, may prove to be a
more potent carrier to break tolerance to B cell idiotypes. To test this hypothesis, we used a
mouse model for B cell lymphoma that expresses a monoclonal B cell receptor (BCR). The
38C13 tumor is a carcinogen-induced B cell lymphoma that expresses an IgM kappa BCR.
It was originally derived from the C3H mouse and has been used for decades as a mouse
model for human lymphoma [38]. Indeed, almost all current idiotype based immunothera-
peutics that have moved into the clinic were originally tested in this model. Our results dem-
onstrated that an LLO-fused anti-idiotype (Id-LLO) protein vaccine matches or exceeds the
efficacy of a KLH-fused anti-idiotype (Id-KLH) protein vaccine in enhancing systemic
immunity and tumor protection against the aggressive lymphoma cell line, 38C13 [35]. The
Id-LLO vaccine also provided for a powerful Thl response as evidenced by increased
IgG2a anti-Id antibodies after one immunization that persisted and increased frequency of
CD4* T cells secreting IFN-y in the draining lymph nodes. Alternatively, Id-KLH required
two immunizations to reach the same antibody titer. Additionally, Id-LLO provided better
protection against the BCR loss variant 38C12-V2 after initial challenges with 38C12
suggesting that it increased epitope spreading to a greater degree than Id-KLH. This study
provides evidence that incorporation of LLO, rather than KLH, into anti-Id vaccines may be
more efficacious in the treatment of B-cell lymphoma [35].

K
2,& Humana Press



240 Immunol Res (2008) 42:233-245

Listeria monocytogenes as a vector to overcome T cell tolerance

A major challenge faced by the growing field of immunotherapeutics targeting various
cancers is the ability of such treatments to overcome host immune tolerance mechanisms
acting upon tumor-specific T cells [15]. The extent to which Listeria-based vaccines were
able to break central and peripheral tolerance had not been generally studied and compelled
us to further analyze the role of specific CD4* T cell subsets in the induction or suppression
of tumor immunity [26]. The depletion of CD4* T cells greatly improves the effectiveness
of the Lm-E7 treatment with approximately 25% of treated mice undergoing complete
regression of established TC-1 tumors. The transfer of CD4" T cells from mice immunized
with Lm-E7 can abrogate the anti-TC1 immune response induced by Lm-LLO-E7-treated
recipient mice. This finding led us to address the role of regulatory T cells, which are
known to be important for the maintenance of self-tolerance. The depletion of Tregs, which
are known to suppress both proliferation and IFN-y production by CD8* T cells [39], can
result in the induction of autoimmunity. CD4*, CD25"* T cells have also been demonstrated
to aid tumor growth by suppressing anti-tumor immune responses [40]. A series of experi-
ments were conducted in order to examine the prevalence and the activities of regulatory T
cells induced in animals vaccinated with the vaccine constructs. We found increased levels
of splenic and tumor infiltrating CD4*, CD25* T cells in mice vaccinated with Lm-E7 com-
pared to mice vaccinated with Lm-LLO-E7. In vitro analyses of isolated CD4*, CD25*
cells showed that these cells were capable of suppressing effector T cell proliferation and,
in the case of tumor infiltrating CD4" T cells, producing suppressive cytokines such as
TGFp and IL-10 [41]. A similar link between the presence of LLO in an anti-tumor vaccine
and the suppression of Treg function was recently reported in an Escherichia coli based
vaccine study [42]. Current studies in our laboratory are focused on investigating potential
links between our previously mentioned work in the areas of effective antigen presentation
and the suppression of otherwise unfavorable Treg responses.

While peripheral tolerance mechanisms may be addressed in part by additional studies
of the differential effects of antigen processing, central tolerance remains a major concern
for any immunotherapeutic treatments. To that end, recent work in the laboratory focused
on the development of suitable models to test the dynamics, the efficacy, and the ability of
previously generated Listeria-based vaccines to break central tolerance [43]. Specifically, a
new mouse model was constructed in which we examined immune tolerance to the tissue-
specific tumor associated antigens E6 and E7. Characteristics of the E6/E7 transgenic mice
included enlarged thyroids as well as E7 expression in mTECs isolated from the thymus of
E6/E7 transgenic mice. Tumor regression studies were conducted using TC-1 tumor bear-
ing transgenic C57BL/6 mice in which E7 proteins were expressed as tissue-specific self-
antigens. Listeria E7 vaccines were shown to be less effective at inducing complete tumor
regression in the transgenic mice compared to their wild type counterparts. Furthermore,
there was a reduction in the frequency of E7-specific CTLs derived from vaccinated, tumor
bearing transgenic mice, which displayed diminished cytolytic activity and were judged to
possess a lower functional avidity relative to wild type mice. However, despite a reduction
in the efficacy of T cells induced by Listeria-based vaccines in transgenic mice, these cells
retain some capacity to infiltrate and control tumor growth. Removal of Tregs in these
studies failed to increase vaccine efficacy in transgenic mice suggesting that this peripheral
tolerance mechanism was not responsible for CTL suppression, further implicating central
tolerance mechanisms. These experiments led us to conclude that our Listeria-based
vaccines overcome central tolerance by expanding E7 specific, low avidity CD8* T cells that
are not deleted during thymic development and are capable of eliminating solid tumors.
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Listeria monocytogenes as a vector for breast tumor antigens

We have initiated two new tumor immunotherapy programs that target breast cancer. In one,
we are using Listeria monocytogenes vector as the vector for Her-2/neu, a member of the epi-
dermal growth factor receptor family that is present in a constitutively active form on up to
60% of human breast tumors [44]. Because Her-2/neu is very large (1,260 residues) and is
also membrane bound, we constructed five different Listeria recombinants each of which
expresses a single fragment of Her-2/neu. The amino acid sequences contained in each
Her-2/neu fragment were 20-326 in Lm-LLO-EC1, 303-501 in Lm-LLO-EC2, 479-655
in Lm-LLO-EC3, 690-1081 in Lm-LLO-IC1, and 1020-1260 in Lm-LLO-IC2.

The models we used to test these vaccines were a transplantable NT-2 model in the
FVB/N mouse [45] and a tolerance model using a transgenic FVB/N mouse that overex-
presses the rat Her-2/neu gene under the control of the MMTYV promoter. These mice spon-
taneously develop tumors between 4 and 9 months of age [46, 47]. All five vaccines were
equally able to induce regression of the implantable, Her-2/neu expressing, tumor line (NT-
2) in the wild type FVB/N mouse [48]. Previous studies in the FVB/N mouse described
only one CTL epitope [45], which is located in the EC2 fragment of our vaccines. In this
study, Ercolini et al., [45] used irradiated whole 3T3 cells transduced with Her-2/neu and
GM-CSF as a vaccine, in addition to a vaccinia vaccine containing full length Her-2/neu, to
generate T cell clones. They then used these T cell clones and overlapping peptides in CTL
analyses to determine the sequence of the EC2 epitope as PDSLRDLSVEF. All of the T cell
clones generated, responded to this single peptide, and for this reason, was determined to
be the immunodominant epitope for Her-2/neu in the FVB/N mouse [45]. In contrast, we
used Listeria monocytogenes based vaccines containing fragments of Her-2/neu. We did
not use T cell clones, but instead we used a polyclonal primary T cell pool in our CTL anal-
yses to identify CD8* T cell epitopes. By this approach, we have found not one, but at least
thirteen different CTL epitopes [48—51]. Our method of vaccination, therefore, appears to
reveal cryptic epitopes that were previously overlooked, implying that the vaccination
strategy can determine the immunodominance of epitopes.

We also tested our five Lm-LLO-Her-2/neu vaccines for their ability to eradicate NT-2
in the transgenic mouse [51]. We found that they were all equally capable of slowing or
halting tumor growth despite the fact that the CD8* cytotoxic T cells isolated from immu-
nized mice were of lower avidity than those from wild type mice [51]. We also tested the
ability of the Lm-LLO-Her-2/neu vaccines to delay the appearance of spontaneous tumors
in the transgenic Her-2/neu mouse [49]. Interestingly, the vaccines differed in their ability
in this regard. When we tracked the tumors that eventually grew out, we found the tumors
that emerged had mutated residues within CTL epitopes of the Her-2/neu molecule. These
mutations resided in the exact regions that were targeted by the Listeria vaccines, which
suggested that the rate of generation of escape mutants was a significant factor in the
efficacy of each vaccine. Thus, mutations in the Her-2/neu regions allowed for escape
mutants from immunotherapy to form, leading to the outgrowth of spontaneous tumors in
the transgenic Her-2/neu mouse model [49].

A longer delay in the onset of tumors after immunotherapy occurred with the vaccine
that targeted the kinase domain, which is contained in the fragment IC1. We verified that the
mutations in this domain occurred within novel CD8" T cell epitopes and that the mutation
of these residues abrogated cytotoxic T cell lymphocyte responses to these epitopes [49].
The long delay in the onset of tumors after immunotherapy targeting the kinase domain may
be because this region of Her-2/neu cannot undergo extensive mutations without impairing
the ability of the molecule to signal cell growth. Thus, tumors targeted by Lm-LLO-IC1
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may grow out after a delay due to a decrease in signaling and a subsequent decrease in the
proliferative capacity of the tumors cells.

Recently, we have embarked on a new strategy in targeting breast tumors, rather than
direct killing of tumor cells we are targeting molecules important in tumor angiogenesis.
One such molecule, the High Molecular Weight Melanoma Antigen (HMW-MAA), also
known as Melanoma Chondroitin Sulfate Proteoglycan (MCSP), is overexpressed in 90%
of all surgically removed benign nevi and melanoma lesions [52]. HMW-MAA can also be
found expressed by basal cell carcinoma, tumors of the neural crest origin, and in some
forms of childhood leukemias. In addition, HMW-MAA has also been found at high levels
on both activated pericytes and pericytes in tumor angiogenic vasculature [53, 54]. We had
originally constructed a Listeria-based vaccine that expressed three different fragments of
HMW-MAA molecule: HMW-MAA-A (AA 360-554), HMW-MAA-B (AA 701-1130),
and HMW-MAA-C (AA 2160-2258), all three fragments were expressed but only the
transmembrane portion of the HMW-MAA molecule (HMW-MAA-C) showed any
efficacy in inducing regression of established B16 and RENCA transplantable tumors.
Taking advantage of the fact that HMW-MAA is found on pericytes, and knowing that
pericytes are required for the proper functioning of vessels and communication with the
underlying endothelium, we hypothesized that immunizing against HMW-MAA on peri-
cytes could possibly cause disruption of the tumor vasculature and possibly cause tumor
death. This was tested using a transplantable breast tumor system using the Her-2/neu
expressing cell line NT-2. Immunization of mice with established breast tumors using the
Lm-LLO-HMW-MAA-C construct could, in fact, induce regression of growing NT-2
tumors, cause epitope spreading to various regions of the endogenous tumor antigen Her-2/
neu, and reduce the tumor’s microvascular density as assessed by immunohistochemistry
[55]. In addition, we were able to reduce pericyte coverage in regressed tumors, all without
harm to normal angiogenesis as evidence by proper wound healing and pregnancy studies.

These studies, taken together, provide evidence that Listeria can overcome tolerance
to self-antigen and expand autoreactive T cells normally too low in number and avidity to
drive anti-tumor responses. The also provide an optimistic view for the use of Listeria in
the treatment of cancer.

Concluding Remarks

It is obvious that the outcome of the immune response to a protein antigen, whether foreign
or related to self, is governed by a complex series of in vivo events. These include the
antigen processing pathway accessible to the antigen, the level of co-stimulatory ligands on
the antigen presenting cell, the cytokine milieu in which the immune response develops
and the possible induction of immuno-regulatory cells. In this brief review, we have
touched on the use of the live recombinant vector, Listeria monocytogenes, to manipulate
these parameters. In pre-clinical mouse tumor models, Listeria has shown unusual potency
at eradicating established tumors. It still remains to be seen if this promise will translate to
clinical efficacy. However, clinical trials are currently underway for the use of Lm-LLO-E7
as a cancer immunotherapeutic for cervical cancer (http://www.advaxis.com/lc.htm).
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