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for the development of new anti-tumor vaccines

Rui Sun' and Yugqin Liu™**

'Department of Pathology; Institute of Basic Medical Sciences; Chinese Academy of Medical Sciences; School of Basic Medicine; Peking Union Medical College; Beijing, P.R. China;

2Cell Resource Center; Institute of Basic Medical Sciences; Chinese Academy of Medical Sciences; School of Basic Medicine; Peking Union Medical College; Beijing, P.R. China

Keywords: Listeria, LLO, pore-forming toxin, cytotoxicity, immunogenicity, anti-tumor vaccine, cancer immunotherapy

Abbreviations: LLO, listeriolysin O; CDCs, cholesterol-dependent cytolysins; TAAs, tumor-associated antigens; CpG, cytosine-
phosphate-guanine; ESC, embryonic stem cell; BCG, Bacillus Calmette-Guérin, Mycobacterium; PAMP, pathogen-associated
molecular pattern; PRRs, pattern recognition receptors; TLRs, Toll-like receptors; NLRs, nucleotide-binding oligomerization

domain-like receptors; APCs, antigen-presenting cells; Lm, Listeria monocytogenes; L. monocytogenes, Listeria monocytogenes; InlA,
internalin A; InlB, internalin B; PI-PLC, phosphatidylinositol-phospholipase C; PC-PLC, phosphatidylcholine-phospholipase C;
CCL2, CC chemokine ligand 2; TNF, tumor necrosis factor; IFN, interferon; Thl cell, T-helper 1 cell; HPV, human papilloma
virus; PFO, perfringolysin O; SLO, streptolysin O; 3D, three-dimensional; ILY, intermedilysin; TMH, transmembrane (3-hairpin;
CTL, cytotoxic T lymphocyte; MHC, major histocompatibility complex; [fM]/[pM], femtomolar/picomolar; HEK293, human
embryonic kidney cells; IL, interleukin; NK, natural killer; dtLLO, non-hemolytic form of LLO; DCs, dendritic cells; BMDCs,
bone marrow-derived dendritic cells; rLLO, truncated LLO; OVA, ovalbumin; mAbs, monoclonal antibodies; RA, ribosome-
inactivating protein ricin A chain; H2987, human lung adenocarcinoma cells; BR96-RA, L6-RA, and B3-LLO, immunotoxins;
Her-2 and HER-2/neu, human epidermal receptor-2; LPDII, anionic liposome-polycation-DNA complexes; LTA, lipoteichoic
acid; LPS, lipopolysaccharide; E. coli, Escherichia coli; B16, melanoma cell line; MoDCs, human monocyte-derived dendritic
cells; MART1, human melanoma antigen; Treg cells, regulatory T cells; MDSCs, myeloid-derived suppressor cells; VEGFR2/
Flk-1, endothelial growth factor receptor-2/fetal liver kinase-1; CD105, endogliny HMW-MAA, high molecular weight melanoma-
associated antigen; 38C13, murine B cell lymphoma

The pore-forming toxin listeriolysin O (LLO), which is produced
by Listeria monocytogenes, mediates bacterial phagosomal
escape and facilitates bacterial multiplication during infection.
Thistoxin hasrecently gained attention because of its confirmed
role in the controlled and specific modulation of the immune
response. Currently, cancer immunotherapies are focused
on conquering the immune tolerance induced by poorly
immunogenic tumor antigens and eliciting strong, lasting
immunological memory. An effective way to achieve these
goals is the co-administration of potent immunomodulatory
adjuvant components with vaccine vectors. LLO, a toxin that
belongs to the family of cholesterol-dependent cytolysins
(CDCs), exhibits potent cell type-non-specific toxicity and is a
source of dominant CD4* and CD8* T cell epitopes. According
to recent research, in addition to its effective cytotoxicity as
a cancer immunotherapeutic drug, the non-specific adjuvant
property of LLO makes it promising for the development of
efficacious anti-tumor vaccines.

Introduction

In the past five decades, traditional cancer therapeutic proce-
dures, including surgery, radiation, and chemotherapy, have been
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in use, but there have been bottlenecks to further reducing the
relapse rate and improving the prognosis of patients with progres-
sive disease. During this time, developments in tumor immunol-
ogy broadened our knowledge of the interactions between tumor
cells, the immune system and the tumor microenvironment.
These developments promoted the development of an alternative,
immune-based, anti-cancer therapeutic strategy. Compared with
chemotherapeutics, the use of anti-tumor vaccines to enhance
host immune responses against tumor tissues has the advantage
of bypassing the intrinsic drug resistance of tumor cells and
avoiding the toxic effects of long-term dosing. Prophylactic and
therapeutic anti-tumor vaccines are based on the existence of
tumor-associated antigens (TAAs), which are recognized by the
immune system and induce an effective response. However, most
of these TAAs are endogenous antigens with low immunogenic-
ity and, thus, tolerance is easily induced. These TAAs are usually
overexpressed in tumor cells or have structural and functional
mutations that distinguish them from wild-type proteins. In
addition, tumors exposed to various stressors that affect cell sur-
vival, have developed a number of immunosuppressive mecha-
nisms to evade host immune surveillance and elimination. Thus,
an efficient vaccine vector system to deliver TAAs would be
able to prime a strong and tumor-specific immune response and
break the tolerance barrier. To date, a series of strongly immu-
nogenic adjuvant molecules, including cytokines, chemokines,
co-stimulatory molecules, unmethylated cytosine-phosphate-
guanine (CpG) sequences, chemical compounds and bacterial
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components, have been used to construct anti-tumor vaccines.
The major modalities of cancer vaccines include plasmid DNA,
modified viruses, peptide epitopes, proteins, treated whole tumor
cells, dendritic cells, activated autologous lymphocytes, engi-
neered bacterial vehicles and embryonic stem cells (ESCs).!

There is a distant evolutionary relationship between bacte-
ria and humans. Bacterial infection often results in a rapid and
intense host immune response, which overcomes the immuno-
logical unresponsiveness of immune ignorance or tolerance. This
phenomenon has encouraged the development of bacterial vec-
tors of tumor antigens for cancer treatment.” In fact, the adop-
tion of bacteria as a nonspecific immunostimulatory agent can be
traced back over 100 y, when Coley’ toxins were invented to cure
a malignant tumor.’ Currently, Bacillus Calmette-Guérin (BCG)
is successfully used to treat bladder cancer, and the weekly intra-
vesicular administration of BCG can prevent tumor recurrence
in almost 60% of patients.*” The consensus regarding this bacte-
rial anti-tumor vaccine is that the bacteria’s pathogen-associated
molecular pattern (PAMP) can act as an adjuvant for mounting
an effective immune response against the expressed tumor anti-
gens. The interaction between PAMPs and pattern recognition
receptors (PRRs), such as Toll-like receptors (TLRs) and nucle-
otide-binding oligomerization domain-like receptors (NLRs),
found in antigen-presenting cells (APCs) plays a pivotal role in
the activation of innate and adaptive immunity.

During the past two decades, several kinds of bacteria have
been confirmed to be efficient as vaccine vectors for cancer
immunotherapy or infectious diseases, such as Mycobacterium
(BCG), Escherichia coli, Listeria, Salmonella, Saccharomyces,
Shigella, Lactococcus, and Yersinia. Among the different genera
of bacteria, Listeria monocytogenes (Lm) may be a more effective
vector than other bacteria due to its unique life cycle and some
relevant virulence factors. To date, Some of Lm-based anti-tumor
vaccines have gone through phase I/1I clinical studies.

L. monocytogenes is a widespread, food-borne, Gram-positive
bacterium that is responsible for sporadic severe infections in
humans and other animal species.®” This pathogen is a facultative
intracellular microorganism that is able to enter and multiply in a
wide variety of eukaryotic cells,*!” including macrophages,'" epi-
thelial cells," endothelial cells,”® splenocytes' and hepatocytes.
L. monocytogenes invades cells through either direct phagocytosis
or binding to host cells through virulence factors called interna-
lins, which include internalin A (InlA) and internalin B (InlB)."
Once in the blood circulation, the mostly disseminated bacteria
are rapidly phagocytosed by macrophages and other phagocytic
cells that are predominantly found in the liver (Kupffer cells)
and spleen (resident macrophages).” Upon uptake, the vast
majority of bacteria are killed and degraded within the pha-
golysosome, but approximately 5-10% of the bacteria can escape
into the cytosol because the pore-forming toxin listeriolysin O
(LLO), and sometimes bacterial phosphatidylinositol-phospho-
lipase C (PI-PLC) and phosphatidylcholine-phospholipase C
(PC-PLC) in synergy with LLO lyse the primary and secondary
vacuoles.'*?" Thus, because of LLO, L. monocytogenes possesses
the ability to escape phagosomal compartments and live in the

cytoplasm,'®'® which explains why this bacterium is particularly
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effective as a vector for the delivery of tumor antigens for cancer
immunotherapy. Moreover, this bacterium replicates in the cyto-
plasm before moving to the periphery of the cell and forming
pseudopod-like structures that are recognized and internalized
by adjacent cells, in which the cycle is subsequently repeated.”
Therefore, L. monocytogenes infection induces a weak humoral
immune response and strong cell-mediated immunity that is
dominated by CD4* and CD8* T cells.’>»**% In addition, the
infected cells and associated immune cells produce a broad range
of cytokines and chemokines, such as IL-1, IL-6, IL-12, CC che-
mokine ligand 2 (CCL2), tumor necrosis factor (TNF)-a and
interferon (IFN)-B, which activate APCs, inducing an innate
immune response and promoting a T-helper 1 (Th1) cell-medi-
ated immune response.”???¢ These characteristics of L. mono-
cytogenes have accelerated the development of Lm-based cancer
vaccines that induce tumor antigen-specific CD4* and CD8* T
cell responses. In recent years, genetic manipulations have cre-
ated a large number of mutant and attenuated Listeria monocyto-
genes strains that carry tumor antigens, and numerous preclinical
studies have been performed in animal models of cancer and
infectious disease.”** The most striking achievements have been
attained through the use of live attenuated Lm-vectored immu-
notherapy against human papilloma virus (HPV)-associated
tumors. Advaxis Inc. created an Lm-LLO-E7 anti-tumor vac-
cine (patented as ADXS11-001) by fusing the E7 protein with
a non-hemolytic truncated LLO fragment and conducted Phase
I/1I clinical trials on HPV-associated cancers, including cervical
intraepithelial neoplasia, cervical cancer, and HPV-positive head
and neck cancer.>* It is anticipated that studies on Lm-based
cancer immunotherapies will be ongoing if the outcomes of the
current clinical trials are able to validate the safety and efficacy
of the Lm-vectored anti-tumor vaccine observed in preclinical
studies.

However, it is hard to accept the idea of using a live and poten-
tially pathogenic microbe as a vaccine vector to cure malignant
neoplasms, even though the live vectors created for the clinical
trials are highly attenuated and easily treatable in the case of del-
eterious events. In addition, the administration of Lm-vectored
vaccines in immune-compromised or -suppressed patients,
including the very young, the elderly and pregnant women, can
have serious consequences, such that the use of these vaccines
may be inappropriate for these populations.*® To circumvent this
problem, there may be many methods to ameliorate the effect of
Lm-based vaccination to avoid potential impairment, such as the
adoption of heterologous immunization regimens that involve
priming with a DNA vaccine and subsequent boosting with
Listeria. However, we may be neglecting one important advan-
tage of Lm-based anti-tumor vaccines, the virulence factor LLO.
It is likely that some characteristics of LLO make it adequate for
use in cancer immunotherapy.

In fact, early studies have concluded that LLO may represent
the dominant antigen during the immune response to L. mono-
cytogenes, 3
nogenic molecule. In the last decades, numerous studies have
revealed that LLO is a multifunctional molecule’*4 and is the
dominant source of CD4* and CD8 T* cell epitopes,”>* which

which implies that LLO may be a strong immu-
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Figure 1. Structural information of the cholesterol-dependent pore-forming cytolysin listeriolysin O (LLO). (A) Putative three-dimensional model of
LLO monomer based on suilysin crystal structure generated by SWISS-MODEL. Suilysin shares a sequence similarity of 44% to LLO in PDB database.
The monomer of LLO contains four domains (D1-4), and the conserved undecapeptide (Undeca) and three short loops are located on the tip of
Domain 4. Two transmembrane helices of TMH1,2 are made up of the two sets of a-helices in Domain 3. (B) The analyzed primary structure of LLO.
The number above the amino acid sequence roughly represents the position of a single amino acid. SS, the signal peptide sequence of LLO showed
in a straight line and the cleavage site (residues 24-25) indicated with an arrow. PEST, a putative PEST-like motif identified in LLO showed by a box.
CTL(91-99), an immunodominant CTL epitope consisting of amino acids from number 91 to number 99 indicated in a box. ¥, the two clusters of
positively charged residues flanking the CTL epitope. CD4*(189-201), a characteristicimmunodominant CD4* T cell epitope consisting of amino acids
from number 189 to number 201 indicated in a box. CD4*(215-226), an immunodominant CD4* T cell epitope contained in TMH1 region indicated in
a box, consisting of amino acids from number 215 to number 226. TMH1,2, two sets of transmembrane a-helices showed in two boxes. Undeca, the
conserved region belonging to a cytolysin family consisting of 11 amino acids.

implies that LLO likely has promise in cancer immunotherapy.
Of note, preclinical trials showed that when two vaccines were
constructed from Listeria strains that produced the E7 tumor
antigen, one that expressed E7 alone and one that secreted the
Lm-LLO-E7 fusion protein, the second vaccine effectively cured
the majority of tumor-bearing mice and exhibited significantly

higher efficacy.”
Structure and Related Functions

LLO is required for L. monocytogenes pathogenesis and belongs
to the family of cholesterol-dependent cytolysins (CDCs), which
are pore-forming toxins produced by various bacterial spe-
cies.”*® LLO, which is synthesized as a precursor, is composed
of 529 amino acid residues with a typical signal peptide in the
N-terminus (Fig. 1B),”" and the putative propeptide is approxi-
mately 58 kD. After its signal sequence is removed, the mature
protein is secreted into the extracellular space as water-soluble
monomers that can bind to host cell membranes, oligomerize,
and form a large B-barrel pore through the bilayer plasma-
lemma.>®>¢ LLO is unique among the CDCs because its activity
is optimized at an acidic pH and normally repressed at a neutral
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pH; thus, this molecule is capable of acting in an acidic vacuolar
compartment to mediate the escape of the bacterium into the
host cytosol.®*® An early study by Jones and Portnoy showed
that the expression of perfringolysin O (PFO), which is a pore-
forming toxin from Clostridium perfringens, in an LLO-deficient
strain of L. monocytogenes restored hemolytic activity and pro-
moted partial phagosomal escape in the mouse macrophage-like
J774 cell line; however, PFO expression apparently damaged the
infected cell and did not restore virulence to the bacterium.®® A
later study by Portnoy’s group found that a single amino acid
change (leucine 461 to the threonine present in PFO) could
profoundly increase the hemolytic activity of LLO at a neutral
pH but resulted in a 100-fold decrease in virulence in a listerio-
sis mouse model.® Thus, LLO is apparently unique among the
CDCs; it can disrupt the vacuolar membrane but not kill the
host cell upon bacterial growth in the cytosol. These findings
support the idea that L. monocytogenes has evolved to adapt to
living in its host cell.

Bioinformatics analyses have revealed that the toxin mono-
mers of the CDC family, which consists of characteristic PFO
and streptolysin O (SLO) secreted by Streptococcus pyogenes, share
40% to 80% sequence similarity, which suggests that all of these
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monomers may adopt similar tertiary structures and have simi-
lar modes of action. The three-dimensional (3D) structure and
domains of LLO were deduced from the structures of PFO% and
intermedilysin (ILY)® and extensive biochemical characteriza-
tion. In particular, a search of the PDB protein database using the
BLASTP program revealed that the recently identified cytotoxin
suilysin, which originates from Streptococcus suis, has 44% iden-
tity with LLO. A conceivable 3D structure of the LLO monomer
was modeled using the SwissModel Alignment Mode program
based on the structure of suilysin, as shown in Figure 1A.% In
line with a previous report on the tertiary structure of LLO
deduced from PFO and ILY, the monomer molecule was found
to have an elongated structure and to comprise four domains.
The polypeptide chain folds back and forth several times through
domains 1-3, whereas Domain 4 is formed contiguously from
its C-terminus (Fig. 1A).*7® Three short hydrophobic loops
and a highly conserved undecapeptide (ECTGLAWEW WR) are
located at the top of Domain 4 (Fig. 1A).“”" The loop region
is primarily responsible for mediating the specific interaction of
the CDC with cholesterol-rich membranes, and the conserved
undecapeptide is required for pore formation in the target mem-
brane.” The undecapeptide and the three short loops at the
tip of Domain 4 are involved in membrane binding and cyto-
toxic activity, whereas the two clusters of a-helices in Domain
3 extended from Domain 2 can transform into the transmem-
brane B-hairpins TMH1-2 (Fig. 1), which make up the B-barrel
structure of the prepore complex to facilitate the insertion of
the LLO oligomer into the host membrane.”"”?> The data from
other cytolysins provide a good illustration of the kinetics of the
mechanism through which LLO induces perforation and the
concomitant structural changes that occur in the toxin when the
LLO monomer binds to cholesterol-rich membranous regions,
oligomerizes and opens pores.*

A considerable body of evidence has demonstrated that the
pore formed by other CDCs, such as SLO, can be removed from
the plasma membrane through a mechanism involving membrane
internalization, which is similar to the phenomenon by which
eukaryotic cells successfully repair damaged plasma membranes
and survive moderate exposure to pore-forming toxins, including
the CDCs.”*” According to a recent finding, LLO at a low con-
centration and under physiological conditions is necessary and
sufficient to induce the formation of membrane extensions that
are able to capture bacteria or inert beads coated with LLO.%
However, LLO at a higher concentration or in an acidic pH
environment, similar to that found in acidic cell compartments,
such as endosomes or lysosomes, exhibits a dramatic increase in
#464-66 These biological prop-
erties of LLO may indicate its promise as an immunotoxin for the

hemolytic activity and cytotoxicity.

elimination of tumor tissue; however, the target specificity of its
tumor-killing activity needs to be determined.

A putative PEST-like motif has been identified adjacent to the
N-terminus of mature LLO (Fig. 1B), and its role in LLO activ-
ity and bacterial virulence has been extensively studied by differ-
ent research groups.”*” In eukaryotic cells, several intracellular
short half-life proteins often require phosphorylation for effi-
cient poly-ubiquitination and/or degradation by the proteasome.
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These proteins have usually been shown to contain one or more
regions rich in proline (P), glutamic acid (E), serine (S), and thre-
onine (T), thus called the PEST motif, and these regions gen-
erally represent sites of protein-protein interactions.®*¥? Portnoy
and Decatur initially found that L. monocytogenes strains with
a mutant LLO that lacked the PEST-like sequence entered the
host cytosol but subsequently permeabilized and killed the host
cell, which indicated that these strains exhibited enhanced cyto-
toxicity; in addition, the mutant LLO accumulated abundantly
in the cytosol of the host cell.”® These researchers thus proposed
that this region contributed to the biological activities of LLO,
mainly through its impact on the susceptibility of LLO to intra-

cellular proteolytic degradation.”

However, work performed by
Charbit’s group showed that mutations, deletions or substitutions
in this motif did not affect the secretion or hemolytic activity of
LLO but significantly abolished bacterial virulence; these find-
ings suggest that the PEST motif in LLO plays an important
role in the pathogenesis of L. monocytogenes.””’® These researchers
also discovered that a high PEST score sequence was not related
to the intracellular proteolytic degradation of LLO.””’® Several
years later, Decatur and coworkers found that the PEST-like
region of LLO did not mediate proteasomal degradation by the
host, which is contrary to their original hypothesis but consistent
with the conclusions drawn by Charbit’s group.”” Decatur’s group
found that the same PEST region mutants exhibited higher
intracellular levels of LLO than wild-type bacteria and hypoth-
esized that the reduced virulence of the mutants was due to the
increased levels of LLO in the host cytosol, which was different
from the hypothesis of impaired vacuolar escape described by
Charbit’s group.”” However, a subsequent experiment performed
by Decatur’s group confirmed that the discrepancy between the
two studies was the result of a difference in the mutant gene copy
number on the encoding plasmid. Together, these studies reveal
the importance of the PEST sequence in the development of the
infectious process of L. monocytogenes. However, the integrity of
this region may not be necessary for the cytotoxicity of LLO.
During infection with Listeria monocytogenes, a significant
CD4" and CD8* T cell response is directed against LLO.%-4¢:8384
It has been demonstrated that LLO contains ample immuno-
dominant epitopes of CD4* and CD8* T cells.*>* To date,
three immunodominant epitopes have been determined by dif-
ferent experiments. As shown in Figure 1B, these include one
dominant cytotoxic T lymphocyte (CTL) epitope, LLO,
dues 91-99), and two typical CD4* T cell epitopes, LLO,,, ,
(residues 189-201), and LLO,, . (residues 215-226).%%%
Although LLO is essential for phagosomal escape and cell-to-cell
spread in most cell types, its membrane-perforating activity is

(resi-

potentially cytotoxic and must be tightly regulated to ensure that
L. monocytogenes remains in its intracellular replicative niche.
Several posttranscriptional mechanisms control the activity and
intracellular level of LLO. In addition to an acidic pH being opti-
mal for LLO pore formation,® the host-mediated degradation of
LLO in the cytosol is a critical determinant of the intracellular
LLO level.®%7 Previous studies have found that the nature of the
N-terminal residue of LLO does not control the rate of its intra-
cytosolic degradation,® but Pamer and coworkers demonstrated
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that the immunodominant CTL epitope (LLO,, ,,) is able to
induce the cytosolic degradation of LLO and a specific major
histocompatibility complex (MHC) class I-restricted immune
response.®>* Although a recent study found that LLO is a sub-
strate of the ubiquitin-dependent N-end rule pathway, which rec-
ognizes LLO through its N-terminal Lys residue,” the role of the
LLO,, ,
ated proteolysis pathway. During the intracellular multiplication
of L. monocytogenes in infected mice, a marked Thl-based CTL
response can be generated. In addition, of the abundant epitopes
presented by the H-2Kd MHC class I molecule, LLO

51,52,86-

epitope is important in the ubiquitin-proteasome-medi-

o100 €licits a

powerful dominant response. 8 Moreover, a previous study
that aimed to identify the LLO,

in bacterial pathogenesis revealed the importance of the 91-99

determinant that participates

region in the proteolytic degradation and hemolytic activity of
LLO using site-directed mutagenesis to create mutations in the
epitope or the two clusters of positive charges that flank the epi-
tope (Fig. 1B).” Therefore, LLO,, ,, as a strong immunodomi-
nant epitope that is closely correlated with the induction of LLO
degradation, is able to elicit marked CTL-restricted immune
responses. This finding may render LLO an attractive immuno-
modulatory molecule for novel anti-tumor vaccine designs.

The MHC class Il-restricted T cell epitope LLO,  ,, - was
identified early.”® In that study, the researchers used an attenuated
Salmonella vaccine-Listeria infection model to analyze the capac-
ity of the T cell epitopes of LLO to induce epitope-specific T
cell responses and found that LLO 215-226 could be efficiently
processed and presented to T cells as part of a Salmonella Hagel-
lin-epitope fusion protein.’® A previous study showed that endo-
somes obtained from resting and IFN-y-activated macrophages
containing intact LLO and LLO,_,, fragments could elicit an
LLO,,, ,,,-specific CD4* T cell response.”* Recently, a study
showed that compared with tested cognate peptides, LLO tended
to be one of the strongest generators of CD4* T cell responses.®’
Owing to its salient CD4* T cell epitopes, such as LLO,, .,
LLO is capable of eliciting CD4* T cell responses at unprece-
dented femtomolar/picomolar ([fM]/[pM]) levels and is approxi-
mately 3000-7000 times more efficient than the homologous
peptides.®” Although there was one amino acid variation along
the length of the CD4* T cell epitopes used in these two studies,
there is no doubt that this region can be effectively processed in
the MHC class II-restricted antigen presentation pathway.

The generation of tumor-specific CTL responses is the pri-
mary focus of anti-tumor vaccines, whose efficacy depends on
the effective presentation of tumor antigens by MHC class 1
molecules. Thus, the interaction between LLO, which is able to
disrupt acidic internalized vacuoles and efficiently enter the ubig-
uitin-proteasome degradation pathway, and the process of tumor
antigen presentation by MHC class I molecules is an option for
the development of novel anti-tumor vaccines. LLO is a strong
immunogenic molecule and has the ability to promote adaptive
immunity dominated by CD4* and CD8* T cells. In addition,
several studies have documented that LLO can stimulate the
innate immune system and induce cytokine production.?-420-%
For example, purified LLO activated NF-kB in human embryonic
kidney cells (HEK293) in a MyD88- and IRAK-independent
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manner” and indirectly induced the expression of interleukin
(IL)-1, IL-12, and IL-18 in macrophages and IFN-y production
by natural killer (NK) cells.”>?® These findings suggest that LLO
is a strong immunostimulatory factor and may act as a PAMP,
which can be an effective adjuvant for tumor immunotherapy. In
fact, a recently published study demonstrated that a non-hemo-
lytic form of LLO (dtLLO) was an effective adjuvant and could
act in a PAMP-like manner to facilitate a TAA-specific immune
response.”” That study discovered that dctLLO, either fused to or
administered as a mixture with an HPV16-E7 recombinant pro-
tein, could augment anti-tumor immune responses and facilitate
tumor eradication.”” The purified dtLLO could promote the syn-
thesis of proinflammatory cytokines, such as IL-12 and TNF-q,
in mouse bone marrow-derived dendritic cells (BMDCs) simi-
lar to a PAMP and upregulate the expression of costimulatory
molecules (e.g., CD40) and MHC-II on DCs.”” Thus, it can be
concluded that LLO, as a unique cytotoxin with strong immuno-
genicity, is able to fully induce the immune system by activating
both innate and adaptive immunity; thus, this molecule is an
effective adjuvant for tumor immunotherapy.

Interestingly, when investigating the ability of LLO to induce
cytokine expression by macrophages and NK cells, researchers
found that cholesterol treatment or the use of a truncated rLLO
(residues 1-416, domains 1-3) without hemolytic activity did

not impair cytokine induction.**

These results suggest a clear
dissociation between the cytotoxic properties of LLO and its
immunogenicity. Recently, a study discovered that the cytotoxic
effect of LLO in the pre-pore to pore transition was weakened
10- to 100-fold by mutations of two key tryptophan residues in
the conserved undecapeptide; however, these mutations had no
effect on the presentation of LLO to CD4* T cells.* The presen-
tation of LLO to CD8* T cells is not as robust as that observed
with CD4* T cells but is still observed in the nanomolar range.®
The reduced presentation to CD8* T cells may be due to a dam-
aged ability to escape from phagolysosomes and reduced degra-
dation by proteasomes. The immunogenicity of LLO to CD4* T
cells can be maintained despite mutations, which further indi-
cates that the immunogenicity of LLO is independent of its cyto-
lytic activity.

The lack of association between its cytotoxic activity and its
immunogenicity makes LLO unique for use in cancer immuno-
therapy. We can utilize either its cytolytic activity to directly kill
tumor cells or its immunogenicity as an adjuvant component of
anti-tumor vaccines. However, when LLO is used as a vaccine
adjuvant, both its membrane-damaging ability and its immu-
nostimulatory properties may be involved. Notably, Lee and his
colleagues (1996) suggested that the delivery of therapeutic mac-
romolecules into the cytosol can be achieved through the use of
liposomes that contain LLO.”® These researchers discovered that
the MHC class I-restricted presentation of peptides derived from
ovalbumin (OVA) was significantly strengthened when both
OVA and LLO were encapsulated in pH-sensitive liposomes.”® In
addition, the use of LLO to deliver membrane-impermeable cell-
killing drugs into the cytosol to directly induce tumor cell death
may be an alternative option. In this review, some LLO-based
cancer immunotherapeutic regimens will be discussed.
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LLO-Based Immunotoxin/iImmunoliposome
for Killing Tumor Cells

Antibody-based therapeutic anti-tumor strategies have gradu-
ally become an important component of human cancer immu-
notherapy. There are some advantages associated with the use
of monoclonal antibodies (mAbs) for the suppression of tumor
growth and the elimination of neoplasms. Based on their intrin-
sic properties of high specificity and sensitivity, mAbs can block
overexpressed and activated growth factor receptors on tumor
cells, inhibit angiogenesis and induce tumor-targeted immune
responses.””!®® In recent years, tumor-specific mAbs have been
widely applied to developing tumor-targeting immunotherapies
due to their ability to target therapeutic agents to tumor cells.”>!*
Certain chemotherapeutic agents and several protein toxins, such
as diphtheria toxin and the Pseudomonas exotoxin,'” have been
conjugated to mAbs and used to specifically kill tcumor cells. The
underlying mechanism is known: after binding to the surface of
cancer cells, mAbs are internalized into vesicles, through which
cytotoxic molecules enter intracellular compartments and then
exert cytotoxicity and induce cell death. However, during this
process, many membrane-impermeable or protein-toxic agents
are trapped in vacuoles or degraded and thus cannot effectively
kill the cell because they cannot gain access to the cytosol. LLO
is a pH-dependent pore-forming toxin with high cytolytic activ-
ity in acidic chambers and therefore may be able to circumvent
this obstacle.

Previously, a study found that the cytotoxicity of anti-tumor
immunotoxins and drugs could be enhanced by LLO.*? In the
study, two immunotoxins used to kill H2987 human lung adeno-
carcinoma cells were constructed using a ribosome-inactivating
protein ricin A chain (RA) conjugated to BR96 and L6 antibod-
ies. The study found that LLO could significantly potentiate the
cytotoxicity of BR96-RA and L6-RA by 120- and > 1340-fold,
respectively.!”” However, a recent study showed that LLO could
act as the cytotoxic part of the immunotoxin to directly induce
the death of tumor cells.!”® The B3-LLO immunotoxin has been
ingeniously devised: in a neutral environment, LLO is in an oxi-
dized condition with low cytotoxicity, whereas once it is internal-
ized into an acidic endosome compartment, the maximal activity
of LLO to disrupt the phagosomal membrane and induce tumor
cell death is restored.'” Thus, the LLO-based immunotoxin cre-
ates a new platform for cancer immunotherapy.

In addition, with the advancement of targeted liposome tech-
nology, some chemotherapeutic drugs are being improved to be
directly delivered to the tumor mass at different high-dose lev-
els.!**1% Membrane-permeable drugs are preferentially chosen
for liposomal delivery systems because these drugs are capable
of passing through the plasma membrane of the targeted tumor
cells.'”® However, this type of drug inevitably reaches the cir-
culatory system, enters normal cells and leads to cytotoxicity
to normal organs.'” Some other drugs, although membrane
impermeable, exhibit high cytotoxicity in the cytosol.’®1* LLO
appears to be a good alternative to help improve the therapeutic
outcome and overcome this problem. A recent study successfully
constructed an immunoliposome loaded with bleomycin, which
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is an efficient cytotoxic agent, to target human epidermal recep-
tor-2 (Her-2)-overexpressing breast cancer cells using the anti-
body trastuzumab, and LLO was incorporated into the liposome
to break down the endosomal membrane and deliver bleomycin
to the cytosol."? The results showed that treatment with the bleo-
mycin LLO-liposome resulted in a 57,000-fold enhancement in

cytotoxicity compared with free bleomycin.'?

LLO-Based Anti-Tumor Vaccine Development

Over the years, the development of DNA-based vaccinations
against malignancies has made significant progress compared
with traditional vaccines because of to the safety, stability, and
design flexibility. Currently, a major hurdle exists in the develop-
ment of more effective and safer delivery systems because of the
low immunogenicity of naked DNA. Thus, liposomal vectors have
been extensively studied. Of these vectors, a new liposomal deliv-
ery system that consists of LPDII (anionic liposome-polycation-
DNA complexes) has been designed; this system is able to deliver
an adequate number of antigen genes to targeted cells, with lictle
cytotoxicity to normal organs.'""* However, the low transfection
efficiency of anionic LPDII vectors has limited their application.
Recently, one study demonstrated that an LLO-containing LPDII-
DNA delivery system works effectively for DNA delivery and leads
to efficient DNA priming through the adoption of a DNA prime-
protein boost vaccination protocol.'? These researchers used OVA
as a model antigen and found that the incorporation of LLO into
the LPDII gene delivery system heightened gene expression in
vitro and enhanced OVA-specific CD8* CTL responses in vivo.'?
The results of the study may imply that the design of an LLO-
containing LPDII delivery system for DNA-based vaccines to
stimulate protective immunity against diseases, such as cancer, has
noteworthy value for future research.

Bacteria and their components, such as lipoteichoic acid
(LTA), lipopolysaccharide (LPS), and CpG motifs, are some of
the most potent inducers of DC maturation and can be easily
sensed by the innate immune system.""*'" Similar to L. mono-
cytogenes, a nonpathogenic recombinant E. coli strain has also
proven to be a promising candidate for the delivery of tumor
antigens for cancer immunotherapy. However, compared with
L. monocytogenes, E. coli is less effective at inducing tumor
antigen-specific CD8* T cell responses because of its inability
to escape from phagolysosomes after being phagocytosed by
APCs. The use of nonpathogenic E. coli to deliver tumor anti-
gens in humans may be accepted to some extent. How can we
elevate the ability of E. coli to induce anti-tumor CTL responses?
We may easily consider LLO. In fact, Radford’s group revealed
that the use of a recombinant E. coli vaccine that constitutively
expresses LLO and produces inducible OVA is capable of killing
an OVA-expressing melanoma cell line (B16-OVA) and effec-

116 However,

tively suppressing tumor growth in challenged mice.
a recombinant E. coli vaccine that only expressed OVA induce
a significantly weaker anti-tumor response than a vaccine that
also expressed LLO."® Moreover, these researchers also discov-
ered that paraformaldehyde-fixed E. coli expressing LLO was

efficiently internalized by human monocyte-derived dendritic
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cells (MoDCs) and promoted MoDC maturation. Additionally,
the use of a typical human melanoma antigen (MART1) instead
of OVA in the vaccine efficiently delivered the MART127-35
antigen epitope for processing and presentation by human
MoDCs.' The anti-tumor efficacy of the paraformaldehyde-
fixed E. coli vaccine is maintained, and this vaccine is signifi-
cantly less harmful to humans. Similarly, another research team
illustrated that an LLO-based E. coli vaccine could induce a
strong immune response against a W T l-expressing leukemia
tumor in vivo through enhanced CTL activity.""® Thus, LLO
is able to elevate the potency of recombinant E. co/i anti-tumor
vaccines. It can be inferred that the combination of LLO with
nonpathogenic-bacterial vaccines is a novel and efficient strategy
for tumor immunotherapy. The LLO-based vaccine strategy may
broaden the scope of available anti-tumor vaccines.

Many studies have reported elevated levels of CD4*CD25"eh
regulatory T cells (Treg cells) in patients with different types of
cancers.'”!?° Poor prognosis and tumor relapse are often corre-
lated with increased numbers of Treg cells in vivo.'* Therefore, an
ideal cancer vaccine must both stimulate specific CTL responses
and suppress the function of Treg cells. Some novel therapeu-
tic strategies to eliminate Treg cells in cancer patients are being
tested. A clinical trial investigated the ability of IL-2/diphtheria
immunotoxin to target CD25"&" Treg cells.'”> How should an
anti-tumor vaccine be prepared to induce long-term tumor-spe-
cificimmune memory and the functional inhibition of Treg cells?
A previous discovery indicated that an LLO-based engineered E.
coli vaccine could promote the generation of CD44"¢"CD62L"™
CD8* effector memory T cells and inhibit the functions of
Treg cells that expanded normally but was unable to suppress
the proliferation of conventional T cells.'?® Through the use of
a tumor-bearing animal model, the researchers showed that E.
coli LLO/OVA vaccination could generate high-avidity CTLs
and functionally defective Treg cells, which led to the rejection
of highly aggressive BI6/OVA melanoma, compared with the
results obtained with E. coli OVA.'*® These studies suggest that
LLO is able to boost the effectiveness of the vaccine through the
inhibition of Treg cells, although the exact mechanism is not yet
known. Notably, all of the above mentioned studies prepared the
LLO-based E. coli vaccines using two separate plasmids for the
expression of OVA/tumor antigen and LLO. In fact, Paterson’s
group showed that LLO can act as an adjuvant for anti-tumor
vaccines without being fused to the tumor antigen and can be
expressed alone without reducing the vaccine potency.'*

A heterologous prime-boost immunization strategy is cur-
rently predominantly utilized to conquer the problem of vector-
pointing immune responses in cancer immunotherapy. To date,
the heterologous prime-boost regimen is among the most potent
strategy used to induce cellular immune responses.'” One group
of researchers created an efficient integration of LLO-based
E. coli vaccination and plasmid DNA vaccination to obtain a het-
erologous prime-boost immunization strategy that can be used
to monitor the anti-tumor activity of B16-OVA tumor-bearing
C57BL/6 mice by a tumor prevention or therapeutic model.'®
The results showed a significantly stronger OVA-specific CD8*
T cell response and more significant tumor inhibition under the
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bacterial-prime/plasmid-boost setting compared with homolo-
gous and reversed sequential vaccination.'”® In addition, the early
suppression/depletion of Treg cells observed with anti-tumor
vaccination can lead to better antigen-specific CTL responses.'*
Owing to the contribution of LLO to enhanced tumor cyto-
toxicity, Treg cell inhibition, and memory CTL persistence, the
application of LLO-based vaccines in a heterologous prime-boost
immunization approach may offer novel clinical cancer therapeu-
tic protocols.

The Lm-LLO-E7 anti-tumor vaccine patented as ADXS11—
001 has been extensively studied and tested in preclinical settings
and is now being used in human studies.’"#*!#1? Preclinical
studies have shown that LZm-LLO-E7 is able to stimulate the
expression of IL-2, IL-12, and TNF-a by DCs, promote DC

maturation,'?’

130 induce the generation of tumor antigen-specific CTLs,

activate both arms of the adaptive immune sys-
tem, 128
break immunological tolerance,'**'* maintain CD8* T cell
memory, block tumor reoccurrence,”®® reduce Treg cells and
myeloid-derived suppressor cells (MDSCs) intratumorally and
diminish the tumor resistance to immune attack by antigen-
specific cells.*"¥" The multifaceted anti-tumor efficiency of
Lm-LLO-E7 is closely related to the adjuvant properties of LLO,
which include activating and augmenting anti-tumor activity,
breaking TAA-associated immunological tolerance, promot-
ing the release of inflammatory cytokines, enhancing the Thl-
dominated immune response, and suppressing the effect of
inhibitory immune cells and molecules.?? Paterson and coworkers
conducted a series of studies to analyze the efficacy of Lm-LLO-
based anti-tumor vaccines expressing different tumor-associated
antigens or peptide epitopes, such as tumor vasculature antigens,
vascular endothelial growth factor receptor-2/fetal liver kinase-1
(VEGFR2/Flk-1),'** endoglin (CD105),"** melanoma-associated
antigen (HMW-MAA),"** 38C13 murine lymphoma idiotype
(Id)'™ and human epidermal receptor-2 (HER-2/neu)."*® The
results showed that these vaccines, which target either the tumor
or the tumor vasculature, could overcome tolerance and drive
epitope spreading to cryptic tumor epitopes.’”” The mechanism
can be illustrated as follows: (1) the Lm-vectored vaccine infects
APCs and primes autoreactive CD8* T cells to kill tumor or
tumor-associated vascular cells; (2) elicited CD8* T cells attack
and destroy the tumor or tumor vasculature; (3) the destruction
of key cells involved in maintaining the integrity of the tumor
vasculature leads to increased tumor hypoxia and apoptosis; (4)
apoptotic tumor cells are phagocytosed by DCs, and the tumor
proteins are cross-presented to naive CD8* T cells; (5) newly
primed CD8* T cells targeting the cryptic tumor epitopes are
generated and migrate to the inflamed tumor site; (6) resulting
in a second wave of tumor cell killing.!”” This type of epitope
spreading could expose tumor tissue-associated antigens and
fully activate the pool of antigen-responsive T cells, which can
accelerate tumor mass elimination. These studies provide evi-
dence of the advantages of Listeria as a vaccine vector for tumor
immunotherapy. Of note, the adjuvant property of LLO plays an
important role in the enhancement of the efficacy of these vac-
cines. However, further studies are required to understand how
LLO affects systematic and local tumor immune responses and
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inhibits the function of Treg cells and MDSCs within the tumor.
Because LLO is a multifunctional molecule, other mechanisms
may be involved in the role of LLO in the immune response: for
example, autophagy,” which contributes to the innate immune
response to microbial pathogens.

Future of LLO-Based Immunotherapy

Based on the lack of association between LLO’s cytotoxic activ-
ity and its immunogenicity, LLO could be used in a variety of
applications. With the development of novel platform technolo-
gies for cancer immunotherapy, the strong immunogenicity of
LLO could be applied to design significantly more effective anti-
tumor vaccines. Depending on the vaccine vector, LLO could be
administered as a protein, DNA, or peptide epitope. To increase
the effectiveness of LLO-based vaccines, it will be necessary to
simplify the vaccine composition, decrease its potential toxicity,
select adequate immunization approaches and improve the deliv-
ery technology. In conclusion, although many of the underlying

mechanisms have not been identified, the immunological effects
of LLO as a multifunctional cytotoxin will continue to draw
attention, and LLO will continue to be used to develop anti-
tumor vaccines.
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