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Introduction

Earliest attempt for using bacterial preparations for the treatment 
of cancer dates back to the nineteen century when William B. 
Coley witnessed for the first time the regression of a malignant 
tumor in one of his patients after a bacterial infection.1 Coley 
developed the first bacterial-based cancer treatment, which was 
derived from killed gram-positive bacteria Streptococci combined 
with gram-negative Serratia marcescens injected directly into 
tumors.2 These bacterial mixtures known as ‘Coley’s toxins’ were 
also injected systematically in the gluteus maximus or pectoral 
muscles in addition to the intratumoral injections. Coley man-
aged to achieve 10% success rate, which was significant based 
on the fact that these patients had advanced cancer.3 While the 
knowledge of immune system was limited at that time, this amaz-
ing observation of Coley forms the basis of recent advancement of 
using bacteria as vaccine vectors for tumor immunotherapy.

Our current vast knowledge in molecular biology, bacterial 
genetics and immunology has significantly accelerated the prog-
ress in bioengineering and use of these intriguing microorgan-
isms as vaccine vectors. Attenuated strains of many otherwise 
pathogenic bacteria are now available and the ease of manipu-
lation for generating recombinant strains provides a means for 
using bacteria as efficacious delivery vehicles for a number of for-
eign proteins such as antigens associated with infectious diseases 
and cancer. The most commonly used bacterial vectors include 
microbes such as Listeria monocytogenes,4 Escherichia coli,5 differ-
ent strains of Salmonella6 and Shigella.7,8 Other less commonly 

Live, attenuated strains of many bacteria that synthesize and 
secrete foreign antigens are being developed as vaccines 
for a number of infectious diseases and cancer. Bacterial-
based vaccines provide a number of advantages over other 
antigen delivery strategies including low cost of production, 
the absence of animal products, genetic stability and safety. 
In addition, bacterial vaccines delivering a tumor-associated 
antigen (TAA) stimulate innate immunity and also activate 
both arms of the adaptive immune system by which they 
exert efficacious anti-tumor effects. Listeria monocytogenes 
and several strains of Salmonella have been most extensively 
studied for this purpose. A number of attenuated strains have 
been generated and used to deliver antigens associated with 
infectious diseases and cancer. Although both bacteria are 
intracellular, the immune responses invoked by Listeria and 
Salmonella are different due to their sub-cellular locations. Upon 
entering antigen-presenting cells by phagocytosis, Listeria is 
capable of escaping from the phagosomal compartment and 
thus has direct access to the cell cytosol. Proteins delivered by 
this vector behave as endogenous antigens, are presented on 
the cell surface in the context of MHC class I molecules, and 
generate strong cell-mediated immune responses. In contrast, 
proteins delivered by Salmonella, which lacks a phagosomal 
escape mechanism, are treated as exogenous antigens and 
presented by MHC class II molecules resulting predominantly 
in Th2 type immune responses. This fundamental disparity 
between the life cycles of the two vectors accounts for their 
differential application as antigen delivery vehicles. The 
present paper includes a review of the most recent advances in 

the development of these two bacterial vectors for treatment 
of cancer. Similarities and differences between the two vectors 
are discussed.
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to spread from cell to cell.13 Through this mechanism of direct 
cell to cell transfer, L. monocytogenes can spread without being 
exposed to the host extracellular defenses. The majority of the 
virulence genes that are important in this life cycle are regulated 
by a pluri-potential transcription factor (PrfA), which is encoded 
by prfA gene.14 This unique life cycle of L. monocytogenes makes 
it an ideal vector for delivery of suitably expressed and secreted 
antigens in an antigen presenting cell.15,16 As a consequence of the 
dual intracellular location of L. monocytogenes, antigens secreted 
by the bacterium are targeted for both MHC class I and II pre-
sentation on the cell surface (Fig. 1).

L. monocytogenes infection results in strong stimulation 
of both innate and adaptive immune responses. As a first line 
defense against bacterial invasion, interaction of L. monocytogenes 
with the host pattern recognition receptors triggers a cascade of 
cytokine and chemokine secretion that activates several compo-
nents of the innate immune system.17-19 L. monocytogenes has a 
number of toll-like receptor ligands (TLR-L) such as peptido-
glycan, lipoprotein and lipotechoic acid and nucleotide-binding 
oligomerization domain (NOD) which may trigger the secretion 
of pro-inflammatory cytokines.20-23 TLRs play a major role in the 
recognition of L. monocytogenes by the innate immune system. 
They bind to conserved molecular structures of the bacterial sur-
face and trigger a signaling cascade through adaptor molecules, 

used bacteria, which have been investigated as delivery vectors 
include Lactobacillus9,10 and Yersinia.11 A literature search using 
terms ‘bacterial vaccine vectors’ resulted in more than a thousand 
publications. The present paper is an attempt to summarize some 
of the most recent advances in using two of the bacterial vectors, 
L. monocytogenes and Salmonella, and assessment of their charac-
teristics as vaccine vectors in cancer treatment is discussed.

Recombinant Listeria monocytogenes  
as a Vaccine Vector

L. monocytogenes is a gram-positive bacterium that causes listerio-
sis in both animals and humans, of whom the most commonly 
infected individuals are either immune-compromised or immune-
suppressed. L. monocytogenes is able to infect both phagocytic and 
non-phagocytic cells. Soon after infection of phagocytic cells 
such as macrophages or dendritic cells with L. monocytogenes, the 
vast majority of the bacteria are killed and degraded within the 
phago-lysosome although less than 10% escape into the cell cyto-
sol. This phagosomal escape is mediated by the action of the pore-
forming hemolysin, listeriolysin O (LLO) and phospholipases.12 
Once the bacterium enters the cell cytosol, expression of Actin 
nucleator A (ActA) protein is switched on, which allows for the 
polymerization of the host cell actin and gives the bacteria ability 

Figure 1. Comparison of L. monocytogenes and Salmonella life cycles. After infecting a host, both L. monocytogenes and salmonella are taken up by 
the antigen presenting cells (APC) by phagocytosis. However, a portion of L. monocytogenes can escape from the phagosome by the action of pore-
forming LLO, whereas Salmonella is trapped in the phagosome. L. monocytogenes proliferates in the cell cytosol and proteins secreted by it are de-
graded by the proteosomes, enter the endoplasmic reticulum (E.R.) and are presented to the immune system preferentially by MHC class I molecules. 
A portion of L. monocytogenes remains in the phagosome and shares the Salmonella life cycle which proliferates in the phagosome. Proteins secreted 
by the phagosomal bacteria are trapped and degraded in this compartment and presented on the APC’s cell surface by MHC class II molecules. Cyto-
solic L. monocytogenes polymerized actin filaments which mediate its intracellular movement and direct transfer to a neighbor cell without exiting the 
host cells.
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the secretion of cytokines such as IL-1α, IL-12, IL-18, TNFα36,37 
and IFNγ from NK cells;38 increasing monocyte recruitment and 
activation of CCR2, MCP-1 and 3 in a MyD88-independent 
manner; and causing the maturation of dendritic cells derived 
from these monocytes.38

In order to make a more stable vaccine platform, chromosomal 
integration techniques have also been utilized for making recom-
binant vaccine strains. One such method uses a phage-based sys-
tem with a site-specific integrase to integrate a gene at a specific 
location in the bacterial genome.39 Homologous recombination 
using allelic exchange, can also be used to integrate a gene into a 
known chromosomal locus.40 Nevertheless, the use of a multicopy 
plasmid for antigen delivery might be more advantages over a 
chromosomally integrated antigen, as the former provides higher 
expression levels than a single copy chromosomal gene. The latest 
generations of L. monocytogenes based vaccine strains have been 
specifically designed for human use as they express TAA using 
plasmids which lack antibiotic resistance markers.41,42

Presently, a number of live, attenuated strains of L. monocyto-
genes have been generated that express and secrete a wide range 
of viral and tumor antigens including human papillomavirus 
(HPV)-16 E7 associated with cervix, head and neck cancer,31,43 
Her-2/neu that is overexpressed by ∼30% of breast cancer,32,44 
high molecular weight-melanoma associated antigen involved 
with tumor angiogenesis,45 and prostate specific antigen (PSA).44,46 
Extensive preclinical testing of these strains using mouse models 
for cancer has shown that these vaccines are immunogenic and 
can cause regression of established tumors that express the target 
antigen. In addition, L. monocytogenes based vaccines can break 
the immunological tolerance toward self-antigens such as Her-2/
neu or HPV-16 E7 as demonstrated by the data obtained in 
Her-2/neu or HPV-16 transgenic animals, respectively.47,48 More 
recent L. monocytogenes based vaccine strains target tumor vas-
culature and angiogenesis44,45 and show that immunization with 
these recombinant cancer vaccines can result in epitope spreading 
of tumor antigens.44

In recent years L. monocytogenes vaccine technology has 
advanced from the preclinical phase research to human tri-
als using a recombinant Lm-HPV16 E7 (ADXS11-001) that 
expresses and secretes the tumor antigen E7, in a phase I clinical 
trial for cervical cancer.43 The trial was conducted in late stage 
metastatic cervical cancer patients who had a historical median 
survival of 180 days and a one-year survival rate of approximately 
5%. These patients had failed prior cytotoxic treatment. The end-
point for this clinical trial was the determination of the safety and 
tolerability of the vaccine at escalating doses. Fifteen patients in  
3 groups of 5 received one of 3 doses of ADXS11-001: 1 x 109,  
3.3 x 109 or 1 x 1010 colony forming units administered twice at a 
3 week interval and followed after 5 days with ampicillin. Adverse 
events (AE) following intravenous infusion of ADXS11-001 were 
comprised of a flu-like syndrome, with fever-related hypotension 
considered as the dose limiting AE observed at the highest dose 
(1 x 1010 CFU). Antibiotics were not necessary to relieve the AE 
indicating they were likely due to cytokine release rather than 
bacterial disease. Rapid clearance from the blood was seen, and 
no bacterial shedding in the stools or urine was observed. Of the 

such as MyD88 which induces the transcription of several pro-
inflammatory genes through NFκB activation. In particular, 
TLR2 which recognizes bacterial cell wall components such as 
peptidoglycan, lipoteichoic acid and lipoproteins, might play an 
important role during listerial infection, because mice deficient 
in TLR2 are more susceptible to listeriosis than their wild type 
counterparts.24 TLR5, which recognizes bacterial flagellin, may 
also be involved in L. monocytogenes-mediated innate immune 
responses. However, flagellin expression is downregulated at 
37°C in most L. monocytogenes isolates and thus the role of TLR5 
in listeriosis is unclear.25 NOD-like receptors also recognize pep-
tidoglycans present in the bacterial cell wall. In activated mac-
rophages, degraded L. monocytogenes in the phagolysosome, but 
not intact bacteria, can induce IFNβ mediated transcriptional 
responses which are mediated by the interaction of these ligands 
with NOD1, independently from TLR engagement.26 In vitro 
experiments with human endothelial cells demonstrate that 
NOD1 is also critically involved in IL-8 production and NFκB 
activation initiated by L. monocytogenes.27 Although TLRs are 
important in bacterial recognition, a single TLR has not been 
shown to be essential in the innate immune responses toward  
L. monocytogenes. In contrast, the adaptor molecule MyD88, which 
is a shared component of all TLR-associated signal transduction 
pathways besides IL-1 and IL-18, is critical to the defenses against 
L. monocytogenes.28 Consequently, Listeria infection is lethal in 
MyD88-deficient mice, which are unable or severely impaired in 
producing IL-12, IFNγ, TNFα and nitric oxide (NO) following 
the bacterial infection. In summary, L. monocytogenes infection 
generates strong innate immune responses, which may directly or 
indirectly contribute to the adaptive immune responses that are 
generated by this vaccine vector.

The use of live recombinant strains of L. monocytogenes 
to deliver tumor associated antigens (TAA) originated at the 
University of Pennsylvania, with the pioneering work of Dr. 
Yvonne Paterson.29,30 The results from Dr. Paterson’s research 
demonstrated that a recombinant L. monocytogenes that expressed 
and secreted the model antigen influenza virus nucleoprotein 
(NP), could efficiently infect antigen presenting cells and medi-
ate presentation of NP by both MHC class I and II pathways. 
Lm-NP vaccine could not only protect mice against lethal chal-
lenge with NP expressing tumors, but also caused regression of 
established macroscopic tumors in an antigen-specific and T 
cell-dependent manner. Since then L. monocytogenes platform 
has been rapidly evolved to become one of the most efficacious 
approaches for antigen delivery.

In most L. monocytogenes vaccine strains the antigen of inter-
est is delivered in form of a multicopy plasmid in which the TAA 
is expressed under the control of a L. monocytogenes promoter. 
Several studies have demonstrated that T cell mediated immune 
responses against these antigens could be significantly enhanced 
when they were fused to a truncated non-hemolytic fragment of 
LLO.31,32 The immunogenic nature of LLO has been associated 
with the presence of PEST containing sequences at its amino-
terminus that may target the protein for rapid ubiquitin-medi-
ated proteosome degradation.33-35 In addition, LLO has shown 
to mediate a number of immuno-stimulatory effects by inducing 



238	 Bioengineered Bugs	 Volume 1 Issue 4

Salmonella infection.8 Other immuno-stimulatory factors include 
lipoproteins and lipoteichoic acid, which are recognized by 
TLR2,65,67 probably in association with TLR6 and/or TLR1,68,69 
and unmethlyated CpG motifs detected by TLR9.70 Upon infec-
tion TLR1, TLR2 and TLR9 are upregulated, while TLR6 is 
downregulated, accounting for the plateau phase observed dur-
ing sublethal S. typhimurium infection.70 Thus, in addition to 
TLR4, the TLR2-TLR1 complex and TLR9 may play a role in 
controlling a Salmonella infection, particularly in the later stages 
when the bacterial growth is suppressed by the adaptive phase of 
the immune response.70 Salmonella infections are thus cleared 
from the host by a combination of the first line innate immunity 
and the later occurring adaptive cellular and humoral immune 
responses against Salmonella antigens.71

Live attenuated Salmonella strains have been extensively stud-
ied to elicit mucosal as well as systemic immune responses against 
antigens from other infectious bacteria such as E. coli, Shigella 
sonnie, Plasmodium falciparum, Bacillus anthracis, Helicobacter 
pylori and L. monocytogenes;72-74 viruses such as HPV-16 and 
hepatitis B;75 tumor antigens such as PSA,76 survivin,77,78 tyro-
sine hydroxylase,79,80 vascular endothelial growth factor recep-
tor-2, transcription factor Fos-related antigen-1; Legumain, an 
asparaginyl endopeptidase which is specifically overexpressed on 
tumor-associated macrophages;81 proteins involved in angiogen-
esis; and endothelial cell markers and proinflammatory factors 
such as cytokines or chemokines.82 Recently, oral delivery of an 
attenuated Salmonella strains targeting tumor vasculature anti-
gen Endoglin (CD105) was shown to be able to inhibit angio-
genesis and vasculature formation in various types of tumors, 
ultimately resulting in tumor regression.83,84 A similar approach 
was taken by Ruan et al. who reported that a S. typhimurium 
carrying a xenogenic DNA vaccine encoding a cell surface pro-
tein TEM8, which is dominantly expressed by tumor endothe-
lium could overcame peripheral immune tolerance and generate 
anti-TEM8 CD8+ cytotoxic T-cell responses and had anti-tumor 
effects.85,86

Delivery of immuno-modulators by attenuated Salmonella 
has also been investigated by different researchers. Loeffler et al. 
created a S. typhimurium expressing a chemokine, CCL21 which 
could inhibit the growth of primary tumors and pulmonary 
metastases in a CD4+ and CD8+ T-cell-dependent manner in a 
preclinical model of multi-drug-resistant murine carcinoma.82 
This response was associated with inflammatory cell infiltra-
tion and high levels of downstream cytokines and chemokines 
induced by CCL21 such as INFγ, CXCL9 and CXCL10. As a 
vehicle for sustained delivery of cytokines into tumors, recombi-
nant strains have been generated which carry eukaryotic expres-
sion vectors encoding the IL-4 or IL-18 proteins. Pre-clinical 
studies in mice show that a single oral dose of these recombinants 
can exert anti-tumor effects and result in the release of IFNγ.87 
In addition, strategies combining pro-inflammatory factors and 
anti-angiogenic targets have been reported. Lu et al. described 
a S. typhimurium vaccine which delivered the murine vascular 
endothelial growth factor receptor-2. When mice implanted 
with melanoma tumors were treated with a combination of this 
vaccine and direct intratumoral injection of a plasmid DNA 

13 patients evaluable for efficacy 5 had progressive disease, 7 had 
stable disease and 1 was classified as objective responder. Tumor 
reductions were observed in 30% of evaluable patients, includ-
ing 2 with lesions that disappeared. Median survival for treated 
patients was 347 days, one year survival was 53%, and 3 patients 
are still alive at 3+ years. These data clearly suggest the potential 
safety and efficacy of this treatment for cervical cancer or the 
precancerous stages of this malignancy (cervical intraepithelial 
neoplasia, CIN).

Salmonella as a Vaccine Vector

Salmonella is a gram-negative bacterium and the causal agent for 
salmonellosis. Two Salmonella serovars have been used as vac-
cines vectors, S. typhimurium in mice and S. typhi in humans. 
S. typhimurium causes gastroenteritis in a broad host range, 
including humans. S. enterica serovar typhi and S. enterica serovar 
paratyphi are exclusive human pathogens which cause systemic 
infection and typhoid fever.49 Infection of mice by S. typhimu-
rium produces a systemic disease similar to human typhoid 
fever.50 In natural infections, the bacteria enters the host by the 
oral route, invade specialized antigen-transporting membranous 
cells (M cells) within the follicle-associated epithelium, colo-
nize the Peyer’s patches of the small intestine, gain access to the 
gut-associated lymphoid tissue, migrate to the mesenteric lymph 
nodes (MLN) and disseminate to the liver and spleen (reviewed 
by Jones and Falkow, 1996).51 Within the lymphoid organs, 
Salmonella resides in intracellular compartments.52,53 Intracellular 
survival and replication in host cells, including macrophages, is 
critical for bacterial pathogenesis and the development of serious 
systemic disease, since mutant strains that fail to replicate intra-
cellularly are avirulent.54 Attenuation due to defective intramac-
rophage replication can be due to two types of mutations, those 
that alter the metabolic/structural integrity of the bacteria54-56 
or the ones that affect the expression of specific virulence traits 
mediating host-pathogen interactions. For example, intracellular 
survival of S. typhimurium depends on the two-component regu-
latory system PhoP/PhoQ,57,58 which regulates genes involved in 
resistance to antimicrobial peptides, nutrient scavenging and LPS 
modification.59,60

Salmonella triggers a wide range of innate immune responses, 
mostly due to the expression of PAMPs such as flagellin,61,62 
and lipopolysaccharides (LPS).63 While flagellin binds and acti-
vates toll-like receptor 5 (TLR5), LPS is a ligand for TLR4. 
Engagement of TLR5 by flagellin results in activation of NFκB 
and MAPK pathways leading to the secretion of many cytok-
ines, including IL-6, IL-12 and TNFα.64 In addition, recogni-
tion of LPS by TLR4 on the surface of macrophages results in 
the release of cytokines such as IL-6 and IFNβ.64,65 After binding 
to LPS, and in association with the proteins MD2 and CD14, 
TLR4 dimerizes and undergoes a conformational change which 
is required for the recruitment of downstream Toll/IL-1 recep-
tor (TIR) domain-containing adaptor molecules to activate 
both NFκB and MAPKs.66 TLR4 triggers an early response to 
Salmonella and together with TLR2, they are required for effi-
cient macrophage activation which is essential for clearaning of 
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same vector modified to express the E. coli cytosine deaminase 
gene. When administered in combination with 5-fluorocyto-
sine, conversion of 5-fluorocytosine to 5-fluorouracil as a result 
of cytosine deaminase expression, was demonstrated in two out 
of three patients. However, no clinical efficacy with this vaccine 
was reported.91

Comparison of L. monocytogenes and Salmonella 
as Vaccine Vectors

L. monocytogenes and Salmonella are both intracellular bacteria. 
Neverthless, there are some differences in their life cycle, which 
might account for the differences observed in their immunologi-
cal properties. In vitro, Salmonella grows almost twice as fast 
as Listeria.92 However, in vivo L. monocytogenes infection peaks 
more quickly on days 2–3 post-infection when compared with 
Salmonella which continues to grow for up to 10–14 days post-
infection. Attenuated L. monocytogenes is cleared from experi-
mental animals much faster (∼2–5 days) than Salmonella which 
can cause a chronic infection lasting for up to two months.92 
Some of these events are due to the differences between the 
ways that these two bacteria infect and proliferate in a host cell  
(Fig. 1). While both are taken up by the cells through phago-
cytosis, L. monocytogenes is able to escape from the phagosome, 
whereas Salmonella is confined in the phagolysosomes,93 having 
to proliferate in this compartment under hostile and changing 
environment, in the absence of nutrients, and with the presence 
of lysosomal enzymes and low pH.51 This might explain why in 
vivo the growth rate of Salmonella is lower than L. monocytogenes. 
As a consequence of its intracellular location, proteins delivered 
by Salmonella are trapped in the phagolysosome and presented to 
the immune system preferentially in the context of MHC class II 
molecules.94 In contrast, as mentioned before, proteins delivered 
by L. monocytogenes have direct access to cell cytosol and conse-
quently to the MHC class I presentation pathway.

There have been many approaches in the literature for bioengi-
neering Salmonella strains, which could deliver antigens directly 
to the intracellular compartment instead of the phagosome. For 
instance, Panthel et al. used a type 3 secretion system (TTSS) 
to mediate translocation of heterologous antigens to the cytosol 
of antigen-presenting cells and in this way achieved prominent 
CD8+ T-cell priming.95 A different approach for accessing the 
MHC class I antigen presentation pathway using Salmonella was 
to create strains that can secrete LLO, which assists the bacteria 
to escape from the phagosome.94

The availability of a murine model for oral infection by 
Salmonella i.e., S. typhymurium, has significantly facilitated the 
research and development of oral Salmonella-based vaccines for 
human use. The mouse model has played an invaluable role in 
identifying the bacterial virulence genes and different strategies 
for generating attenuated strains. As reviewed by Pasetti et al. 
among the attenuating mutations first identified in the mouse 
model and later used to design S. typhi based vaccines for human 
use, are those introduced into genes required for biosynthesis of 
bacterial components (galE, LPS), nutrients (purD, aroA) and 
regulatory system (phoP/phoQ).96 In contrast L. monocytogenes 

encoding the murine IP-10 (CXCL10) gene, significant syner-
gistic effects against tumors were detected. The combination 
strategy showed improved immunogenicity, a strong anti-tumor 
effect, apoptosis of tumor cells, reduced neovascularization, and 
cell proliferation.71

A novel approach using Salmonella as an antigen carrier, medi-
ated antigen expression only in tumor cells by controlling their 
expression with human telomerase reverse transcriptase (hTert) 
promoter, which is overactive in tumor—but not in normal cells. 
This Salmonella strain delivered a eukaryotic expression vector 
that contained mitochondria derived activator of caspases (Smac) 
and tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL) genes caused enhanced TRAIL-induced apoptosis of 
tumor cells and consequently demonstrated strong antitumoral 
effect in vivo.71

One strategy used to improve antigen delivery and tumor 
specificity of Salmonella-based vaccines includes the use of type 
III secretion system (TTSS)88 that can mediate efficient delivery 
of heterologous antigens directly to the cytosol of antigen-pre-
senting cells. In vitro studies using a recombinant S. typhimu-
rium vaccine strain secreting the NY-ESO-I antigen through 
this system showed that antigen-specific CD8+ and CD4+ T cell 
responses were obtained in peripheral blood lymphocytes of can-
cer patients. Oral administration of this vaccine to mice resulted 
in the regression of established NY-ESO-1-expressing tumors and 
its intratumoral injection invoked epitope spreading.89 In another 
study, an attenuated Salmonella strain, VNP20009, was bioen-
gineered to specifically target carcinoembryonic antigen (CEA) 
expressing tumors, by expression of an anti-CEA single chain 
antibody fragments on the bacterial cell surface. The recombi-
nant vaccine strain accumulated in CEA-expressing tumors and 
inhibited their growth.90

Despite the vast preclinical testing of Salmonella strains for 
cancer associated antigen delivery, very few recombinants have 
been advanced to human clinical trials. In 2002 Toso et al. con-
ducted a phase I clinical study infusing a ∆msbB/∆purl strain 
of S. typhimurium intravenously in 24 patients with metastatic 
cancer.17 The chromosomal deletion of purI and msbB genes 
increased its safety and lowered the toxicity. The purI deletion 
created a requirement for an external source of adenine, whereas 
the deletion of the msbB gene reduced the toxicity associated with 
lipopolysaccharide (LPS) by preventing the addition of a termi-
nal myristyl group to the lipid A domain. The msbB mutation 
in Salmonella resulted in lower toxicity in mice by reducing the 
induction of proinflammatory cytokines and nitric oxide synthase 
compared with the parental Salmonella. These deletions increased 
the median lethal dose by 10,000-fold in mice. Dose-limiting 
toxicity was observed in patients receiving 1 x 109 CFU/m2.  
The side effect profile included thrombocytopenia, anemia, per-
sistent bacteremia, hyperbilirubinemia, diarrhea, vomiting, nau-
sea, elevated alkaline phosphatase, and hypophosphatemia. The 
vaccine also induced a dose-related increase in serum proinflam-
matory cytokines, such as interleukin IL-1β, TNFα, IL-6 and 
IL-12. None of the patients experienced objective tumor regres-
sion, including those patients with colonized tumors. In 2003, a 
pilot trial in refractory cancer patients was conducted with the 
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against L. monocytogenes based vaccines is low.105 In accordance 
with this, our studies using a recombinant L. monocytogenes 
expressing a fusion of LLO to PSA, showed that this vaccine did 
not stimulate any antibody responses toward the target antigen, 
PSA (Shahabi et al. unpublished data).

Another mechanism that has been demonstrated to play a 
role in the anti-cancer properties of the two vectors is attributed 
to the ability of both Salmonella and L. monocytogenes to colo-
nize tumors.106,107 Pawelek and colleagues reported that when 
Salmonella auxotrophs are injected into tumor bearing mice 
they preferentially replicate within tumors achieving tumor: liver 
ratios in the excess of 1,000:1,108 and the infected tumor cells 
have shown to become the target of Salmonella specific T cells.109 
The ability of L. monocytogenes to colonize tumor cells both in 
vivo and in vitro has also been demonstrated and the data shows 
that L. monocytogenes infected tumor cells are killed through the 
generation of high levels of ROS and oxidative stress.110

Conclusions

Intracellular bacterial vectors show great potential as anti-
gen delivery vehicles for cancer-associated genes and proteins. 
Bacterial vectors offer multiple advantages over other vaccine 
delivery strategies including their easy bioengineering meth-
ods, low cost of production at large scale and more importantly 
broad diversity of their effects on the immune system. Both 
classes of bacteria have profound immune-stimulatory effects 
that augment their efficacy as a delivery system for foreign anti-
gens which can be either expressed by the vector or delivered 
as a genetic entity and expressed by the host cell. Either way, 
these vectors have shown to activate different components of the 
immune system including components of the innate immune 
system through TLR binding, secretion of inflammatory cyto-
kines and chemokines, upregulation of co-stimulatory mol-
ecules, stimulation of antigen specific CD4+ and CD8+ T cells, 
and suppression of regulatory T cells. Both classes of vectors are 
accumulated in tumors, a property that might enhance their 
inhibitory effect on tumor growth. Some of the biological differ-
ences between these bacteria might explain their efficacy as vec-
tors. In particular, L. monocytogenes vectors with access to both 
phagosomal and cytosolic compartments have advantage over 
vectors such as Salmonella, which are trapped within the pha-
golysosomes. In preclinical studies, L. monocytogenes based vec-
tors carrying tumor antigens have been proven to be extremely 
efficacious in regressing established tumors. In addition, clinical 
data suggest that such vectors might be used safely in humans. 
Based on the extensive pre-clinical data and accumulated knowl-
edge about these vectors in the past few decades, bacterial vec-
tors have become a potential option for development of cancer 
vaccines. Future clinical trials are however warranted to better 
establish their efficacy.
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does not establish infection in mice via oral route. Lecuit et al. 
identified a single amino acid in E-cadherin to be responsible for 
L. monocytogenes host specificity.97 E-cadherin promotes entry of 
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