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A B S T R A C T

Bacteria have been investigated as anti-tumor therapeutic agents for more than a century, since Coley first
observed successful curing of a patient with inoperable cancer by injection of streptococcal organisms. Previous
studies have demonstrated that some obligate or facultative anaerobes can selectively accumulate and pro-
liferate within tumors and suppress their growth. Developments in molecular biology as well as the complete
genome sequencing of many bacterial species have increased the applicability of bacterial organisms for cancer
treatment. In particular, the facultative anaerobe Salmonella Typhimurium has been widely studied and ge-
netically engineered to improve its tumor-targeting ability as well as to reduce bacterial virulence. Moreover, the
effectiveness of engineered attenuated S. Typhimurium strains employed as live delivery vectors of various anti-
tumor therapeutic agents or combined with other therapies has been evaluated in a large number of animal
experiments. The well-known S. Typhimurium mutant VNP20009 and its derivative strain TAPET-CD have even
been applied in human clinical trials. However, Salmonella-mediated cancer therapies have not achieved the
expected success, except in animal experiments. Many problems remain to be solved to exploit more promising
strategies for combatting cancer with Salmonella bacteria. Here, we summarize the promising studies regarding
cancer therapy mediated by Salmonella bacteria and highlight the main mechanisms of Salmonella anti-tumor
activities.

1. Introduction

The limitations of conventional anti-tumor therapies, such as high
toxicity to normal tissue cells, the inability to treat deep tumor tissue
and the possibility of producing drug resistance in tumor cells, have
prompted the search for alternative approaches. Many facultative or
obligate anaerobic bacteria, such as Clostridium [1], Bifidobacterium [2],
Escherichia coli [3] and Salmonella [4], have been shown to possess
inherent tumor-targeting and tumor-killing activities. It has been more
than one hundred years since Coley's discovery that injection of strep-
tococcal organisms into a patient with inoperable cancer successfully
cured the patient [5]. The development of molecular biology, the
complete sequencing of many bacterial genomes and the establishment
of genetic modification methods have greatly increased the applic-
ability of bacterial organisms for cancer therapy. In particular, the fa-
cultative anaerobe Salmonella enterica serovar Typhimurium (hereafter
S. Typhimurium) has been extensively studied and considered as a
potential anti-tumor agent, which either provides tumoricidal effects
directly or is used to deliver various anti-tumor drugs. Live engineered

attenuated Salmonella can selectively colonize tumors, inhibit tumor
growth and prolong survival after systemic infection in animal tumor
models. For example, the well-known genetically engineered S. Ty-
phimurium strains, VNP20009 (purⅠ-/msbB−), A1-R (leu−/arg−) and
the ΔppGpp strain SHJ2037 (relA−/spoT−), were all attenuated by
more than 10,000-fold compared with the wild-type strain [4,6,7] and
had a tumor-to-liver ratio of bacterial colonization of greater than
1000:1 [8–10], with robust inhibitory effects on tumor growth and
metastasis in animal models [10–12]. The application of tumor-tar-
geting Salmonella as delivery vectors can overcome the penetration
limitations and maximize the activities of chemotherapeutic drugs
while reducing systemic toxicity to the host. Cytokines, cytotoxic
agents, regulatory factors, prodrug-converting enzymes, and small in-
terfering RNAs (siRNAs) are all potential targets that can be delivered
by Salmonella bacterial vectors for cancer treatment. By regulating gene
expression, it is possible to further restrict Salmonella-delivered anti-
tumor agents accumulating at the tumor site and to control the timing
of drug action. In addition, Salmonella and traditional therapies can
synergize to improve anti-tumor efficacy, with Salmonella acting in
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areas of hypoxia and necrosis while chemotherapy or radiotherapy treat
tumor tissues near blood vessels. However, many issues remain to be
resolved before Salmonella bacteria are applied for clinical cancer
treatment. For example, many studies have reported tumor specificity
and tumor-suppressive effects of Salmonella, but the underlying me-
chanisms are not clearly understood. In the small number of human
clinical trials conducted, although Salmonella bacteria could be ad-
ministered safely, significant tumor-inhibitory effects similar to those
observed in numerous animal experiments were not observed, sug-
gesting that differences between animal and human tumors may in-
fluence the anti-tumor effectiveness of Salmonella. Here, we summarize
the main anti-tumor mechanisms of Salmonella and promising studies
using genetically modified Salmonella (alone or combined with other
strategies) in cancer treatment (see Table 1).

2. The mechanisms of Salmonella as an anti-tumor agent

2.1. Tumor-targeting properties

One of the main advantages of bacteria-mediated cancer treatment
is that some bacteria have the ability to specifically target tumors.
Studies have shown that Salmonella can preferentially accumulate in
tumors at a ratio of greater than 1000:1 compared with healthy tissues
such as the liver and spleen [8]. However, the mechanisms of tumor-
targeting by Salmonella are complex and not completely known. Tumor
blood vessels are structurally irregular and leaky and commonly exhibit
a defective cellular lining composed of disorganized, loosely connected,
branched or overlapping endothelial cells. It was assumed that bacteria
as well as many macromolecular chemotherapeutics enter tumor tissue
via the openings between such disorganized endothelial cells, which are
between 200 and 2000 nm in size. The escape of bacteria from the
bloodstream into tumor tissue could be passive or active. According to
an active mechanism, Salmonella could seek the openings described
above by using its chemotactic systems and motility [13,14]. In the
passive scenario, a small number of bacteria would fortuitously enter
the tumor via these openings and then rapidly proliferate. Salmonella
likely induces strong blood influx into tumor tissue by promoting the
expression of blood vessel-disrupting factors; this influx further flushes
bacteria into the tumor tissue [15]. In fact, these active and passive
mechanisms are not mutually exclusive, and Salmonella may use both to
specifically target the tumor.

Oxygen is one of the most important signals used by bacteria to
sense the tumor microenvironment. Hypoxia is a well-characterized
feature of most solid tumors and favors tumor-specific accumulation of

anaerobes, including Salmonella bacteria. Forbes et al. also showed that
motile Salmonella bacteria can move by chemotaxis to tumor tissue by
sensing certain chemicals secreted by the tumor microenvironment. In
detail, the aspartate receptor initiates chemotaxis toward tumor cylin-
droids, the serine receptor initiates penetration, and the ribose/ga-
lactose receptor directs S. Typhimurium toward the tumor necrosis
region [13,16]. However, Stritzker et al. revealed that chemotaxis and
motility do not play significant roles in bacterial colonization and dis-
tribution within the tumor. Although both chemotaxis and motility
mutants showed significantly altered motility compared with wild-type
S. Typhimurium in a soft-agar motility assay, the colonization efficiency
and distribution patterns in tumor tissue did not reveal significant
differences among these strains. Colonization and intratumoral migra-
tion upon intravenous injection instead appears to be a passive process
that is influenced by the reticuloendothelial system of the host, the
tumor microenvironment and bacterial metabolism [17]. Leschner et al.
investigated the initial events of tumor colonization by auxotrophic
Salmonella SL7202 and demonstrated that bacterial accumulation
within tumor tissue was associated with strong hemorrhage promoted
by tumor necrosis factor-α (TNF-α) induced by Salmonella infection.
The effects of Salmonella bacteria in tumor blood vessels resemble those
of vascular disrupting agents (VDAs) or TNF-α [15]. After systemic
injection, Salmonella attached to the tumor vessel wall at a low fre-
quency, and the number of bacteria adhering to the blood vessel was
dependent on the blood velocity, indicating that hemodynamics also
plays an important role in the initial interaction of bacteria with the
tumor [16]. In addition, inside the hypoxic and necrotic micro-
environment of tumor tissue, Salmonella may obtain nutrients needed
for growth and avoid clearance by the host immune system [18]. These
are another two potential mechanisms to explain the preferential ac-
cumulation of Salmonella in the tumor rather than normal tissues for
longer periods.

2.2. Penetration within tumor tissue

Motility is another potential advantage of bacterial-mediated tumor
therapy that enables the treatment of deep tumor tissue. The distribu-
tion of chemotherapy drugs inside the tumor depends on passive
transport, and the drug concentration drops with distance from the
vasculature. However, bacteria are complex living organisms that can
acquire energy from the surrounding environment, and thus their
transport is not entropically limited. Theoretically, bacteria with mo-
tility hold promise for overcoming the penetration limitation of che-
motherapeutics by actively dispersing away from the vasculature into

Table 1
Advantages or mechanisms of Salmonella bacteria as an anti-tumor agent.

Features Description References

Tumor-targeting Upon systemic injection, Salmonella can accumulate in tumors at a ratio greater than 1000:1
compared to normal tissues, thus reducing toxicity to the host

[8,13–18]

Intratumoral penetration Motile Salmonella can actively migrate away from the vasculature into the deep tumor tissue,
thus overcoming the penetration limitation of chemotherapeutics

[13,16,17,19–21]

Killing of cancer cells Salmonella have intrinsic activities of killing of cancer cells through inducing both cellular
apoptosis and autophagy

[19,22–27,29–31]

Inhibition of angiogenesis Salmonella can inhibit tumor angiogenesis, which involves inhibition of the expression of
angiogenic factors, such as VEGF

[28,32–34]

Immune activation Salmonella infection can stimulate the host anti-tumor immune responses inside tumor tissue,
including inflammatory and T cell-dependent immune responses

[10,29,33,35–49]

Convenient modification of
Salmonella

Salmonella with intrinsically pathogenic properties can be genetically engineered to efficiently
attenuate bacterial virulence and to enhance the tumor-targeting ability, thus increasing its
applicability for cancer treatment

Table 2

Delivery of anti-tumor agents Various anti-tumor agents, such as cytokines, cytotoxic agents, regulating molecules, tumor-
associated antigens, prodrug enzymes, and siRNA, can be delivered by recombinant attenuated
Salmonella vectors and precise triggering or regulation of gene expression can minimize the
systemic toxicity of these drugs to host

Table 3; [76,98,145,146,148,149,151–158]

Combination therapies Salmonella treatment combined with chemotherapy or radiotherapy may have enhanced anti-
tumor effects and decreased toxicity compared with either single treatment

[122,127–138,140–144]
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deep tumor tissue.
Forbes et al. defined four discrete tumor regions in tumor tissue,

including a highly vascularized edge, a necrotic core, a viable body and
a transition zone between the core and the body. After systemic ad-
ministration, Salmonella were observed to accumulate as colonies and
disperse in all tumor regions [19]. During the initial infection, colo-
nized Salmonella may have different phenotypes in tumor tissue, with
the formation of large colonies near blood vessels (proliferating) and
small colonies both near (inactive) and far (penetrating) from vessels
[20]. The bacteria subsequently migrated away from the vasculature
and specifically accumulated within the necrotic region of tumor tissue
one week post infection [16]. In an in vitro model consisting of con-
tinuously perfused solid tumor tissue, motility strongly affected the
spatial distribution of bacterial accumulation within tumor tissue, and
bacterial strains that were more motile penetrated deeper [14]. More-
over, knocking out the ribose/galactose receptor improved bacterial
accumulation in the quiescent zone [13,20]. By contrast, Stritzker et al.
showed that intratumoral migration of S. Typhimurium is likely a
passive process that is independent of motility as well as chemotaxis.
Wild-type S. Typhimurium and chemotaxis and motility mutants simi-
larly accumulated in both the necrotic region and the border zone be-
tween vital and necrotic tumor tissue two days after bacterial injection
[17]. However, these studies employed different strains and time points
post infection to investigate the tumor-colonization events of Salmo-
nella.

In addition, the host immune system may affect the distribution of
Salmonella bacteria in tumor tissue. For example, neutrophils prevent
bacteria from spreading from necrotic into vital tumor tissue. The
bacteria-containing necrotic region is separated from a rim of viable
cells by a barrier of infiltrated host neutrophils. Depleting these host
neutrophils would increase the number of intratumoral bacteria and
enable partial spreading of bacteria to vital tumor tissue, with the
majority of bacteria still located in the necrotic region [21].

2.3. Direct killing of cancer cells

Salmonella has been reported to have intrinsic anti-tumor activities,
although the underlying mechanisms have not been identified clearly.
In vitro, infection with Salmonella A1-R caused some cancer cells to die
rapidly within 30min, and most cancer cells died within 2 h [22].
Killing of cancer cells was also observed in live tumor-bearing mice
treated with A1-R by multiphoton tomography, which showed that the
bacteria-infected cancer cells greatly expanded, burst and thus lost
viability [23].

Previous studies have shown that the induction of tumor cell
apoptosis is associated with the accumulation of Salmonella in tumor
tissue [19]. Salmonella in tumors may induce apoptosis through a
variety of mechanisms, including competition with cancer cells for
nutrients and release of bacterial toxins. After coculture with atte-
nuated Salmonella bacteria in vitro at a multiplicity of infection (MOI) of
1000:1, tumor cells underwent increased apoptosis, as determined via
TUNEL and caspase-3 (Cas-3) activity assays as well as Annexin-V de-
tection [24,25]. Salmonella infection also induced increased apoptosis
in tumor tissues in vivo [19]. In addition to induction of apoptosis in
tumor cells, Salmonella can induce autophagy, a cellular process that
mediates the degradation of long-lived proteins and unwanted orga-
nelles in the cytoplasm. Tumor-targeting S. Typhimurium A1-R and
VNP20009 both induced autophagy in cancer cells, as assessed by
puncta formation and the conversion of LC3 I (microtubule-associated
protein 1 light chain 3) to lipidated LC3 II [26]. Lee et al. used the
autophagy inhibitor 3-methyladenine and the apoptosis inhibitor Z-
VAD-FMK to demonstrate that Salmonella treatment induces both au-
tophagy and apoptosis, which partner to cause cell death. Salmonella
induced autophagy in tumor cells in a dose- and time-dependent
manner by downregulating the protein kinase B (AKT)/mammalian
target of rapamycin (mTOR) signaling pathway. Infected tumor cells

undergo increased autophagy when apoptosis is blocked [27].
The AKT/mTOR pathway plays an important role in cellular phy-

siology and homeostasis. By downregulating this axis in tumor cells,
Salmonella can reduce the expression of many oncoproteins, including
hypoxia-inducible factors (HIF) [28], indoleamine 2,3-dioxygenase
(IDO) [29], P-glycoprotein [30] (P-gp), and matrix metalloproteinase 9
(MMP-9) [31], and thus inhibit tumor angiogenesis, immunosuppres-
sion, drug resistance and metastasis.

2.4. Inhibition of angiogenesis

Angiogenesis is a key factor in the progression and eventual me-
tastasis of tumors. In addition to increasing tumor cell death, Salmonella
can inhibit angiogenesis or destroy blood vessels within tumor tissue to
delay tumor growth [28,32]. Both in vitro and in vivo, Salmonella in-
fection can reduce the expression of vascular endothelial growth factor
(VEGF), an important angiogenic factor [28]. The molecular me-
chanism by which Salmonella regulates VEGF involves inhibition of HIF-
1α expression via downregulation of the AKT/mTOR pathway. In
melanoma cells, Salmonella infection can also induce the upregulation
of connexin 43 (Cx43) [33], a protein recently shown to inhibit tumor
angiogenesis via downregulation of HIF-1α and VEGF [34]. Moreover,
the vessel-destruction efficacy of Salmonella in tumors correlated with
the extent of tumor vascularity. Tumors with abundant blood vessels
responded to bacterial therapy earlier than those with sparse vessels
[32].

2.5. Sensitization of the host immune system

Salmonella-induced tumor suppression is not only mediated by the
intrinsic anti-tumor activity of Salmonella itself but also by the host
immune responses, including the inflammatory and T cell-dependent
immune responses. One of the major obstacles to achieve effective anti-
tumor therapy is the immunosuppressive environment generated by
tumors, which includes myeloid-derived suppressor cells and regulatory
T cells. Attenuated microorganisms including Salmonella are promising
for inducing a tumor microenvironment shift from immunosuppressive
to immunogenic [35]. Salmonella infection in tumors can reduce the
expression of the immunosuppressive molecule IDO, which is re-
sponsible for the activation of regulatory T cells (Treg), inactivation of
effective T cells and even apoptosis of immune cells [29,36]. Hong et al.
revealed that intratumoral injection of recombinant attenuated Salmo-
nella could elicit transformation of immunosuppressive myeloid-derived
suppressor cells into TNF-α-secreting cells with characteristics of neu-
trophils and reduce the generation of Treg cells, thereby significantly
inhibiting tumor growth [37]. Kaimala et al. also demonstrated that
Salmonella infection in tumor-bearing mice led to phenotypic and
functional maturation of intratumoral myeloid cells, making them less
suppressive [38]. Liu and Chopra showed that the anti-tumor immune
responses induced by Salmonella, in which lipopolysaccharide (LPS) and
Braun lipoprotein (Lpp) played a critical role, were related to the
downregulation of CD44 high and CD4+CD25+ Treg cells [39]. A sig-
nificantly increased proportion of M1-like macrophages and reduced
Treg cells were also observed in tumors colonized by ΔppGpp Salmonella
during the period of tumor suppression [40].

Many bacterial components, including pathogen-associated mole-
cular patterns (PAMPs), LPS, and flagella, have been shown to possess
anti-tumor activities [41–43]. For example, Weiss et al. reported that
systemic therapy using purified Salmonella LPS could induce high levels
of TNF-α and tumor-specific CD8+ T cell responses and result in the
clearance of CT26 tumors, similar to viable Salmonella [41]. Peritu-
moral administration of flagellin could also significantly inhibit the
growth of an immunogenic tumor, which was associated with an in-
creased IFN-γ:IL-4 ratio and a decreased frequency of CD4+CD25+ Treg

cells [43]. These results are consistent with the hypothesis that the
intrinsic anti-tumor effects of Salmonella depend on bacterial
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immunogenicity or adjuvanticity, although alternate mechanisms may
also contribute. Several studies have shown that Salmonella can induce
anti-tumor responses by recruiting immune cells into tumor tissue, such
as neutrophils, macrophages, dendritic cells (DCs) and CD8+ T cells
[40,44], as well as by inducing abundant expression of IL-1β, TNF-α
and other proinflammatory cytokines [40,45,46]. In response to bac-
terial colonization, increased IL-1β and TNF-α cytokines are mainly
produced by CD11c+ DCs and CD68+ macrophages, respectively, and
both are associated with tumor regression. The levels of both IL-1β and
TNF-α returned to normal when the tumors started to regrow [40].
Salmonella treatment can also significantly upregulate interferon-
gamma (IFN-γ) [45,46], a multifunctional cytokine that can mediate
anti-tumor effects directly by inhibiting tumor cell growth and/or in-
directly by recruiting and activating leukocytes involved in the innate
as well as the adaptive immune responses. In contrast to wild-type
mice, tumor growth was unimpeded after Salmonella treatment in
MyD88−/− mice, which lack a critical adaptor molecule required for
most TLR signaling pathways [38]; in addition, wild-type mice showed
more efficient tumor inhibition than TLR4-deficient mice [46]. Zheng
et al. also found that the antitumor activity of ΔppGpp S. Typhimurium
was completely abrogated in TLR4−/− and MyD88−/− mice and that
colonized Salmonella bacteria were not able to induce the infiltration of
monocytes/macrophages and neutrophils into tumors in TLR4−/− mice
when compared with wild-type mice [10]. Furthermore, there was
significant up-regulation of IFN-γ, IFN-inducible chemokines CXCL9
(MIG) and CXCL10 (IP-10), and increased apoptosis of cancer cells in
wild-type mice compared with TLR4-deficient mice [46]. Thus, it can
be speculated that Salmonella-induced host anti-tumor responses at
least partially depend on a functional MyD88-TLR4 pathway. In addi-
tion, it has been found recently that Salmonella colonization of tumors
promotes the secretion of inflammatory cytokines such as IL-1β and IL-
18 via activating inflammasome pathways. Upon direct interaction with
cancer cells damaged by Salmonella, bone marrow-derived macro-
phages were shown to express inflammasome-related proteins including
NLRP3, IPAF and active caspase-1 p10, in which ATP released by da-
maged cancer cells may act as an upstream signal of inflammasome
activation [47].

Studies have indicated that Salmonella infection can induce cross-
presentation of tumor antigens and subsequent tumor-specific immune
responses. In detail, infection with Salmonella in melanoma cells in-
duces the upregulation of connexin 43 (Cx43), a ubiquitous protein that
is normally lost during melanoma progression. Functional gap junctions
(i.e., Cx43) established between tumor cells and adjacent DCs then
transfer preprocessed antigen peptides from tumor cells to DCs. The
antigen peptides are subsequently presented on the surface of the DCs
and activate cytotoxic T cells, which are able to kill tumor cells at the
primary site and prevent metastasis formation [33]. Moreover, the host
anti-tumor response may be enhanced by the killing of tumor cells re-
cognized as infected rather than as malignant. Avogadri et al. showed
that Salmonella-infected melanoma cells could present antigenic de-
terminants of bacterial origin and thus became targets of Salmonella-
specific T cells [48]. During the clearance of killed cancer cells, tumor
debris is generated in large quantities and taken up by antigen-pre-
senting cells, including macrophage and DCs. The processed tumor
antigens are then presented to naive T cells for stimulation of tumor-
specific T cells. Lee et al. compared the anti-tumor effects of systemic
Salmonella infection in wild-type, CD4+ T cell-deficient and CD8+ T
cell-deficient mice bearing syngeneic tumors. Upon Salmonella injec-
tion, more efficient inhibition of tumor growth was observed in wild-
type mice compared with T cell-deficient mice, indicating that the anti-
tumor effects of Salmonella are associated with host T cells [49]. An-
other study demonstrated that Salmonella-mediated anti-tumor effects
were independent of T lymphocytes and T-dependent antibody re-
sponses, with identical inhibition of tumor growth observed in C57BL/6
(wild-type), NMRI/nude (deficient in T lymphocytes) and CD154−/−

(featuring a disrupted costimulatory pathway required for T-B cell

interactions and immunoglobulin isotype-switching) mice [38]. How-
ever, in most of these studies, the research focus and experimental
materials, including bacterial strains, mouse strains and tumor lines,
differ, which may explain the divergent and even contradictory anti-
tumor mechanisms of Salmonella observed.

3. Exploration of Salmonella for cancer therapy

3.1. Modification of Salmonella

Considering the intrinsically pathogenic properties of Salmonella
bacteria, efficient attenuation of virulence is necessary for safety. For
example, the well-known S. Typhimurium strain VNP20009 (purI−/
msbB−) has been widely studied in animal tumor models and tested in
Phase I clinical trials [8,50–53]. Chromosomal deletion of purⅠ creates a
requirement for an external source of adenine, and deletion of msbB
prevents the addition of a terminal myristyl group to the lipid A domain
of lipopolysaccharide. The virulence of VNP20009 is greatly atte-
nuated, as reflected by its maximum tolerated dose (MTD) in monkeys,
pigs and mice as well as the lethal dose in mice, which is 50,000 times
lower than that of the wild-type S. Typhimurium strain 14028 [54]. The
LD50 of VNP20009 was increased more than 10,000-fold compared with
the wild-type strain. This attenuated strain resulted in dramatically
lowered TNF-α induction in mice and pigs, thus reducing the possibility
of lipopolysaccharide-induced septic shock. Importantly, in tumor-
bearing mice, VNP20009 preferentially accumulates in tumor tissue
over the liver at a ratio of 1000:1 and restrains tumor growth upon
systemic administration [8,55]. Based on its attenuation, tumor-tar-
geting and tumor-inhibiting properties observed in animal models,
VNP20009 was subsequently applied to human clinical trials in 1999.
Disappointingly, VNP20009 showed insufficient tumor colonization,
and none of the patients experienced obvious tumor regression [53]. S.
Typhimurium strain A1-R, which is auxotrophic for leucine and argi-
nine, was obtained after nitrosoguanidine (NTG) mutagenesis (A1) and
reisolation from A1-infected tumors [6,9]. Upon intravenous injection,
tumor-seeking A1-R suppressed the growth of different types of tumors,
including prostate, breast and pancreatic cancers and spinal cord
glioma [6,9,22,56], and eradicate cancer metastases [57–59]. The
vaccine potential of aro− auxotrophic Salmonella for cancer treatment
has been investigated as well [60–63]. For example, the aroA-deficient
strains SL3261 and SL7207 and the aroA/aroD double mutant BRD509,
derived from highly virulent S. Typhimurium SL1344, have been tested
for the delivery of various anti-tumor agents in mouse models [64–68].
By placing the essential gene asd under a hypoxia-induced promoter, an
‘obligate’ anaerobic strain derived from SL7207 was generated [69].
This novel strain, termed YB1, can survive only in anaerobic conditions,
such as the hypoxic and necrotic regions inside the tumor, and is ra-
pidly eliminated from normal tissues under aerobic conditions because
Δasd Salmonella bacteria lyse during growth without a supply of exo-
genous diaminopimelic acid (DAP) [25,70,71]. The balanced-lethal
strategy based on the essential gene asd can also be used to ensure the
stability of expression plasmids carried by Salmonella bacteria (ba-
lanced-lethal host-vector system) in vivo [72,73].

The relA and spoT double mutant strain of S.Typhimurium termed
SHJ2037, which is defective in ppGpp synthesis, has been widely in-
vestigated for cancer treatment. This ΔppGpp strain is avirulent and
capable of suppressing tumor growth by monotherapy and eradicating
tumors by delivering various cytotoxic agents in mice [7,40,47,74–78].
Deletion of the phoP/phoQ operon, which is a typical bacterial two-
component regulatory system, significantly reduces bacterial survival in
macrophages as well as bacterial dispersion in healthy tissues while not
affecting anti-tumor effects [79]. Mutations such as htrA, SPI-2 and
STM3120 are also potential candidates to reduce bacterial fitness in
normal tissues while retaining fitness in tumors [80]. Modification of
the structure of LPS can influence the immunostimulatory effects as
well as the virulence of Salmonella bacteria. Frahm et al. showed that
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rfaG and rfaD mutants harboring highly truncated LPS had attenuated
virulence but also impaired anti-tumor abilities. Chromosomal in-
tegration of the LPS biosynthesis gene into the araBAD locus may bal-
ance bacterial attenuation and therapeutic benefit [81]. Studies of the
structure-activity relationship of lipid A indicate that factors including
the number, length and symmetry of fatty acid chains of lipid A govern
its immunological activity [82]. The failure of clinical human trials
using VNP20009 may be partially attributable to its generation of
penta-acylated lipid A, which is an antagonist for TLR4 and caspase-11.
Hexa-acylated lipid A stimulates TLR-4 with high affinity. By deleting
the three modification genes pagP, pagL and lpxR, Weiss et al. and our
group generated S. Typhimurium mutants that harbor homogeneous
hexa-acylated lipid A in an attempt to maximize bacterial immune
stimulation for cancer treatment [83,84]. Mutations in other genes,
including dam [85], sptP [86] and gmd [87], have also been introduced
into Salmonella strains to construct anti-tumor vaccine vectors. The
widely studied S. Typhimurium bacterial strains for cancer treatment
and corresponding genetic modifications are listed in Table 2.

3.2. Delivery of anti-tumor agents

Despite the notable successes achieved in studies using bacteria for
cancer treatment, bacteria are often insufficient for the complete era-
dication of experimental tumors. To enhance their anti-tumor ther-
apeutic efficacy, engineered attenuated Salmonella have been employed
as live delivery vectors of various anti-tumor agents, such as cytokines,
cytotoxic agents, regulating molecules, tumor-associated antigens or
antibodies, prodrug enzymes, and siRNAs. After Salmonella colonize
tumor tissue, anti-tumor therapeutic molecules can be directly ex-
pressed by engineered bacteria (prokaryotic expression system) or ex-
pressed after the corresponding encoding DNA is transferred into host
cells such as cancer cells and macrophages (eukaryotic expression
system). The delivery of these exogenous drugs by Salmonella is ex-
pected to produce maximum anti-tumor activities at the site of the
tumor, and to have minimum toxic side effects on normal tissues when
the drug concentration to be reduced by 1000-fold.

Cytokines can induce killing of tumor cells by promoting the acti-
vation, proliferation and migration of immune cells. Sorenson et al.
[88] demonstrated that attenuated Salmonella expressing interleukin-2
(IL-2) can effectively induce local and systemic natural killer (NK) cell
proliferation and reduce metastatic osteosarcoma. Another study
showed that anti-tumor responses induced by IL-2-expressing Salmo-
nella were correlated with decreased angiogenesis and increased ne-
crosis within tumor tissue [89]. Intravenous administration of atte-
nuated Salmonella expressing IL-18 was associated with increased
accumulation of T-lymphocytes and NK cells, massive infiltration of
granulocytes, and an increased production of several cytokines in tu-
mors [90]. Treatment of tumor-bearing mice with engineered atte-
nuated Salmonella expressing LIGHT or CCL21 also induced leukocyte
infiltration and inhibit tumor growth [91,92], with little evidence of
systemic toxicity. Yoon et al. showed that subcutaneous administration
of S. Typhimurium carrying prokaryotic plasmids encoding IFN-γ or
TNF-α efficiently inhibited tumor growth and prolonged the survival of
C57BL/6 mice bearing B16F10 melanoma [93,94]. Gene therapy using
human and mouse IL-12 and GM-CSF delivered orally by Salmonella was
shown to elicit strong protection against cancer development [67,95].
However, IL-12 and GM-CSF did not appear to cooperate with each
other in mediating anti-tumor therapy [67]. Agorio et al. showed that a
single dose of Salmonella carrying eukaryotic plasmids encoding IL-4 or
IL-18 resulted in retardation of tumor growth and prolonged survival of
mice bearing melanoma [96].

Using tumor-targeting Salmonella as delivery vectors, cytotoxic
agents can exert direct killing activities on tumor cells while reducing
toxicity to the host. For example, cytolysin A (ClyA), which is found in
E. coli and Salmonella enterica serovars Typhi and Paratyphi A, can cause
pore formation in mammalian cell membranes and thus induce cell
apoptosis. Treatment of tumor-bearing mice with ΔppGpp Salmonella
expressing ClyA led to significant tumor shrinkage and, in some cases,
tumor eradication [78]. In addition, Salmonella expressing Pseudomonas
exotoxin PE38 or the mitochondrial target domain of Noxa can sig-
nificantly induce cancer cell apoptosis and inhibit cancer cell pro-
liferation, leading to suppression of tumor growth [74,77,97]. FasL (Fas

Table 2
Genetic modifications of Salmonella bacteria used for cancer treatment.

Genes mutated or
modified

Strains involved Description References

msbB/PurⅠ VNP20009 TAPET-
CD

The deletion of msbB modifies the Lipid-A structure, reducing bacterial
ability of TNF-α induction and mutation of purⅠ results in bacterial
deficiency in adenine synthesis

[4,8,11,50–55,79,90–92,97–99,108,120,122,123,127,140];
[116,117,159]

leu/arg A1-R The mutations of leu and arg generate the auxotrophic strain defective
in the synthesis of leucine and arginine

[6,9,22,56–59,130–132,134,143,144]

aro- SL3261 SL7207 YB1
BRD509 et al.

The genes aroA and aroD are responsible for the biosynthesis of
aromatic amino acids

[64–68,95,96,137,154]; [60,61,103,109,115,135];
[25,69–71];
[89,93,94,112,142]; [44,63,85–87,118,119,136]

relA/spoT SHJ2037 Salmonella lacking both RelA and SpoT are unable to produce ppGpp, a
global regulator involving bacterial adaptation of extreme environment

[7,10–12,30,40,47,74–78,141,147]

phoP/phoQ LH430 VNP
(PhoP/Q−)

The knock-out of PhoP and PhoQ that regulate acid phosphatase
synthesis significantly reduces bacterial survival in macrophages

[106,111,121,124,125];
[79]

purD/htrA MvP728 The gene purD encodes 5′- phosphoribosyl- glycinamide synthetase
involved in purine biosynthesis; htrA encodes heat-shock proteins,
which are produced in response to a variety of stressful stimuli

[113,126]

cya/crp x4550 The two genes cya and crp encode cAMP (cyclic adenosine
monophosphate) synthetase and cAMP receptor protein, respectively

[88]

asd YB1 ST8 The gene asd is necessary for the synthesis of DAP; Salmonella asd
mutants will lyse during growth unless exogenous DAP is supplied

[25,69–71];
[87]

pagP/pagL/lpxR SF200 S634 The triple mutant strain harbors homogeneous hexa-acylated lipid A
that should have potent immune-stimulation to host

[83];
[84]

rfa- SF200 Mutation in rfaG or rfaD generates Salmonella strains harboring highly
truncated LPS as well as attenuated bacterial virulence

[81,83]

dam RE88 The gene dam encodes DNA adenine methylase [85]
sptP SB824 SptP is a effector protein of Salmonella pathogenicity island 1 (SPI-1),

which acts as protein tyrosine phosphatase/GTPase activating proteins
[86]

gmd ST8 The gene gmd is in colanic acid gene cluster and encodes GDP-mannose
4,6-dehydratase

[87]
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ligand) and TRAIL (TNF-related apoptosis-inducing ligand) are cyto-
toxic agents belonging to the tumor necrosis factor-α (TNF-α) family.
These agents induce apoptosis through a death receptor pathway and
selectively exert cytotoxic effects on tumor cells, but both have a
shorter circulating half-life and significant hepatotoxicity after systemic
administration. Using tumor-targeting Salmonella to deliver these
agents can reduce their toxic side effects on normal tissue cells while
maintaining high intratumoral drug concentrations [98,99]. Flagellin is
an excellent adjuvant for anti-tumor immunotherapy because it can
activate host innate immune responses via the Toll-like receptor 5
(TLR5) signaling pathway [100]. Min et al. showed that engineered
Salmonella bacteria secreting flagellin B (FlaB) effectively suppressed
tumor growth and metastasis in mouse models [10]. CD40L gene
therapy orally delivered by attenuated Salmonella also produced sig-
nificant protection against CD40+ B cell lymphoma [101]. The use of
attenuated Salmonella vectors allowed precise expression of the diph-
theria toxin A chain (DTA) gene in the tumor microenvironment and
eradicated large tumors established in immunocompetent animals
[102]. Gene therapies based on TRAIL and chicken anemia virus VP3
were also effective in inducing enhanced apoptosis in cancer cells
[103].

Certain molecules have been designed to regulate tumor cell growth
or inhibit angiogenesis in tumor tissues. L-asparaginase (L-ASNase),
which primarily converts asparagine to aspartate, is an anti-tumor
protein used to treat acute lymphoblastic leukemia. The activity of L-
ASNase delivered by tumor-targeting ΔppGpp Salmonella has recently
been evaluated. Originally, the expression of L-ASNase was inducible
under the control of the araBAD promoter (PBAD) of the E. coli arabinose
operon [75]. To further improve performance, PBAD was incorporated
into the quorum-sensing machinery. In this new system, recombinant
Salmonella in tumors expressed and secreted active L-ASNase in a cell
mass-dependent manner, yielding significant anti-tumor effects [76].
Angiogenesis, the formation of new capillaries from the pre-existing
vasculature, is critical for tumor growth and metastasis, and thus in-
hibition of angiogenesis inside tumor tissue is another promising di-
rection for cancer therapy. Endostatin, a 20-kDa C-terminal fragment of
type ⅩⅧ collagen, is a powerful inhibitor of angiogenesis. Delivery of
endostatin fused with the secretion signal of the type Ⅲ secretion
protein SopA by engineered Salmonella was efficient for endostatin se-
cretion and diffusion throughout tumor tissue [87]. We recently en-
gineered an aroA-deficient and lipid A-modified S. Typhimurium mu-
tant strain expressing endostatin and employed it in mouse colon
carcinoma and melanoma models. Suppressed tumor growth and pro-
longed survival of mice were observed, accompanied by increased cell
apoptosis and decreased microvessel density (MVD) inside tumor tissue
[84]. In addition, the delivery of eukaryotic plasmids carrying the gene
encoding anti-angiogenic endostatin or thrombospondin by tumor-tar-
geting Salmonella bacteria was shown to significantly inhibit tumor
angiogenesis and cause tumor-killing effects [104,105]. Engineered
attenuated Salmonella harboring eukaryotic coexpression plasmids for
endostatin and STAT3-specific siRNA also conferred significant tumor-
suppression effects in mouse tumor models [106]. The overexpression
of the RBM5 (RNA-binding motif protein 5) gene delivered by Salmo-
nella within tumor tissue was capable of enhancing the apoptosis of
cancer cells in tumor xenografts [107]. Vaccination with recombinant
attenuated Salmonella harboring the 4-1BBL gene efficiently enhanced T
cell immunity and inhibited the development of carcinogen-induced
colorectal cancers in rats [66].

Tumor-associated antigens delivered by Salmonella can sensitize the
host immune system to produce tumor-specific immune responses, and
the resultant immune protection can be directed against tumors ex-
pressing the corresponding antigens. Moreover, displaying antibodies
or ligands that specifically bind to tumor-associated antigens on the
bacterial surface can significantly improve the tumor-targeting ability
of Salmonella. A strain derived from VNP20009 expressing carcinoem-
bryonic antigen (CEA)-specific antibodies on its surface was shown to

possess enhanced tumor-targeting ability compared with its parent
strain [108]. Similarly, the binding specificity of Salmonella to CD20+

cancer cells was significantly improved by expressing a specific anti-
body directed to the tumor-associated antigen CD20 on the bacterial
surface [109]. RGD-displaying Salmonella bound strongly to cancer cells
overexpressing αvβ3 but weakly to αvβ3-negative cancer cells, showing
strong targeting efficiency [110]. Recombinant toxins containing
transforming growth factor (TGF-α) delivered by attenuated Salmonella
were shown to specifically kill cancer cells overexpressing epidermal
growth factor receptor (EGFR) [77,97]. NY-ESO-1 is a germ cell protein
that is often expressed by tumor cells but not normal somatic cells. Oral
administration of S. Typhimurium expressing NY-ESO-1 fused to the
type III secretion protein SopE resulted in the regression of established
NY-ESO-1-expressing tumors in mice [111]. S. Typhimurium expressing
an HPV16-E7 fusion protein induced anti-tumor immune responses
through secretion of IFN-γ and TNF-α cytokines and exhibited en-
hanced anti-tumor therapeutic efficacy in cervical cancer-bearing mice
[112]. Fimbrial surface display systems can be used to present specific
epitopes of tumor antigens by Salmonella and to induce efficient epi-
tope-specific immune responses in vivo [64]. Survivin is another ideal
tumor-associated antigen that is overexpressed by nearly all solid tu-
mors but has limited expression in normal tissues. Delivery of a survivin
DNA vaccine by oral gavage of Salmonella SL7207 or MvP728 induced
strong and effective anti-tumor immune responses in vivo [61,113]. The
vascular endothelial growth factor receptor 2 (VEGFR-2), also called
fetal liver kinase 1 (FLK-1) in mice, plays an important role in the
proliferation of tumor endothelial cells. Studies have shown that an
orally administered DNA encoding the extracellular domain (ECD) of
FLK1 delivered by attenuated S. Typhimurium could break immune
tolerance to FLK1, elicit effective protective anti-tumor immunity and
inhibit metastasis of Lewis lung carcinoma in mice [68]. Gene therapies
of prostate cancer-specific antigen (PCSA) [60], α-fetoprotein (AFP)
[114] and melanoma antigen (Melan-A) [115] delivered by attenuated
S. Typhimurium led to significant retardation of tumor growth by
breaking host immune tolerance to these antigens. The suppression of
tumor-associated macrophages (TAMs) in tumor stroma is also a
strategy to inhibit tumor growth and dissemination. Legumain, an as-
paraginyl endopeptidase overexpressed on TAMs, has been targeted in
cancer gene therapy delivered by Salmonella [85].

Enzymatic proteins expressed by engineered Salmonella can convert
nontoxic prodrugs into anti-tumor toxic drugs at the tumor site when
the corresponding prodrugs are also given, thereby minimizing sys-
temic toxicity. This strategy was used to introduce E. coli cytosine
deaminase (CD), which activates nontoxic 5-fluorocytosine (5- FC) to
anti-tumor 5-fluorouracil (5-FU), into VNP20009 by chromosomal in-
sertion [116]. This CD-containing strain, designated TAPET-CD, main-
tains the properties of VNP20009, including preferential accumulation
in tumors, and selectively produces high levels of CD in tumors com-
pared with normal tissues. Coadministration of TAPET-CD and 5-FC
induced prolonged high concentrations of 5-FU in tumor tissue, causing
a reduction of tumor size. To prevent killing of Salmonella producing
enzymes by the accumulation of toxic 5-FU, a 5-FU resistant strain with
an upp mutation was recently constructed [117]. Another prodrug en-
zyme, herpes simplex virus thymidine kinase (HSV-TK), can convert
ganciclovir into a deoxyguanosine triphosphate analog that induces cell
apoptosis upon DNA incorporation. Tumor-targeting Salmonella en-
gineered to carry the prodrug-converting enzyme HSV-TK effectively
treated human lymphoma xenografts when coadministered in-
tratumorally or intravenously with ganciclovir in mice [109]. Oral
administration of attenuated S. Typhimurium carrying eukaryotic
plasmids encoding E. coli purine nucleoside phosphorylase (ePNP)
could convert two prodrugs, 6-methylpurine 2′-deoxyriboside (MePdR)
and 6-methoxypurine 2′-deoxyriboside (MoPdR), into the toxic sub-
stances 6-methylpurine (MeP) and 6-methoxypurine (MoP), respec-
tively, leading to anti-tumor effects in terms of tumor growth and
survival rate in tumor-bearing mice [118,119]. The PNP gene of S.
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Typhimurium (sPNP) has 96% sequence homology with ePNP and has
the ability to convert 6MePdR to 6MeP. Chen et al. showed that com-
bined administration of VNP20009 expressing the endogenous PNP
gene followed by 6MePdR treatment significantly delayed the growth of
B16F10 tumors [120].

RNA interference (RNAi), in which double-stranded RNAs mediate
sequence-specific gene silencing, has provided a new strategy for cancer
treatment. However, the greatest challenge is how to efficiently deliver
small interfering RNAs (siRNAs) to target cancer cells. The efficiency of
using attenuated S. Typhimurium as delivery vectors of siRNAs to
specifically downregulate the expression of tumor-promoting factors
has been tested in vitro and in vivo. The transcription factor STAT3
(signal transducer and activator of transcription 3) [121], the anti-
apoptosis protein Bcl-2 (B cell lymphoma-2) [65], the cell cycle-asso-
ciated protein PLK1 (polo-like kinase 1) [102], Sox2 (sex determining
region Y-box 2) [122] and the immunosuppressive molecule IDO [123]
are usually overexpressed in tumors and promote tumorigenesis. Due to
their association with cancer progression, these molecules can serve as
ideal targets for enhancing anti-tumor responses. Attenuated S. Typhi-
murium carrying a plasmid-based Stat3-specific siRNA significantly
inhibited tumor growth, reduced cancer metastasis, and extended the
survival of tumor-bearing mice compared with bacterial treatment
alone [121,124]. Oral administration of S. Typhimurium carrying a Bcl-
2-specific siRNA induced significant gene silencing in murine mela-
noma cells and elicited remarkable anti-tumor effects [65]. Intravenous
injection of the clinically relevant S. Typhimurium strain VNP20009
carrying plasmids encoding an IDO-specific siRNA elicited substantial
control of aggressive B16F10 melanomas [123]. The use of DNA vectors
delivered by attenuated S. Typhimurium may increase the effectiveness
of siRNA targeting specific tumor-promoting factors when combined
with other anti-tumor agents. Attenuated S. Typhimurium harboring
eukaryotic coexpression plasmids encoding Stat3-specific siRNA and
endostatin showed superior anti-tumor effects in mice bearing im-
planted prostate cancer or hepatoma [106,125], resulting in regulation
of various immune cells and cytokines, a decrease in cell proliferation,
induction of cell apoptosis and inhibition of angiogenesis. Oral ad-
ministration of S. Typhimurium MvP728 (purD−/htrA−) over-
expressing codon-optimized survivin inhibited the growth of murine
melanoma, and additional treatment with VNP20009 carrying plasmids
encoding STAT3-siRNA by intravenous injection enhanced the anti-
tumor efficacy [126].

Anti-tumor therapeutic agents delivered by engineered attenuated
Salmonella bacteria are listed in Table 3.

3.3. Combination therapy

Despite the numerous advantages of Salmonella-mediated cancer
therapy compared with conventional treatments, Salmonella itself is
generally insufficient to completely suppress tumor growth or metas-
tasis. Hence, many studies have suggested that the combination of
Salmonella with other therapies may be more effective for cancer
treatment.

Bacterial immunotherapy combined with specific chemotherapy
may enhance anti-tumor efficacy and decrease toxicity compared with
single therapy with bacteria or chemotherapeutics. For example, com-
bination treatment with VNP20009 and cyclophosphamide led to a
more significant decrease in intratumoral microvessel density and
serum vascular endothelial growth factor (VEGF) levels compared with
either single treatment without obvious enhanced toxicity in a murine
melanoma model [127,128]. VNP20009 harboring expression plasmids
for siRNA targeting Sox2 were shown to be efficient for the treatment of
lung cancer when combined with the anti-angiogenic agent HM-3
[122]. The anti-inflammatory and anti-angiogenic compound triptolide
also significantly enhanced the anti-tumor effects of VNP20009 by
modulating tumor angiogenesis and host immune responses [129]. The
combination of S. Typhimurium A1-R and low-dose chemotherapeutic

drugs, such as temozolomide, doxorubicin and anti-angiogenic agents,
also significantly suppressed the growth of tumors with fewer side ef-
fects in patient-derived orthotopic xenograft (PDOX) models
[130–132]. The effectiveness of a novel strategy of “decoy, trap and
shoot chemotherapy” was recently demonstrated. In detail, stomach
cancer was first treated in vivo with S. Typhimurium A1-R to decoy
quiescent cancer cells to enter the cell cycle. Subsequent administration
of recombinant methioninase selectively trapped the decoyed cancer
cells in S/G0 phase, and cisplatinum or paclitaxel was then adminis-
tered to kill the decoyed and trapped cancer cells to completely regress
tumor growth [133,134]. Multidrug resistance (MDR) is a major cause
of failures of chemotherapy in human malignancy, and the presence of
the plasma membrane MDR protein P-glycoprotein (P-gp) is highly
relevant. Salmonella that colonized in the tumor site could decrease the
expression of P-gp and enhance the therapeutic effects of 5-fluorouracil
[30]. Inhibiting P-gp expression in tumor cells using RNA interference
can also effectively reverse MDR in different kinds of tumor cells. A
MDR1-specific siRNA delivered by attenuated Salmonella enhanced the
anti-tumor effects of cisplatin chemotherapy against cisplatin-resistant
ovarian carcinoma [135]. Daily treatment with topical imiquimod in
combination with one intratumoral injection of attenuated S. Typhi-
murium LVR01 induced anti-tumor immune responses that prolonged
the survival of melanoma-bearing mice and reduced the occurrence of
distant metastases [136]. Salmonella bacterial immunotherapy com-
bined with a low dose of anti-tumor chemotherapeutic drugs effectively
delayed tumor growth and was less toxic than chemotherapy at the
maximum tolerated dose [137]. Forbes et al. showed that concurrently
administering lipid A with VNP20009 increased intratumoral bacterial
accumulation without affecting the tumor-targeting ability of Salmo-
nella [138]. However, attenuated Salmonella VNP20009, which syn-
thesizes penta-acylated lipid A, did not accumulate in tumors as effec-
tively as Salmonella with functional msbB [139].

The effectiveness of combination treatment using Salmonella and
radiotherapy has been investigated as well. In melanoma tumor models,
coadministration of VNP20009 and X-rays produced significantly
greater anti-tumor effects than either treatment alone [140]. Combined
treatment with 21 Gy of X-ray radiotherapy and ΔppGpp S. Typhi-
murium expressing ClyA also significantly delayed tumor growth
compared with bacterial therapy alone [141]. Attenuated Salmonella
BRD509 plus γ-radiation suppressed the growth of B16F10 melanoma
more significantly than single treatment with either Salmonella or γ-
radiation and prolonged overall survival by 90% in tumor-bearing mice
over 55 days [142].

Excision of primary tumors is associated with increased systemic
metastatic burden, and postoperative metastases usually exhibit in-
creased proliferation. Postoperative A1-R treatment significantly in-
hibited surgery-induced breast cancer metastasis [143]. After bright-
light surgery (BLS) of liver metastasis, treatment with A1-R was highly
effective in increasing survival and disease-free survival [144]. These
results suggest the future clinical potential of Salmonella treatment after
surgical resection of tumors.

3.4. Triggering of gene expression

A controllable system of gene expression is used to manage the
timing and location of drug production in vivo. Precise triggering of the
expression of anti-tumor drugs can maximize their therapeutic effects
while minimizing systemic toxicity. Some anti-tumor molecules, such as
cytotoxic agents that are toxic to tumor cells as well as normal tissue
cells, require strict control of production rather than constitutive ex-
pression. Insertion of a specific promoter sequence upstream of the gene
encoding a specific anti-cancer agent enables the control of gene tran-
scription by external signals. Strategies for gene regulation or triggering
mainly belong to three categories: extracellular triggering, environ-
mental sensing [145] and self-induction [146].

External triggering factors include L-arabinose, salicylate and γ-
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Table 3
Anti-tumor therapeutic agents delivered by engineered attenuated Salmonella bacteria.

Anti-tumor agents Description References

Prokaryotic expression
Cytokines
IL-2 A signaling molecule, regulates the activities of lymphocytes [88,89]
IL-18 A signaling molecule, stimulates NK cells and T cells to release IFN-γ [90]
LIGHT A TNF-family cytokine, has recently been recognized as a growth factor for DCs [91]
CCL21 A chemokine, controls the migration of T cells, DCs and NK cells [92]
IFN-γ A cytokine, plays a central role in the induction of host anti-tumor immune responses, including inhibition of tumor cell growth and/or

recruitment and activation of neutrophils, NK cells and macrophages
[93]

TNF-α A cytokine, involves in both innate and specific acquired immunity and has the ability to induce apoptosis of tumor associated cells [88]
Cytotoxic agents
Cytolysin A A pore-forming hemolytic protein found in E. coli and Salmonella enterica serovars Typhi and Paratyphi [78]
Noxa A pro-apoptotic protein containing the BH3 domain and MTD, mediates apoptosis via activation of mitochondrial damage and the intrinsic

apoptosis signaling pathway
[74]

PE38 A modified Pseudomonas exotoxin A, acts by inactivating protein synthesis in mammalian cells [77]
TRAIL A pro-apoptotic molecule, induces tumor cell apoptosis through the death receptor pathway [98]
FasL A membrane protein that belongs to the TNF family of proteins, induces the apoptosis of Fas-expressing cells after binding to its receptor

Fas
[99]

FlaB Flagellin B of Vibrio vulnificus, is the natural ligand for TLR5 [10]
Regulator
L-asparaginase An anti-tumor protein, has the glutaminase activity and promotes apoptosis [75]
Endostatin One powerful inhibitor of angiogenesis, can block the proliferation and migration of endothelial cells and induce apoptosis after its binding

to a variety of receptors on the surface of endothelial cells
[84,87]

Tumor-associated antigens/antibodies
CEA-scFv Specific single chain antibody fragment of CEA, one TAA abundantly expressed in a large number of human carcinomas [108]
RGD A tumor-homing peptide, specifically binds to αvβ3 integrin which is widely overexpressed on cancer cells and blood vessels during cancer

angiogenesis
[110]

CD20-specific antibody A single-domain (VHH) antibody, is directed to the TAA CD20 [109]
TGF-α A natural ligand for the EGFR, which is expressed by many tumor cells at high levels [77,97]
NY-ESO-1 A germ cell protein, is often expressed by tumor cells but not normal somatic cells [111]
HPV16-E7 Human papillomavirus (HPV) is the leading cause of cervical cancer; E7 is an oncogenic protein, continuously expressed in carcinomas

containing HPV and their metastatic lesions
[112]

Prodrug enzymes
Cytosine deaminase An enzyme found in bacteria and fungi but not in mammalian cells, can activate nontoxic 5-FC to anti-tumor 5-FU that disrupts RNA and

DNA synthesis
[116,117]

HSV-TK An enzyme, can convert prochemotherapeutic ganciclovir into a deoxyguanosine triphosphate analog that induces cell apoptosis [109]
Eukaryotic expression
Cytokines
IL-12 A signaling molecule, stimulates the proliferation of activated NK and T cells and induces IFN-g production from these cells [67]
GM-CSF A signaling molecule, activates neutrophils, eosinophils and macrophages to lyse tumor cells directly, or mediates antibody- dependent

cellular cytotoxicity
[67]

IL-4 A signaling molecule, induces differentiation of naive helper T cells (Th0 cells) to Th2 cells [96]
IL-18 A signaling molecule, induces IFN-γ secretion from NK and T cells [96]
Cytotoxic agents
CD40L A cellular surface molecule, is required to activate antigen presenting cells (APCs) and has growth-suppressive effects on malignant B cells [101]
Diphtheria toxin An exotoxin secreted by Corynebacterium diphtheriae [102]
Apoptin The protein apoptin is encoded by the VP3 virus, which selectively induces apoptosis in human tumor cell lines from various tissues [103]
Regulators
Endostatin A powerful inhibitor of angiogenesis [104,106]
Thrombospondin An endogenous angiogenic inhibitor [98]
RBM5 An RNA binding protein, can modulate apoptosis and cell cycle arrest through pre-mRNA splicing of multiple target genes, such as p53 [107]
4-1BBL An regulator of T cell immunity, can stimulate T cell cytokine production and proliferation, and prolong T cell survival through interaction

with 4-1BB on activated T cells
[66]

Tumor-associated antigens
Survivin An apoptosis inhibitor, functions to inhibit caspase activation, leading to negative regulation of apoptosis or programmed cell death [61,113]
FLK-1 FLK-1 also known as VEGFR-2, is exclusively expressed in endothelial cells and plays a pivotal role in endothelial cell differentiation and

proliferation during tumor angiogenesis
[68]

PCSA Prostate cancer specific antigen [60]
AFP An hepatocellular carcinoma-specific (HCC)-specific antigen, is frequently overexpressed in HCC or embryonal malignancies [114]
Legumain An asparaginyl endopeptidase, is shown to highly upregulated in many tumors [85]
Prodrug enzymes
PNR An enzyme, can convert two prodrugs MePdR and MoPdR into toxic substances MeP and MoP, respectively [118–120]
siRNA
STAT3-specific Stat3, of which chronic activation is related to abnormal cell proliferation and malignant transformation [121,124]
Bcl-2-specific Bcl-2, an anti-apoptosis protein, is expressed in more than 90% of all malignant melanomas [65]
PLK1-specific PLK1, a regulatory serine/threonin kinase involved in the cell cycle [102]
Sox2- specific Sox2, is expressed at high level in cancer stem cells and necessary for the migration and growth of cancer cells [122]
IDO-specific IDO, a tryptophan-catabolizing enzyme that acts as a potent suppressor of adaptive immunity [123]
MDR1-specific MDR1, encodes the plasma membrane glycoprotein P-gp, protecting a tumor cell population against numerous drugs differing in the

chemical structure
[135]
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irradiation. Both L-arabinose and acetyl salicylic acid (ASA) are suitable
nontoxic biological triggers that can be used to positively control gene
expression under the PBAD promoter and Pm promoter, respectively
[147–149]. The PBAD system responds to the extracellular inducer L-
arabinose via the regulatory protein AraC, which is tightly regulated.
Intravenous administration of L-arabinose can activate gene expression
in tumors colonized with Salmonella carrying PBAD expression plasmids.
The ASA expression system in attenuated Salmonella is also efficient in
selectively regulating the expression of the 5-FC-converting enzyme
cytosine deaminase in vivo. Induction with ASA before 5-FC adminis-
tration resulted in a significant reduction of tumor growth [149]. A
repressor-regulated tetracycline efflux system has been explored to
control the expression of a therapeutic gene and an imaging reporter
gene by divergent promoters (tetAP and tetRP) in response to extra-
cellular tetracycline or doxycycline. The advantage of this approach is
that this system can work by using very low dose of clinically relevant
inducer doxycycline [150]. For temporal and spatial control of gene
expression, the prokaryotic radiation-inducible RecA promoter may be
another feasible choice [98,151]. γ-radiation causes DNA damage and
activates RecA, which promotes lysis of the repressor lexA, inducing
gene expression. A major advantage of radiation over molecular trig-
gering is that radiation can penetrate directly into tumor tissue and is
not subject to the diffusion limit. Systemic injection of Salmonella and
induction of TRAIL expression using 2 Gy of γ-irradiation caused a
significant delay in the growth of mammary tumors and reduced the
risk of death by 76% [98]. Moreover, the RecA promoter was modified
to increase radiation responsiveness by incorporating an extra Cheo box
in the promoter region [152].

The characteristics of the tumor microenvironment differ from those
of normal tissues, including hypoxia, low pH and necrosis, which can be
utilized to improve the tumor specificity of Salmonella colonization as
well as drug delivery. For example, hypoxia-inducible expression sys-
tems have been used to restrict gene expression by Salmonella vectors to
the hypoxic region of tumor tissue. The hypoxia-inducible promoters
HIP-1 and FF+20* are both fumarate and nitrate reduction regulator
(FNR)-regulated promoters characterized by the presence of FNR-
binding sites [153,154]. FNR is a hypoxic sensor as well as a hypoxia-
responsive transcription factor that regulates the global response to the
transition between aerobic and anaerobic growth in Salmonella. In the
absence of oxygen, iron-sulfide clusters induce the formation of FNR
homodimers that bind to specific DNA sites and promote transcription.
Under aerobic conditions, the iron-sulfide clusters are disassembled,
and the FNR dimers dissociate to form non-DNA-binding monomers. To
monitor Salmonella promoters that are preferentially activated in tu-
mors, Arrach et al. cloned a random library of Salmonella DNA frag-
ments upstream of the green fluorescent protein (GFP) gene without the
promoter, and two clones that contained promoter regions of pflE and
ansB were identified as induced under hypoxic conditions. In some
cases, promoter activation within tumors may be unrelated to hypoxia
[155]. Flentie et al. analyzed a library of 7,400 independent Salmonella
mutants containing transposon insertions of promoterless bacterial lu-
ciferase in the chromosome, and five promoter sequences were found to
be specifically activated by the acidic microenvironment associated
with cancer cells in vitro and tumors in vivo. Salmonella expressing Shiga
toxin under the pH-sensitive STM1787 promoter provided potent and
selective anti-tumor activity [156].

Salmonella integrated with a quorum-sensing (QS) system is a pro-
mising tool for cancer treatment. This system can target therapeutic
drugs to tumors while reducing unwanted side effects in healthy tissues.
The lux QS system derived from the marine bacterium Vibrio fischeri
consists of two genes that encode the autoinducer synthesis protein LuxI
and transcriptional regulator protein LuxR. At low population density,
low-level expression of LuxI results in the synthesis of the autoinducer
N-3(oxohexanoyl) homoserine lactone (3OC6HSL), which freely dif-
fuses out of cells. As the population density increases, intracellular
3OC6HSL activates LuxR, creating a positive feedback loop that

increases the production of any gene incorporated into the operon.
Clustering of bacterial cells prevents dilution of the autoinducer
3OC6HSL and improves QS activation. A decrease in the concentration
of signaling molecules will reduce the likelihood of activating the QS
switch. Thus, it was hypothesized that quorum-sensing Salmonella
bacteria only initiate drug expression in tightly packed colonies present
within tumors. This hypothesis was validated by Forbes and colleagues
[146], who injected attenuated Salmonella integrated with the lux QS
system and GFP reporter into tumor-bearing mice and determined the
bacterial density in tumors and the liver and the bacterial spatial dis-
tribution and GFP expression within tumors. When the PBAD promoter
was integrated into the quorum-sensing machinery to generate a “cell
communication system”, protein production and sensitivity to the in-
ducer agent L-arabinose were significantly increased [157]. Similar
strategies were used to express active L-ASNase by ΔppGpp Salmonella
in a cell mass-dependent manner in tumors [76]. These results suggest
that expression of therapeutic proteins by tumor-targeting Salmonella
vectors under the control of the QS autoinduction system combined
with a remote control system represents a promising approach for
cancer treatment. To control population levels and facilitate drug de-
livery using bacteria, a synchronized lysis circuit (SLC) was engineered
consisting of a common promoter, pLuxI that drives the expression of
both the autoinducer (positive feedback) and a bacteriophage lysis gene
(negative feedback). The bacterial population dynamics arising from
the SLC can be conceptualized as a slow build-up of the signaling mo-
lecule (AHL) to a threshold level, followed by a lysis event that rapidly
prunes the population and enables the release of bacterial contents.
Following the lysis of most quorum-sensing Salmonella, a small number
of surviving bacteria reseed the growing population, thus leading to
pulsatile cycles. The pore-forming toxin HlyE incorporated into the SLC
strain could be efficiently released following the cyclical lysis of bac-
teria, resulting in killing of cancer cells in vitro [158]. The SLC may be a
promising tool for drug delivery that does not require additional en-
gineering for protein secretion.

3.5. Clinical trials

Salmonella-mediated cancer therapies have been implemented in a
small number of human trials. Based on preclinical success, VNP20009
entered Phase I human clinical trials in 1999 and was administered to
24 patients with metastatic melanoma and 1 patient with metastatic
renal cell carcinoma intravenously [53]. The results showed that
VNP20009 could be safely used in cancer patients, and only three cases
of tumor colonization were observed at the highest tolerated dose. No
patients experienced objective tumor regression, including those with
Salmonella-colonized tumors [53]. Additional studies are required to
reduce dose-related toxicity and to improve tumor localization of Sal-
monella bacteria. VNP20009 was further modified by chromosomal
insertion of a gene encoding E. coli cytosine deaminase (CD) to generate
a strain designated TAPET-CD [116]. A pilot trial in three refractory
cancer patients was performed to investigate the feasibility and effec-
tiveness of intratumoral injection of TAPET-CD [159]. No significant
adverse events clearly attributable to TAPET-CD were observed, and
two patients showed bacterial colonization within tumor tissue that
persisted for at least 15 days after the initial injection. In these two
patients, the conversion of 5-FC to 5-FU as a result of corresponding
prodrug expression was demonstrated with a tumor-to-plasma ratio of
5-FU of 3:1, indicating significantly increased levels of 5-FU at the site
of TAPET-CD colonization and insignificant systemic spread of the in-
jected bacteria. By contrast, the ratio was less than 1.0 in the one pa-
tient who did not show intratumoral bacterial colonization [159].
These clinical data indicate that differences between animal and human
tumors may influence the anti-tumor effectiveness of engineered Sal-
monella bacteria, such as the tumor growth rate, architecture and blood
supply, the entry of bacteria into tumors, the growth of bacteria within
tumors, and the clearance of bacteria from the peripheral circulation
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and from tumors.

4. Conclusions and future directions

Bacteria-mediated anti-tumor therapies have made great progress
over the past two decades, and the facultative anaerobe Salmonella
Typhimurium is a particularly promising anti-tumor agent. However,
some basic problems remain to be solved before engineered anti-tumor
Salmonella can be applied clinically. First, safety is a prerequisite for all
cancer treatments, including Salmonella-mediated therapy. If not ade-
quately attenuated, systemically administered live Salmonella bacteria
may proliferate in the blood, release bacterial toxins and even cause
severe septic shock. Through genetic modification, such as deletion of
genes responsible for the biosynthesis of LPS, amino acids, or purines,
the virulence of Salmonella can be reduced to varying degrees
[4,6,160]. However, excessive attenuation of virulence also affects
bacterial invasion and tumor colonization, as well as immune-stimu-
lating ability. For example, the insufficient tumor colonization of
VNP20009 in clinical trials was attributed to its excessive attenuation
due to the msbB mutation, which reduces TNF-α induction [138]. In
addition to directly deleting genes from the bacterial genome, regulated
delayed attenuation may be considered to ensure that Salmonella sur-
vive the stresses encountered in the host during the early stage of in-
fection, especially after oral administration. The main principle of this
system is to replace the constitutive promoter of certain virulence-re-
lated or essential genes with an inducible promoter, such as the pro-
moter PBAD. The key gene can be expressed normally under induction
conditions in vitro, and Salmonella can infect the host as the wild-type
strain. Once the Salmonella reaches the host environment lacking the
induction conditions in vivo, the expression level of the gene under
regulation is greatly reduced (basic expression), and thus the bacteria
show weakened pathogenicity [161]. It is important to achieve a bal-
ance by developing bacterial strains with moderate virulence that can
be safely applied without impairing anti-tumor activities. Lipid A is an
important virulence factor for Salmonella as well as other gram-negative
bacteria and is a natural ligand for host TLR4. Because the host innate
immune responses activated by colonized Salmonella via the lipid A/
TLR4 pathway play a key role in anti-tumor responses, it is necessary to
screen out superior lipid A structures for effective immune stimulation.
Our group has constructed Salmonella strains harboring modified lipid
A and verified that the structure of lipid A, including the number of
acylated chains and the presence or absence of modification groups,
affects bacterial pathogenicity as well as the ability to stimulate innate
immunity [162–164]. In addition, immunocompromised patients may
be unable to completely clear Salmonella when the treatment needs to
be terminated. Thus, the possibility that these genetically modified
bacteria might reverse their attenuated phenotypes poses a real risk for
these patients. In theory, the use of antibiotics can remove residual
Salmonella in the body, but the possibility of bacteria “naturally” ac-
quiring antibiotic resistance cannot be ruled out. In this case, a reg-
ulation system designed to cause programmed bacterial cell lysis may
be one solution [165].

With a 1000-fold difference in the ability to colonize tumors and
normal tissues, a considerable number of bacteria can still infect normal
tissues such as the liver and spleen and cause obvious toxic side effects
in the host, especially during the initiation of infection. To minimize the
spread of Salmonella in blood and normal tissues, the tumor-targeting
ability of Salmonella must be further improved. Auxotrophic mutants of
Salmonella constructed via transposon-mediated random mutation or
suicide plasmid-mediated site-directed mutagenesis have been shown to
invade and destroy a broad number of cancer cell types in vitro and to
specifically colonize tumors over normal tissues and inhibit tumor
progression in vivo. Hypoxia-inducible promoters can be used to im-
prove the tumor-colonization specificity of Salmonella by regulating
bacterial essential genes. Under this regulation system activated by low
oxygen concentration, Salmonella bacteria grow normally in the

hypoxic microenvironment of the tumor, while their viability in normal
tissues is greatly reduced [69]. By displaying antibodies or ligands
specific for tumor-associated antigens on the surface, bacterial adhesion
to cancer cells and the specificity of colonizing tumors can also be
significantly increased [77,97,108–110].

The use of Salmonella bacteria as live delivery vectors for various
anti-tumor therapeutic agents can synergistically increase anti-tumor
efficacy compared with single therapy using Salmonella. On the one
hand, Salmonella itself can overcome the penetration limitation of
chemotherapeutic drugs to colonize the necrotic and hypoxic areas of
tumor tissue and has intrinsic tumor-killing, vessel-destruction and
immune-stimulation activities. On the other hand, live Salmonella
bacteria are able to proliferate and continuously express anti-tumor
proteins or deliver DNA vaccines to host cells, thus allowing drug
concentrations in tumors to be maintained at high levels. Moreover, by
regulating the expression of anti-tumor agents delivered by Salmonella
vectors, especially toxic agents that are harmful to normal tissue cells,
the specificity of drug action toward the tumor can be improved, and
toxic side effects can be minimized. For example, using hypoxia-in-
ducible promoters, including HIP-1 and FF+20*, anti-tumor drugs are
mainly produced in the hypoxic region of the tumor after the accu-
mulation of Salmonella vectors, with little production in normal tissues.
The anti-tumor effects of Salmonella combined with other therapies
have also been investigated in tumor models. For example, the use of
Salmonella to deliver specific siRNAs targeting multiple drug-resistance
genes can increase tumor sensitivity to chemotherapeutic drugs [135].
The combination of Salmonella with radiotherapy or surgery has also
been tested. In addition, the clinical challenge of insufficient tumor
colonization by VNP20009 may be solved through coadministration
with lipid A [138]. Moreover, Salmonella can be genetically engineered
to target tumor cells, tumor blood vessels or immune cells, which
should result in differential anti-tumor activities, and combined treat-
ment with these engineered Salmonella bacteria may yield significant
tumor-suppressive efficacy.

Although many studies have observed tumor-targeting and tumor-
inhibitory activities of Salmonella, the underlying mechanisms are still
not understood well. Different studies have used different bacterial
strains, mouse strains, tumor cell lines, and even different infection
procedures including routes, doses and repeat times of injection, further
increasing the complexity of elucidating Salmonella anti-tumor me-
chanisms. The mechanism explaining the preference of Salmonella for
tumor tissue after systemic infection remains controversial. Systematic
studies are needed to clarify how Salmonella bacteria cause tumor cell
death, destroy the local vasculature, and sensitize the host immune
system after colonization inside tumor tissue. Greater knowledge of
these mechanisms will facilitate the development of safer and more
effective Salmonella bacterial strains for cancer treatment. Most im-
portantly, the promising results regarding the anti-tumor effects of
genetically engineered Salmonella observed in a large number of pre-
clinical animal experiments have not been validated in human clinical
trials, suggesting that there are some differences between human and
animal tumors. Animal tumor models that can adequately simulate
tumors in clinical cancer patients should be considered and applied in
future preclinical tests. In addition, most of engineered Salmonella
species used for cancer treatment belong to broad-host-range S.
Typhimurium, which typically invade only local intestinal epithelial
tissue and have inability to penetrate the deeper tissues of humans,
therefore human-restricted serovars Typhi and Paratyphi A of
Salmonella enterica may be considered for genetic modification and
human clinical trials.

Although Salmonella-mediated cancer therapy has not achieved the
expected success in human clinical trials, Salmonella is worthy of fur-
ther study because of its numerous potential advantages over conven-
tional anti-tumor treatments. It is reasonable to believe that with the
further development of related research and modern biotechnology, a
major breakthrough will be achieved in the application of Salmonella
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bacteria for cancer treatment.
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