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Abstract: Bacteria-mediated cancer therapy (BMCT) is an emerging tool that may advance potential
approaches in cancer immunotherapy, whereby tumors are eradicated by the hosts’ immune system
upon recruitment and activation by bacteria such as Salmonella. This paper provides an emphasis on
the immunomodulatory effects that encompasses both the innate and adaptive immune responses
inherently triggered by Salmonella. Furthermore, modifications of Salmonella-based treatment in the
attempt to improve tumor-specific immune responses including cytokine therapy, gene therapy,
and DNA vaccine delivery are likewise discussed. The majority of the findings described herein
incorporate cell-based experiments and murine model studies, and only a few accounts describe
clinical trials. Salmonella-based cancer therapy is still under development; nonetheless, the pre-
clinical research and early-phase clinical trials that have been completed so far have shown promising
and convincing results. Certainly, the continuous development of, and innovation on, Salmonella-
based therapy could pave the way for its eventual emergence as one of the mainstream therapeutic
interventions addressing various types of cancer.

Keywords: Salmonella; bacteria-mediated cancer therapy; immunomodulation; immunotherapy

1. Introduction

Cancer, though not necessarily hereditary, is a genetic disease characterized by an
impaired control of cell cycle resulting in an unregulated cellular growth and proliferation.
Despite the growth of decades-worth of findings on the nature, causes, and pathogenesis
of cancer, it nevertheless retains its status as one of the leading causes of death worldwide.
Today, the development of therapeutic strategies that involve directing a patient’s own
immune system towards eradicating cancer offers a new hope to prolong survival of
patients compared with conventional or standard care, i.e., chemotherapy, radiotherapy,
and surgery [1]. The concept of using the immune system in cancer treatment can be
traced back to the 19th century when Dr. William Coley developed a cocktail of heat-
killed bacteria that became known as “Coley’s toxin” to cure a number of inoperable
tumors [2]. The idea emerged when Dr. Coley found an old medical record where a patient
suffering from an inoperable sarcoma was documented to have tumor regression following
recovery from erysipelas infection (Streptococcus pyogenes); he soon found out that the
patient was disease-free [2]. There were variable outcomes among all patients treated
with Coley’s toxin at that time, nonetheless, some of the results were promising as some
patients had complete clearance of the primary tumor while others were even declared
disease-free [3]. Dr. Coley’s treatment strategy was not without issues, such as side effects,
clearance of the bacterial infection, and the mechanisms on how the therapy specifically
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worked; consequently, this treatment strategy was not entirely recognized at that time and
ultimately forgotten decades thereafter [2,3]. In recent years, however, advances in cancer
immunobiology research paved the way to the further development of bacteria-mediated
cancer therapy (BMCT) using different bacterial species such as Streptococcus, Bacillus,
Bifidobacterium, E. coli, Clostridium, and Salmonella, among others [4].

In this review, we provide emphasis on the interplay between tumor and tumor-
associated immune cells in the tumor microenvironment in the presence of BMCT inter-
vention, particularly using Salmonella species. Salmonella are Gram negative, facultatively
anaerobic, nonspore-forming rod-shaped enterobacteria studded with multiple flagella [5].
This species is preferred for this purpose because of its natural ability to address various
types of cancer [6]. Immune modulation is of primary interest in this type of intervention
since Salmonella is a microorganism that, upon successfully gaining access into a host, can
trigger a cascade of immune responses. Salmonella-triggered immune responses with anti-
tumor actions are of utmost importance in eliminating cancerous growth and preventing
metastasis resulting in longer patient survival [1].

2. Salmonella as a Viable Option for Bacteria-Mediated Cancer Therapy

As scientists and clinicians continue to race in search for more effective and efficient
treatments and therapeutic strategies against cancers, a growing interest on the use of
Salmonella in this regard has emerged as one of the focal points in cancer research. One
practical and interesting characteristic behavior of this bacteria is its capacity to selectively
penetrate, favorably invade, and preferentially grow within tumors; a behavior that is
made possible by chemotaxis, as they are attracted to the compounds and niche-specific
conditions produced in the tumor microenvironment [7,8]. Furthermore, the facultatively
anaerobic nature of Salmonella is advantageous, as they can tolerate the oxygen-depleted
zone (i.e., about 10 to 30 mmHg concentration) of solid tumors. This ability is indispensable
for successful dispersion of Salmonella to evenly exert its oncolytic and other anti-tumor
progression effects via multiple mechanisms [9]. It is also noteworthy to mention that
the dispersion of systemically administered Salmonella has a ratio of only 1000–10,000 to
1 tumor-to-normal tissue [10]. The ability of Salmonella to efficiently infect tumor cells is
accounted for by its use of a type three secretion system (TTSS), since mutant Salmonella
with defective TTSS exhibited substantial loss of tumor cell-penetrating potential [11].
Certain Salmonella strains have also been intentionally mutated to improve their tumor
cell penetrating ability also via TTSS [12]. For these reasons, Salmonella species have
been investigated for their potential use as vehicle for the direct delivery of drugs, RNA
interferences, and cancer therapeutic genes into tumors and their innate potential to
trigger various antitumor responses [13]. Apart from being an efficient tumor-targeting
bacteria, when Salmonella infects tumor cells, it interferes with the tumor-intrinsic signaling
cascade and modifies the overall pattern of gene expression, which, in turn, impacts
cellular behavior leading to decreased migrative potential, decreased tumor survival, and
stimulated antitumor immune responses [14]. The following sections will discuss further
how Salmonella-based treatment modulates immune response against cancer.

3. Breaking the Immunosuppressive Nature of Tumor Microenvironment

The tumor microenvironment (TME) harbors both cellular (immune infiltrates, fi-
broblasts, and endothelial cells) and non-cellular components (extracellular matrix or
ECM, soluble molecules) that are present in the immediate surroundings of the tumor
tissue [15,16], all of which interact to facilitate tumor growth and survival, and progression
to metastasis. It has been suggested that the stromal composition in the TME may vary
depending on the particular type and stage of tumor. Changes in the TME may affect
the proliferative and metastatic potential of tumors, thus restricting or enabling progres-
sion [13]. Reports suggest that an immunosuppressive TME accounts for poor prognosis or
clinical outcome among cancer patients [17–19]. Therefore, targeting the TME, particularly
the priming of the immune cellular components inclined toward antitumor responses will
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be advantageous in eliminating cancer. Figure 1 illustrates a summary of the mechanisms
involved in Salmonella-mediated modulation of immune responses in the TME.
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Figure 1. An overview of Salmonella-mediated modulation of tumor-specific immune responses in
the tumor microenvironment. Salmonella overcomes the immunosuppressive TME by downregu-
lating tumor-intrinsic IDO and PD-L1, leading to the reactivation and increase in the population
of effector T cells. Further, Salmonella directs reprogramming of macrophages toward an antitu-
mor phenotype upon stimulation by extracellular HMGB1. The symbol “X” shown in red means
prevention/inhibition of the activity.

Tumor molecular heterogeneity and tumor-intrinsic dysregulated signaling path-
ways contribute to the shaping of an inflammatory and immunosuppressive TME. For
instance, Wnt/β-catenin activation in tumor cells from clinical samples mediates exclusion
of tumor-specific T-cells from the TME [20]. Likewise, the activation of STAT3 signaling
in tumor-implant models significantly decreased the expression of tumor-secretory proin-
flammatory mediators [21]. Another clinically relevant pathway that negatively impacts
immune responses is the PI3K/PTEN/AKT pathway. PIK3CA activating mutations or
PTEN loss-of-function mutations activate PI3K/AKT signaling that often results in an
increase of immunosuppressive tumor-associated macrophage (TAM) infiltrates [22]. This
signaling axis is also often involved in the regulation of tryptophan-degrading enzyme
indoleamine-2,3-dioxygenase (IDO) in cancer and surrounding stroma [23,24]. High IDO
activity deprives effector immune cells of available tryptophan and, in particular, T-cells
undergo cell cycle arrest at the G1 phase due to depleted tryptophan [25,26]. Trypto-
phan deprivation can be sensed by T cells, thus triggering the kinase general control
non-depressible 2 (GCN2) to undergo proliferative arrest, thereby increasing the Treg pop-
ulation [27,28]. Moreover, the byproduct of tryptophan catabolism, i.e., kynurenine, can
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induce T cell apoptosis [26]. Aberrant and high expression of immunosuppressive IDO has
been determined to be a prognostic factor for poor clinical outcome [29,30] while the thera-
peutic inhibition of IDO may result in a favorable outcome. Interestingly, Salmonella-based
treatment using Salmonella enterica serovar Choleraesuis significantly reduced IDO expres-
sion and activity by suppressing AKT signaling, specifically the AKT/mTOR/p70S6K
axis [23]. Suppression of AKT/mTOR signaling by Salmonella was also found to downreg-
ulate the expression of tumor-intrinsic immune tolerance mediator, that is, programmed
death-ligand1 (PD-L1) [31]—a transmembrane protein acting as a ligand for the immune
checkpoint receptor PD-1, one of the gatekeepers of immune response, along with CTLA4,
LAG3, TIM3, TIGIT and BTLA [32]. Effector T cell activation, TCR-mediated proliferation
as well as cytokine production were expected to be suppressed with high expression of
surface PD-L1 in tumors upon interaction with T cell PD-1 [33], which were reversed by
Salmonella treatment [31]. In an earlier study, it was found that Salmonella-mediated tumor
regression induced the phenotypic and functional activation of intratumoral myeloid cells,
but not that of splenic CD11b+ cells, making them significantly less immunosuppressive in
the TME; this observation was attributed to the significant reduction of IL-4-IL-13/ARG1
axis, a prototypical marker for immunosuppressive tumor-associated macrophages [34].
In another study, Flagellin from Salmonella was demonstrated to facilitate the breaking of
immunosuppression in the TME by decreasing the population of CD4+CD25+ Treg cells in
TME via TLR5 signaling [35].

4. Directing Immune Infiltrates toward Antitumor Responses

The immune cellular components of the TME are perceived to be critical in controlling
tumorigenesis and progression to metastasis. While it is true that TME may harbor both
tumor-promoting and tumor-suppressing innate and adaptive immune cells, the prevalence
and ratio of these components predict clinical prognosis [20,36]. In most cases of cancer, the
number of effector immune cells is overwhelmed by suppressive cells; however, these cells
are not only suppressive, but they also provide the necessary element to support survival
of tumors as well as progression to metastasis by mediating epithelial-to-mesenchymal
transition (EMT), angiogenic sprouting, and extracellular matrix (ECM) remodeling [37,38].
As such, it is indeed feasible to set tumor-associated immune infiltrates as targets for
cancer therapy. Strategizing on how to increase the antitumor immune activity was proven
efficient against various cancer types including breast cancer [23], lung cancer [31,39], and
melanoma [31], among others.

4.1. Adaptive Immunity

The antitumor capacity of Salmonella is not solely reliant on its own ability to induce
tumor cell death as it can also promote a collaborative effort with effector cells recruited and
activated within the TME. Our previous report suggested that systemic administration of
Salmonella enterica serovar Choleraesuis exerts antitumor activity by stimulating T cell type
1 immune response as revealed by an increased interferon-γ (IFN-γ)-mediated response in
wild type and CD8+ T cell-deficient mice as compared with CD4+ T cell-deficient mice [39].
Furthermore, we also found that S. enterica serovar Choleraesuis significantly up-regulated
the production of IFN-γ, IFN-inducible chemokines CXCL9 (MIG), and CXCL10 (IP-10)
in C3H/HeN wildtype, but not in C3H/HeJ TLR4-deficient mice, suggesting that TLR4
is involved in the stimulation of CD4+ and CD8+ T cell-dependent antitumor immune
response [40]. Interestingly, another group showed that the accumulation of Salmonella-
infected tumor cells undergoing tumor lysis may enable further stimulation of tumor-
specific T cell responses, involving both CD4+ and CD8+ T cells, at a later time point post-
treatment [11]. Cross-presentation of tumor-derived antigens from cellular debris is likely
to cause the stimulation of naïve T cells [11]. Two other strains of Salmonella, namely LVR01
and 7207, were shown to induce recruitment of activated CD8+ T cells or cytotoxic T cells
(CTL) accompanied by substantial increase in apoptotic and necrotic tumor cells [41,42].
Likewise, another strain of Salmonella, namely SalpNG.1, efficiently increased tumor-
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infiltrating CD8+ T cells and NK cells [43]. Another group suggested the involvement
of Salmonella lipopolysaccharide (LPS) in the activation and recruitment of immune cells
and the subsequent production of TNF-α resulting in tumor retardation [44]. Previously,
we have explained a mechanism by which Salmonella increases activated tumor-specific T
cells, which is by reducing tumor-intrinsic IDO expression (Figure 1) [23]. As mentioned,
IDO depletes available tryptophan causing T cell arrest and increases kynurenine which
is toxic to T cells [25]. The substantial downmodulation of IDO was caused, in part, by
suppressing AKT/mTOR activity [23]. Furthermore, it has been shown that Salmonella
may decrease IDO via another mechanism, i.e., by upregulating Cx43 [28], although
the main role of Cx43 in inhibiting IDO expression remains unclear. Nevertheless, both
suppression of the AKT/mTOR cascade and upregulation of Cx43 demonstrated a possible
link among downmodulation of IDO, an increase in T cell infiltrates, and T cell-induced
tumor apoptosis, particularly by CD8+ T cells. In a recent study from our group, we
provided additional mechanisms to explain the increased reactivated tumor-specific T cell
population (Figure 1). In particular, we showed that Salmonella-mediated downregulation
of tumor PD-L1 contributes to the reactivation of tumor-specific T cells [31]. To evaluate the
involvement of PD-L1 downregulation in increasing T cell activity, a coculture experiment
was performed. Findings suggested that activated CD8+ T cell population was substantially
increased while the number of T cells undergoing apoptosis was decreased; the outcome of
the experiments were corroborated using tumor-bearing murine models [31]. A different
Salmonella vaccine strain, namely Salmonella enterica serovar Typhimurium vaccine (RASV),
also demonstrated a CD8+ T cell-dependent antitumor activity after intratumoral injection;
however, the disparity in tumor volume between CD8+ T cell-depleted mice group with and
without Salmonella treatment indicates other key players in the antitumor responses [45].
Although it was found that RASV treatment significantly increased CD11b(+)Gr-1(+)
myeloid-derived suppressor cells (MDSC), a significant proportion of the these account for
TNF-α-secreting Ly6-G(high) antitumor subsets [45]. A more recent study from another
group demonstrated that the flagella of Salmonella VNP20009 strain can induce activation
of Flagellin/TLR5/NF-κB signaling in splenic and intratumoral immune infiltrates and
that flagella-deficient Salmonella did not elicit substantial antitumor response [46]. Results
of their experiments also revealed that T cells from tumors receiving wild-type Salmonella
enhanced RNA expression of key inflammatory cytokines (i.e., IL-4, IL-5, IL-13, IL-17, IL-21,
IL-22 and IFN-γ), compared with T cells from tumors treated with flagellum-deficient
strains [46].

4.2. Innate Immunity

Immune cells of the innate lineage also form part of the inflammatory TME. Since the
prevalent immunosuppressive phenotype in tumor-associated macrophages is associated
with poor clinical prognosis relating to cancer progression, inducing phenotypic reprogram-
ming may help improve prognosis [47,48]. We already mentioned that Salmonella-based
treatment plays an essential role in modulating antitumor immune response. Interest-
ingly, this Salmonella-mediated immune response not only increases antitumor T cell
activity but also entices the participation of macrophages, neutrophils, dendritic, and NK
cells [11,40,41].

Our group is interested in deciphering how Salmonella reprograms host immunity
toward becoming more tumoricidal. In particular, we recently found that Salmonella can
reprogram tumor-associated macrophages (TAMs) toward an antitumor phenotype [49].
TAMs originate from the myeloid lineage and exist in two forms in the TME, namely, M1
and M2 macrophages, whose subpopulation ratio and prevalence may determine patient
outcome [50]. The presence of more M1-like macrophages in a tumor may indicate better
clinical outcome. TAMs may be resident macrophages or those that are recruited into
the tumor tissue from the bone marrow; these cells normally differentiate from mono-
cytes [51]. The accumulation and phenotype switching of macrophages in the tumor in
order to polarize into either M1-like or M2-like phenotype depends on the cytokines and
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chemokines produced and secreted either by the tumor or stromal cells. Classical activation
of TAMs, as stimulated by LPS, IFN-γ, TNF-α, and HMGB1, generates M1-like phenotypes
regarded as antitumor macrophages due to their potential to undermine tumor growth and
progression; these macrophages are aggressive in nature and highly phagocytic, and can
promote Th1 responses [52–54]. On the other hand, the M2-like phenotype is the outcome
of alternative activation of TAMs; these cells positively influence the tumor, as they are
involved in promoting immunosuppression, angiogenesis, and extracellular matrix (ECM)
remodeling [52,53,55]. In our study, we found that Salmonella treatment polarizes TAMs
toward an M1-like phenotype by increasing tumor secretion of HMGB1 (Figure 1) [49].
The role of HMGB1 in proinflammatory M1-like reprogramming has already been re-
ported, and that this late inflammatory cytokine influences TAMs polarization possibly
via multiple pathways such as TLR2, TLR4, and RAGE/NF-κB signaling cascades [56,57].
Polarized M1-like macrophages in the TME, following Salmonella treatment, produce sig-
nificant amounts of proinflammatory cytokine Interleukin-1β (IL-1β), and that increase
in IL-1β corresponds to tumor regression [49,58]. An earlier study also revealed that the
direct interaction between Salmonella and bone marrow-derived macrophages (BMDM)
positively influenced production of inflammasome-related proteins such as NLRP3, IPAF
and caspase-1 p10, and a high-level secretion of IL-1β [59]. Although IL-1β appears to be
involved in tumor invasion and angiogenesis, its role in the context of cancer treatment has
also been reported [60–62]. IL-1β inhibits tumor growth by promoting tumor cell death;
this is accomplished by priming CD8+ T cells or stimulating CD4+ T cells toward Th1
response [58].

5. Antitumor Immune Modulation via Salmonella Delivery System

Early attempts in Salmonella-based cancer treatment for phase 1 clinical trials using the
VNP20009 strain failed in inducing significant tumor regression along with documented
side effects at high dosage, and resulted in the research being discontinued [63]; never-
theless, the observed increase of circulating inflammation-related cytokines (TNF-α, IL-6,
IL-1β, and IL-12) and tumor colonization noted from biopsies of some patients in the
trial [63] prompted scientists and clinicians to improve Salmonella-based treatment. Owing
to its tumor-targeting, innate oncolytic ability, and immune modulation, Salmonella is now
considered a viable tool as a vehicle for the delivery of antitumor compounds, RNAi,
therapeutic genes, and vaccines via gene-editing or engineering techniques [64–66]. The
summary of the immunomodulatory effects of Salmonella carrying various therapeutic
agents are listed in Table 1. Prior accounts utilizing Salmonella as a delivery vector for
RNA interference targeting the expression of oncogenic products, including STAT3 [67],
Bcl-2 [68], P-glycoprotein [69], and HIF-1 [70], has been demonstrated to promote signifi-
cant tumor regression and increased survival in murine models. This may be explained, in
part, by the participation of tumor-secretory cytokines and chemokines that are inhibited
by STAT3, which then promotes dendritic cell maturation and T cell activation [21]. This
context, however, needs further confirmation. Salmonella was also used to deliver shRNA
to target the immunosuppressive factor IDO; the IDO blockade turned out to cause signifi-
cant tumor cell death that is associated with a substantial increase of infiltrating reactive
oxygen species (ROS)-producing polymorphonuclear neutrophils (PMN) [71]. Further,
several reports suggested that orally delivered cytokine gene therapy using Salmonella
as the vector—carrying expression vectors encoding IL-12, GM-CSF, and IL-4 or IL-18
genes—significantly increased cytotoxic T cell activity and prolonged mice survival [72,73].
Intravenous administration of Salmonella encoding cytokine LIGHT (a member of TNF
ligand superfamily) markedly increased CD19+ B cells, CD4+ T cells, and CD8+ T cells in tu-
mors [74]. In another study, treatment with the Salmonella encoding IL-2 gene demonstrated
a reduced osteosarcoma pulmonary metastasis associated with considerable increase of
pulmonary NK cell population [75]. Oral administration of the Salmonella encoding IL-2
gene has been subjected to phase 1 clinical study for canine osteosarcoma [76]. Surprisingly,
a recent phase 1 clinical trial using Salmonella encoding human IL-2 gene was conducted
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for patients suffering from metastatic gastrointestinal cancer [77]. Findings from this dose-
escalation study included an increase in circulating NK cells and NK-T cells compared
with the pre-study period, while no toxicity or adverse events were observed during the
study period [77]. It was previously mentioned that IFN-γ and IFN-inducible chemokines
are also mediators that stimulate antitumor immune response [39,40]. Yoon et al. [78]
demonstrated that S. typhimurium encoding SipB160/IFN-γ elicited tumor regression in an
NK cell-dependent manner with no observable adverse reactions. An engineered Salmonella
generated to secrete heterologous flagellin B (FlaB) from Vibrio vulnificus was shown to
incite immune infiltration via TLR4 signaling, leading to the subsequent reprogramming of
macrophages, via TLR5 signaling, toward an M1-like antitumor phenotype [79].

Table 1. Salmonella as a delivery vehicle for cancer immunotherapy.

Strains Cargo Immune Modulation
Effects Cell Lines Mouse

Models Ref.

S. typhimurium LIGHT

Increased splenic CD11c +
CD205+ DCs;

CXCR3-mediated increase
of tumor infiltration with T

cells

CT-26 colon carcinoma
cells; Lewis lung
carcinoma cells

BALB/c;
C57BL/6 mice [74]

S. typhimurium Fas ligand (FasL) Neutrophil-dependent
antitumor activity

CT-26 colon carcinoma
cells; D2F2 breast cancer;

B16F10 melanoma

BALB/c;
C57BL/6 mice [80]

S. typhimurium IL-18

Increased cytokine secretion
by tumors; enhanced

infiltration and
accumulation of T cells, NK

cells, and granulocytes

CT-26 colon carcinoma
cells; D2F2 breast cancer;

Lewis lung carcinoma
cells

BALB/c;
C57BL/6 mice [81]

S. typhimurium
SalpIL2 IL-2

Increased NK cell
population in both spleen

and metastatic tumor mass
Osteosarcoma cells BALB/c mice [75]

S. typhimurium
(pur-/msb-) CCL21

Elevated CXCL9, CXCL10,
and IFN-γ in the TME;

abundant mononuclear and
polynuclear cell tumor

infiltrates

CT-26 colon carcinoma
and B16F10 melanoma

cells

BALB/c;
C57BL/6 mice [82]

S. typhimurium IDO shRNA Recruits ROS-producing
PMNs B16F10 melanoma cells C57BL/6, IDO-KO;

Rag1-KO mice [71]

S. typhimurium
VNP20009 PNP Enhances CD8(+) T-cell

infiltration B16F10 melanoma cells C57BL/6J mice [83]

S. typhimurium
BRD509 HPV16 E7

Increased serum IFN-γ and
TNF-α; enhanced CTL

activity
TC-1 cervical cancer cells C57BL/6J mice [84]

S. typhimurium
SHJ2037 FlaB

TLR5-dependent infiltration,
and activation of immune

cells thereafter

MC38; B16F10 cells;
TLR5–negative colon

cancer cells

TLR4−/−,
TLR5−/−, and
MyD88−/− KO
mice (C57BL/6

genetic
background)

[79]

S. typhimurium
BRD509 IFN-γ Enhanced IFN-γ-mediated

NK cell activity
B16F10 and A375SM

human melanoma cells

C57BL/6 mice;
RAG0.γc0 lacking
NK cells (C57BL/6

background)

[78]

S. typhimurium
BRD509 IL-2

NK and cytotoxic T
cell-mediated tumor

apoptosis
B16F10 melanoma cells C57BL/6J mice [85,86]
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6. Salmonella as Tool for Anticancer Vaccine

Advances in studying Salmonella-based therapy sparked innovation in the develop-
ment of a therapeutic vaccine for various types of cancer. Primarily, the goal of therapeutic
vaccines is to coax lasting antitumor memory apart from eradicating an already established
tumor mass [87]. Enhanced infiltration and activation of T cell subsets is essential for an
efficacious vaccine. In fact, significant tumor regression was observed in T cell-deficient
models following intravenous infusion with tumor-sensitized splenic T cells from im-
mune donors [88–90]. Recently, Fan et al. [91] developed a Salmonella strain, namely S.
typhimurium RE88 by H2O2 inactivation to serve as carrier platform for cancer vaccines.
Findings from the study indicated that subcutaneous vaccination with H2O2-inactivated
Salmonella enhanced splenic T cell activation and increased CD4+ and CD8+ T cell infiltra-
tion into the tumor tissue. In a bacteria-based vaccine platform, cytotoxic T cells are the
primary effectors of tumor-specific immune response, while both the CD4+ and CD8+ T
cells mediated the memory phase thereafter [92]. Salmonella relies on its TTSS to deliver
heterologous antigens into the cytosol of affected cells—usually, antigen presenting cells
or APCs for optimal immunogenicity [93]. APCs are vital in promoting adaptive immune
responses via antigen processing and presentation that is then recognized by T cells [94].
Several DNA vaccines or tumor-associated antigens (TAA) reliant on Salmonella-mediated
delivery have been studied so far (Table 2), some of which have been approved for early-
phase clinical trials. A list of previous and ongoing clinical trials is presented in Table 3.
Niethammer et al. [95] reported a double-blind, placebo-controlled, dose-escalation phase
I trial of oral DNA vaccine VXM01 (against VEGF receptor 2) carried by S. typhi Ty21a
for locally advanced and stage IV pancreatic cancer. An early-phase trial revealed that
VEGFR2 specific effector T cells, but not Treg responses, were substantially increased
among vaccinated patients; this correlates with a reduction of tumor perfusion, an in-
creased serum biomarker for antiangiogenic activity, and increased collagen IV at the
38th day post-vaccination with no recorded dose-limiting toxicities [95,96]. A phase 1 trial
extension for up to six monthly boost vaccinations or placebo further demonstrated a
pronounced increase in VEGFR2-specific T cell response [97]. Another candidate vaccine
generated from a TAA known as Survivin using Salmonella as a vector, designated as
CVD908ssb-TXSVN, is on its recruiting status for a multiple myeloma phase I clinical
trial [98]. More recently, a phase I clinical trial of an oral DNA vaccine using S. enterica
carrying neuroblastoma-associated antigens in combination with intramuscular injection
of DNA-polyethylenimine conjugate is likewise on its recruiting stage [99]. Taken to-
gether, these Salmonella-based vaccines provide a state-of-the-art therapeutic intervention
for cancer treatment and prevention of cancer recurrence and metastasis.

Table 2. Salmonella-based cancer vaccine platforms.

Species Route Cargo Murine Cancer Type Ref.

S. typhimurium-lux Oral Mouse α-fetoprotein gene Colon carcinoma; Hepatoma [100]
S. typhimurium

(∆phoP ∆phoQ)
Oral;

Intratumoral NY-ESO-1 tumor antigen Sarcoma [93]

S. typhimurium
(Dam−; AroA−) Oral Legumain Breast cancer [101]

S. typhimurium SL3261 Oral VEGFR-2/FLK1 Lung carcinoma [102]

S. typhimurium MvP728
(purD/htrA) Oral Survivin; MYCN oncoproteins

Colon carcinoma;
Glioblastoma;

B cell lymphoma
[103–105]

S. typhimurium SL7207 Oral Mouse prostate stem cell antigen TRAMPC1
prostate carcinoma [106]

S. typhimurium SL7207 Oral Survivin Neuroblastoma [107]
Salmonella SL3261 Oral 4-1BBL Colorectal cancer [108]

S. typhimurium A1-R Intravenous Tumor-specific antigen ovalbumin
(OVA) Melanoma [109]

S. typhimurium SL7207 Intranasal AIDA-1 autotransporter and
DNA vaccine elements Melanoma [110]
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Table 3. Previous and ongoing clinical trials for Salmonella-based cancer therapy.

Strains Cargo Route Cancer Type Phase and
Status

No. of
Enrolled
Patients

NCT
Number Ref.

VNP20009 n/a Intratumoral Neoplasm, metastatic Phase I,
completed 45 NCT00004988 [111]

VNP20009 n/a Intratumoral Metastatic melanoma
and renal cancer

Phase I,
completed 45 NCT00006254 [112]

VNP20009 n/a Intratumoral
Unspecified adult solid

tumors
(advanced/metastatic)

Phase I,
completed 40 NCT00004216 [113]

S. typhimurium
SalpIL2

human
IL-2 Oral

Solid tumors
(unresectable hepatic

spread)

Phase I,
completed 22 NCT01099631 [114]

S. typhimurium
Ty21a

(VXM01 vaccine)
VEGFR2 Oral Advanced pancreatic

cancer
Phase I,

completed 72 NCT01486329 [115]

Salmonella
CVD908ssb

(TXSVN vaccine)
Survivin Oral Multiple myeloma Phase I,

recruiting 24 (est.) NCT03762291 [98]

S. typhimurium
SS2017

Tumor-
associated
antigens

Oral Neuroblastoma Early phase I,
recruiting 12 (est.) NCT04049864 [99]

S. typhimurium
Saltikva

human
IL-2 Oral Metastatic pancreatic

cancer
Phase II,

recruiting 60 (est.) NCT045892 [116]

Note: n/a, not applicable; est., estimated.

7. In Tandem Therapy

The concept of combinatorial treatment has been promoted in the attempt to address
documented treatment drawbacks—relating to poor targeting, treatment resistance, and
low response among patients—in conventional treatment modalities including chemother-
apy, radiation therapy, cytokine therapy, and mAbs. Salmonella therapy in combination
with radiation therapy such as X-ray provided an additive effect in suppressing tumor
growth and prolonging survival in mice bearing B16F10 or Cloudman S91 melanomas [117]
and CT26 colon tumors [118]. Furthermore, γ-radiation-inducible ROS expression and
H2AX phosphorylation mediated by Salmonella infection substantially increased apoptosis
in melanoma [119]. These combinatorial therapies have shown eradication of tumors
which may be an outcome of activating radiation-induced tumor cell death. The role of
tumor-specific immunity in this context may be investigated further, as a report suggests
that the ionizing radiation contributes to immunogenic tumor cell death [120]. Therapeutic
combinations with other existing treatment approaches or interventions have also been
reported to enhance the effect of Salmonella-based treatment in modulating tumor-specific
immune responses [120]. For instance, we previously reported that Salmonella treatment did
enhance tumor chemosensitivity to cisplatin via Cx43 upregulation [121]. The Salmonella +
cisplatin synergistic effect resulted in a significant tumor regression that is accounted for,
in part, by the increased infiltrating neutrophils and CD8+ T cells compared with either
Salmonella or cisplatin alone [121,122]. Doxorubicin is another chemotherapeutic drug
investigated for combination therapy with S. typhimurium DSLpNG in the autochthonous
model of breast cancer demonstrating significant CD8+ T cell infiltration, but not the Treg
population [123]. In another study, S. typhimurium LVR01 combined with CHOP chemother-
apy (cyclophosphamide, doxorubicin, vincristine, and prednisone/steroid combination)
enhanced NK cell-mediated cytotoxic activity along with greater intratumoral CD8+ T cell
and neutrophil infiltrations compared with non-combinatorial treatments, revealing the
participation of systemic lymphoma-specific humoral immune responses [124]. In contrast,
triptolide and Salmonella VNP20009 combination relied on enhanced Salmonella-mediated
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direct tumor lysis as triptolide substantially inhibited neutrophil infiltration along with
reduced production of proinflammatory cytokines and chemokines (IL-6, IL-1α, IL-1β,
IL-12p70, IL-17, IL-13, G-CSF, GM-CSF, MIP-1α, MIP-1β, KC, and eotaxin) in the TME [125].
Meanwhile, another group combined the Salmonella-based treatment with adoptive T cell
therapy, which, as expected improved the regression of tumors; the observed outcome was
found to be mediated by an increased neutrophil and decreased monocyte population, and
secondarily rescued dysfunctional endogenous tumor-specific T cells within the TME [126].

8. Conclusions

Salmonella-based cancer therapy is indeed a potential and promising approach owing
to its innate potential to influence the destruction of cancer cells, and its versatility to act
as a vehicle for the delivery of therapeutic genes, drugs, and vaccines. Findings from
various research groups, as described herein, suggested that Salmonella-based treatments
employ the active participation of both the innate and adaptive immune responses. It has
been shown that Salmonella taps a multilayer of molecular and cellular mechanisms in
modulating the immune responses. In particular, Salmonella deters the immunosuppressive
nature of the TME by altering tumor-intrinsic signaling cascades and the overall gene
expression pattern. This is coupled with enhanced infiltration and activation of tumor-
specific immune cells, including macrophages, neutrophils, NK cells, CD4+, and CD8+
T cells, and/or the reactivation of dysfunctional effector cells. It is also noteworthy to
mention that Salmonella can serve as an efficient platform for gene therapy, RNAi, cytokine
therapy and vaccine delivery, to address not only an already established tumor but also to
prevent disease recurrence and metastasis. The growing plethora of evidence has shown
that this innovative strategy for the treatment of cancer holds a potential for routine clinical
application that overcomes the limitations of conventional therapies.
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AIDA-1 Adhesin involved in diffuse adherence
Akt Protein kinase B
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CCL Chemokine (C-C motif) ligand
CD Cluster of differentiation
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CXCL Chemokine (C-X-C motif) ligand
CXCR Chemokine receptor
DCs Dendritic cells
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ECM Extracellular matrix
FlaB Flagellin B
FLK1 Fetal Liver Kinase-1
HMGB1 High mobility group box 1 protein
HPV16 E7 Human papillomavirus type 16 protein E7
IDO Indoleamine-2,3-dioxygenase
IFN-γ Interferon-gamma
IL Interleukins
iNOS Inducible nitric oxide synthase
LIGHT Lymphotoxin-like inducible protein that competes

with glycoprotein D for herpes virus entry on T cells
KO Knockout
LPS Lipopolysaccharide
mTOR Mammalian target of rapamycin
MYCN MYCN protooncogene
MyD88 Myeloid differentiation primary response 88
NK Natural killer
NY-ESO-1 New York esophageal squamous cell carcinoma 1
PD-1 Programmed Death-1
PD-L1 Programmed Death-Ligand 1
PNP Purine nucleoside phosphorylase
PMNs Polymorphonuclear leukocytes
shRNA Short hairpin ribonucleic acid
TAA Tumor-associated antigens
TAMs Tumor-associated macrophages
TLR Toll-like receptor
TNF-α Tumor necrosis factor-alpha
TME Tumor microenvironment
Treg Regulatory T cells
TTSS Type three secretion system
VEGF Vascular endothelial growth factor
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101. Lewēn, S.; Zhou, H.; Hu, H.; Cheng, T.; Markowitz, D.; Reisfeld, R.A.; Xiang, R.; Luo, Y. A Legumain-Based Minigene Vaccine
Targets the Tumor Stroma and Suppresses Breast Cancer Growth and Angiogenesis. Cancer Immunol. Immunother. 2008, 57,
507–515. [CrossRef]

102. Zuo, S.G.; Chen, Y.; Wu, Z.P.; Liu, X.; Liu, C.; Zhou, Y.C.; Wu, C.L.; Jin, C.G.; Gu, Y.L.; Li, J.; et al. Orally Administered DNA
Vaccine Delivery by Attenuated Salmonella typhimurium Targeting Fetal Liver Kinase 1 Inhibits Murine Lewis Lung Carcinoma
Growth and Metastasis. Biol. Pharm. Bull. 2010, 33, 174–182. [CrossRef]

103. Xiong, G.; Husseiny, M.I.; Song, L.; Erdreich-Epstein, A.; Shackleford, G.M.; Seeger, R.C.; Jäckel, D.; Hensel, M.; Metelitsa, L.S.
Novel Cancer Vaccine Based on Genes of Salmonella Pathogenicity Island 2. Int. J. Cancer 2009, 126, 2622–2634. [CrossRef]

104. Xu, X.; Hegazy, W.A.H.; Guo, L.; Gao, X.; Courtney, A.N.; Kurbanov, S.; Liu, D.; Tian, G.; Manuel, E.R.; Diamond, D.J.; et al.
Effective Cancer Vaccine Platform Based on Attenuated Salmonella and a Type III Secretion System. Cancer Res. 2014, 74,
6260–6270. [CrossRef]

105. Xu, X.; Kurbanov, S.; Guo, L.; Gao, X.; Galen, J.E.; Metelitsa, L.S. 217. Development of an Effective Cancer Vaccine Platform Using
Attenuated Salmonella to Deliver Recombinant Tumor-Associated Antigens. Mol. Ther. 2015, 23, S85. [CrossRef]

106. Ahmad, S.; Casey, G.; Cronin, M.; Rajendran, S.; Sweeney, P.; Tangney, M.; O’Sullivan, G.C. Induction of Effective Antitumor
Response After Mucosal Bacterial Vector Mediated DNA Vaccination with Endogenous Prostate Cancer Specific Antigen. J. Urol.
2011, 186, 687–693. [CrossRef]

107. Berger, E.; Soldati, R.; Huebener, N.; Hohn, O.; Stermann, A.; Durmus, T.; Lobitz, S.; Zenclussen, A.C.; Christiansen, H.; Lode,
H.N.; et al. Salmonella SL7207 Application Is the Most Effective DNA Vaccine Delivery Method for Successful Tumor Eradication
in a Murine Model for Neuroblastoma. Cancer Lett. 2013, 331, 167–173. [CrossRef]

108. Ye, J.; Li, L.; Zhang, Y.; Zhang, X.; Ren, D.; Chen, W. Recombinant Salmonella-Based 4-1BBL Vaccine Enhances T Cell Immunity
and Inhibits the Development of Colorectal Cancer in Rats: In Vivo Effects of Vaccine Containing 4-1BBL. J. Biomed. Sci. 2013,
20, 8. [CrossRef]

109. Binder, D.C.; Engels, B.; Arina, A.; Yu, P.; Slauch, J.M.; Fu, Y.-X.; Karrison, T.; Burnette, B.; Idel, C.; Zhao, M.; et al. Antigen-Specific
Bacterial Vaccine Combined with Anti-PD-L1 Rescues Dysfunctional Endogenous T Cells to Reject Long-Established Cancer.
Cancer Immunol. Res. 2013, 1, 123–133. [CrossRef] [PubMed]

110. Mei, Y.; Zhao, L.; Liu, Y.; Gong, H.; Song, Y.; Lei, L.; Zhu, Y.; Jin, Z.; Ma, S.; Hu, B.; et al. Combining DNA Vaccine and
AIDA-1 in Attenuated Salmonella Activates Tumor-Specific CD4 + and CD8 + T-Cell Responses. Cancer Immunol. Res. 2017, 5,
503–514. [CrossRef]

http://doi.org/10.1002/jlb.36.1.27
http://doi.org/10.2147/DDDT.S282660
http://doi.org/10.1002/ijc.29567
http://doi.org/10.1172/JCI28045
http://doi.org/10.1155/2015/785634
http://www.ncbi.nlm.nih.gov/pubmed/26583156
http://doi.org/10.1186/1471-2407-12-361
http://doi.org/10.1080/2162402X.2014.1001217
http://www.ncbi.nlm.nih.gov/pubmed/26137397
http://doi.org/10.1080/2162402X.2017.1303584
http://www.ncbi.nlm.nih.gov/pubmed/29632710
https://clinicaltrials.gov/ct2/show/NCT03762291
https://clinicaltrials.gov/ct2/show/NCT04049864
https://clinicaltrials.gov/ct2/show/NCT04049864
http://doi.org/10.1038/sj.cgt.7700927
http://doi.org/10.1007/s00262-007-0389-x
http://doi.org/10.1248/bpb.33.174
http://doi.org/10.1002/ijc.24957
http://doi.org/10.1158/0008-5472.CAN-14-1169
http://doi.org/10.1016/S1525-0016(16)33822-9
http://doi.org/10.1016/j.juro.2011.03.139
http://doi.org/10.1016/j.canlet.2012.12.026
http://doi.org/10.1186/1423-0127-20-8
http://doi.org/10.1158/2326-6066.CIR-13-0058
http://www.ncbi.nlm.nih.gov/pubmed/24455752
http://doi.org/10.1158/2326-6066.CIR-16-0240-T


Biomedicines 2021, 9, 1566 16 of 16

111. U.S. National Institutes of Health. Clinicaltrials.gov Treatment of Patients with Cancer with Genetically Modified Salmonella
typhimurium Bacteria. Available online: https://clinicaltrials.gov/ct2/show/results/NCT00004988?view=results (accessed on
22 October 2021).

112. U.S. National Institutes of Health. Clinicaltrials.gov VNP20009 in Treating Patients with Advanced Solid Tumors. Available
online: https://www.clinicaltrials.gov/ct2/show/NCT00006254 (accessed on 22 October 2021).

113. U.S. National Institutes of Health. Clinicaltrials.gov VNP20009 in Treating Patients with Advanced or Metastatic Solid Tumors
That Have Not Responded to Previous Therapy. Available online: https://www.clinicaltrials.gov/ct2/show/NCT00004216
(accessed on 22 October 2021).

114. U.S. National Institutes of Health. Clinicaltrials.gov IL-2 Expressing, Attenuated Salmonella typhimurium in Unresectable Hepatic
Spread. Available online: https://clinicaltrials.gov/ct2/show/NCT01099631 (accessed on 22 October 2021).

115. U.S. National Institutes of Health. Clinicaltrials.gov VXM01 Phase I Dose Escalation Study in Patients with Locally Advanced,
Inoperable and Stage IV Pancreatic Cancer. Available online: https://clinicaltrials.gov/ct2/show/NCT01486329 (accessed on
22 October 2021).

116. Platt, J.; Sodi, S.; Kelley, M.; Rockwell, S.; Bermudes, D.; Low, K.B.; Pawelek, J. Antitumour Effects of Genetically Engineered
Salmonella in Combination with Radiation. Eur. J. Cancer 2000, 36, 2397–2402. [CrossRef]

117. Liu, X.; Jiang, S.; Piao, L.; Yuan, F. Radiotherapy Combined with an Engineered Salmonella typhimurium Inhibits Tumor Growth in
a Mouse Model of Colon Cancer. Exp. Anim. 2016, 65, 413–418. [CrossRef] [PubMed]

118. Yoon, W.S.; Kim, S.; Seo, S.; Park, Y. Salmonella typhimurium with γ-Radiation Induced H2AX Phosphorylation and Apoptosis in
Melanoma. Biosci. Biotechnol. Biochem. 2014, 78, 1082–1085. [CrossRef]

119. Beauford, S.S.; Kumari, A.; Garnett-Benson, C. Ionizing Radiation Modulates the Phenotype and Function of Human CD4+
Induced Regulatory T Cells. BMC Immunol. 2020, 21, 1–13. [CrossRef]

120. Al-Saafeen, B.H.; Fernandez-Cabezudo, M.J.; al-Ramadi, B.K. Integration of Salmonella into Combination Cancer Therapy. Cancers
2021, 13, 3228. [CrossRef] [PubMed]

121. Chang, W.-W.; Lai, C.-H.; Chen, M.-C.; Liu, C.-F.; Kuan, Y.-D.; Lin, S.-T.; Lee, C.-H. Salmonella Enhance Chemosensitivity in Tumor
through Connexin 43 Upregulation. Int. J. Cancer 2013, 133, 1926–1935. [CrossRef]

122. Lee, C.-H.; Wu, C.-L.; Tai, Y.-S.; Shiau, A.-L. Systemic Administration of Attenuated Salmonella choleraesuis in Combination with
Cisplatin for Cancer Therapy. Mol. Ther. 2005, 11, 707–716. [CrossRef]

123. Saltzman, D.; Augustin, L.; Leonard, A.; Mertensotto, M.; Schottel, J. Low Dose Chemotherapy Combined with Attenuated
Salmonella Decreases Tumor Burden and Is Less Toxic than High Dose Chemotherapy in an Autochthonous Murine Model of
Breast Cancer. Surgery 2018, 163, 509–514. [CrossRef]

124. Bascuas, T.; Moreno, M.; Grille, S.; Chabalgoity, J.A. Salmonella Immunotherapy Improves the Outcome of CHOP Chemotherapy
in Non-Hodgkin Lymphoma-Bearing Mice. Front. Immunol. 2018, 9, 9. [CrossRef]

125. Chen, J.; Qiao, Y.; Tang, B.; Chen, G.; Liu, X.; Yang, B.; Wei, J.; Zhang, X.; Cheng, X.; Du, P.; et al. Modulation of Salmonella Tumor-
Colonization and Intratumoral Anti-Angiogenesis by Triptolide and Its Mechanism. Theranostics 2017, 7, 2250–2260. [CrossRef]

126. Binder, D.C.; Arina, A.; Wen, F.; Tu, T.; Zhao, M.; Hoffman, R.M.; Wainwright, D.A.; Schreiber, H. Tumor Relapse Prevented by
Combining Adoptive T Cell Therapy with Salmonella typhimurium. OncoImmunology 2016, 5, e1130207. [CrossRef]

https://clinicaltrials.gov/ct2/show/results/NCT00004988?view=results
https://www.clinicaltrials.gov/ct2/show/NCT00006254
https://www.clinicaltrials.gov/ct2/show/NCT00004216
https://clinicaltrials.gov/ct2/show/NCT01099631
https://clinicaltrials.gov/ct2/show/NCT01486329
http://doi.org/10.1016/S0959-8049(00)00336-1
http://doi.org/10.1538/expanim.16-0033
http://www.ncbi.nlm.nih.gov/pubmed/27301721
http://doi.org/10.1080/09168451.2014.905173
http://doi.org/10.1186/s12865-020-00349-w
http://doi.org/10.3390/cancers13133228
http://www.ncbi.nlm.nih.gov/pubmed/34203478
http://doi.org/10.1002/ijc.28155
http://doi.org/10.1016/j.ymthe.2005.01.008
http://doi.org/10.1016/j.surg.2017.09.036
http://doi.org/10.3389/fimmu.2018.00007
http://doi.org/10.7150/thno.18816
http://doi.org/10.1080/2162402X.2015.1130207

	Introduction 
	Salmonella as a Viable Option for Bacteria-Mediated Cancer Therapy 
	Breaking the Immunosuppressive Nature of Tumor Microenvironment 
	Directing Immune Infiltrates toward Antitumor Responses 
	Adaptive Immunity 
	Innate Immunity 

	Antitumor Immune Modulation via Salmonella Delivery System 
	Salmonella as Tool for Anticancer Vaccine 
	In Tandem Therapy 
	Conclusions 
	References

