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Simple Summary: Despite significant advances in the development of new treatments, cancer con-
tinues to be a major public health concern due to the high mortality associated with the disease.
The introduction of immunotherapy as a new modality for cancer treatment has led to unprece-
dented clinical responses, even in terminal cancer patients. However, for reasons that remain
largely unknown, the percentage of patients who respond to this treatment remains rather modest.
In the present article, we highlight the potential of using attenuated Salmonella strains in cancer
treatment, particularly as a means to enhance therapeutic efficacy of other cancer treatments, includ-
ing immunotherapy, chemotherapy, and radiotherapy. The challenges associated with the clinical
application of Salmonella in cancer therapy are discussed. An increased understanding of the potential
of Salmonella bacteria in combination cancer therapy may usher in a major breakthrough in its clinical
application, resulting in more favorable and durable outcomes.

Abstract: Current modalities of cancer treatment have limitations related to poor target selectivity,
resistance to treatment, and low response rates in patients. Accumulating evidence over the past few
decades has demonstrated the capacity of several strains of bacteria to exert anti-tumor activities.
Salmonella is the most extensively studied entity in bacterial-mediated cancer therapy, and has a good
potential to induce direct tumor cell killing and manipulate the immune components of the tumor
microenvironment in favor of tumor inhibition. In addition, Salmonella possesses some advantages
over other approaches of cancer therapy, including high tumor specificity, deep tissue penetration,
and engineering plasticity. These aspects underscore the potential of utilizing Salmonella in combi-
nation with other cancer therapeutics to improve treatment effectiveness. Herein, we describe the
advantages that make Salmonella a good candidate for combination cancer therapy and summarize
the findings of representative studies that aimed to investigate the therapeutic outcome of combi-
nation therapies involving Salmonella. We also highlight issues associated with their application in
clinical use.

Keywords: Salmonella; cancer; combination therapy; immunotherapy

1. Introduction

It is a well-known fact that cancer is a major public health concern worldwide, with nearly
10 million deaths attributed to this chronic disease each year [1]. Although chemotherapy and
radiotherapy remain the “gold standard” for cancer treatment, they have been associated with
inherent limitations including (a) lack of tumor selectivity and inadequate tissue penetration,
(b) high toxicity to normal tissues, (c) development of resistance to treatment, and (d) tumor
recurrence. In the past few years there has been unprecedented and durable success with the
use of immune checkpoint blockade or chimeric antigen receptor T cell therapies (CAR-T)
in treating cancer [2]. However, the clinical application of such approaches has encountered
several challenges in association with the low response rate among treated patients in addition
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to the development of immune-related adverse effects [3]. These obstacles reduce the capacity
of cancer therapies to achieve the optimum therapeutic outcome and therefore underscore the
increasing demand to develop better strategies for cancer treatment.

Bacterial-mediated cancer therapy (BMCT) was recognized in the 19th century when
Vautier first noticed tumor regression in cancer patients with gas gangrene [4]. Subse-
quently, William Coley succeeded in utilizing heat-inactivated Streptococcus pyogenes and
Serratia marcescens to treat inoperable tumors, providing BMCT as one of the first examples
of cancer immunotherapy [5,6]. Despite the achieved success, BMCT gradually disappeared
from clinical use due to criticisms of Coley’s toxin along with the rise of chemotherapy
and radiotherapy as effective cancer treatments. The development of molecular biology in
addition to the increased understanding of host–pathogen interactions and tumor biology
reinspired the interest of researchers toward utilizing bacteria as an anti-cancer therapeutic
agent. Outstanding and promising candidates for BMCT include Bacillus Calmette-Guerin,
Listeria monocytogenes, Salmonella enterica serovar Typhimurium (hereafter S. typhimurium),
Clostridium novyi-NT, and Escherichia coli [7–11]. Several lines of evidence have documented
the anti-tumor efficacy of the facultative anaerobic Salmonella in addition to its oncolytic
capacity and immunomodulatory effects [12–18]. Besides, Salmonella possesses advantages
in the preferential colonization and proliferation in tumor tissues [19], thus overcoming the
major limitation associated with conventional cancer treatments. Moreover, the engineering
plasticity of Salmonella considerably enhances its therapeutic potential through improving
safety, increasing tumor targeting, and delivering anti-tumor agents [20,21]. Given these
advantages, Salmonella has been utilized in combination with other approaches to can-
cer therapy, including chemotherapy, radiotherapy, and immune checkpoint inhibitors,
in order to compensate for their respective deficiencies and to improve the overall thera-
peutic efficacy. The topic of Salmonella in cancer therapy has been covered in other recently
published reviews [20,22–25].

In the current review, we describe the unique aspects of Salmonella as an anti-cancer
therapeutic agent and summarize the present research on the combination of Salmonella
with other approaches to cancer therapy, considering issues that would impact its clini-
cal translation.

2. Unique Aspects of Salmonella in Cancer Therapy

There are several properties of Salmonella organisms that make them suitable candi-
dates for use in cancer therapy. These are highlighted in Figure 1 and discussed in the
following sections.

2.1. Selective Tumor Colonization

Salmonella are facultative anaerobic intracellular pathogens that exhibit strong prefer-
ential colonization in tumor tissues. In pre-clinical models, S. Typhimurium enrichment
within tumors was >1000 fold greater than that observed in the usual target organs, in-
cluding the spleen and liver [19,26]. Following administration, the bacterial colonization
level in tumors was comparable to that of other tissues [21]. However, this similarity in
the initial levels was disrupted within hours to days due to bacterial clearance from the
circulatory system and other usual target organs, while bacterial proliferation continued
within tumor tissues [21]. The mechanism(s) underlying selective tumor colonization is
still not completely understood. It is thought that the hypoxic and poorly vascularized
conditions within tumor tissues are more favorable to the colonization and proliferation
of Salmonella [20]. This is consistent with Salmonella’s preferential colonization in necrotic
regions, where essential nutrients are available and clearance by the immune system is
impaired [27]. Interestingly, bacterial accumulation was not observed in other hypoxic
non-tumor tissues, highlighting the contribution of other factors to Salmonella’s tumor selec-
tivity [27]. Several studies revealed that chemotaxis plays an essential role in the migration
of Salmonella to tumor tissues [28–31]. For example, aspartate, serine, and ribose/galactose
chemoreceptors were successful in initiating chemotaxis of Salmonella organisms toward
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tumor cylindroids, with penetration of tissue and induction of necrosis [29]. Furthermore,
it has been shown that motility is essential for bacterial accumulation in tumor tissues [32].
However, another study proposed that the accumulation of Salmonella in tumors is in-
fluenced by the tumor microenvironment, host reticuloendothelial system, and bacterial
metabolism, and is independent of its chemotactic and mobile properties [33]. A third study
attributed the initial colonization in tumor tissues to tumor necrosis factor alpha (TNF-α)
induced by the intravenous administration of Salmonella [34]. The increased level of TNF-α
induced an increase in blood influx to the tumor, thereby enhancing the colonization of
Salmonella in tumor tissue [34].

Irrespective of the exact mechanism, the targeted distribution and proliferation of
Salmonella in tumor tissues overcome the lack of tumor specificity and inadequate tissue
penetration, which are the major limiting factors for the therapeutic efficacy of conven-
tional cancer therapies. Moreover, the replication potential of this biological agent allows
its administration at low dose and frequency, thereby minimizing toxicity and adverse
side effects.

Figure 1. Salmonella characteristics that favor their use in cancer therapy. (A) The major modalities of cancer treatment.
(B) The 5 key properties of Salmonella organisms that make them amenable for potential use in cancer therapy. The role
of Salmonella as an anti-tumor agent has been documented against a broad-spectrum of cancers. Salmonella-mediated
anti-tumor effects are delivered through its ability to preferentially colonize and proliferate in tumor tissues, induce direct
tumor cell killing, and transform the tumor microenvironment from immunosuppressive to immunogenic. In addition,
the engineering plasticity of Salmonella considerably enhances its efficacy in cancer therapy through improving safety,
increasing specificity, and allowing the delivery of anti-tumor therapeutic agents specifically to the tumor site.
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2.2. Broad Tumor Specificity

Several pre-clinical studies conducted in the past decades have reported the effective
therapeutic index of Salmonella. This success was achieved at the level of tumor growth,
metastasis, and host survival. The effectiveness of Salmonella treatment has been docu-
mented against a broad-spectrum of murine tumor models, including melanoma [35,36],
colon cancer [37], lung cancer [38], prostate cancer [39], cervical cancer [40], metastatic T
cell lymphoma [41], and others. In particular, Salmonella-mediated inhibition of metastasis
was observed in different tumor models such as breast cancer [42], osteosarcoma [43],
and dorsal spinal cord gliomas [44]. Moreover, the anti-tumor effects of Salmonella were
demonstrated in metastatic patient-derived orthotopic xenograft (PDOX) murine models
of osteosarcoma [45], melanoma [46], soft tissue sarcoma [47], and follicular dendritic cell
sarcoma [48]. In addition to Salmonella’s efficacy against a wide range of tumor types,
the different routes of Salmonella administration, including intravenous, intra-arterial,
intraperitoneal, and intratumoral routes, have shown success in inhibiting tumor growth.

2.3. Intrinsic Oncolytic Capacity

Several studies have claimed that Salmonella-induced tumor inhibition is in part me-
diated by the intrinsic oncolytic activity of Salmonella itself. A variety of mechanisms
underlie Salmonella’s intrinsic anti-tumor activity, all of which are mediated through the
induction of tumor cell apoptosis. In vitro and in vivo studies utilized Annexin V detection,
caspase-3 activity, and TUNEL assays to report on increased tumor cell death following
infection with Salmonella and subsequent invasion [12,49,50]. It was suggested that nutrient
deprivation and release of bacterial toxins could underlie apoptosis promotion [51,52].
In addition, the ability of Salmonella to induce autophagy was correlated to its intrinsic
anti-tumor effect [13,53]. In one study, Salmonella induced autophagy in melanoma tumor
cells in a dose- and time-dependent manner through downregulation of the AKT/mTOR
pathway [13]. Other studies reported that Salmonella could delay tumor progression by
inhibiting tumor angiogenesis [54–56]. The anti-angiogenic ability of Salmonella is derived
from its capacity to downregulate the expression of HIF-α and vascular endothelial growth
factor (VEGF) through the AKT/mTOR pathway [54]. The intrinsic oncolytic activity
can be also attributed to nitrate reductase enzyme released from lysed Salmonella and its
role in converting nitrate and nitrite into nitric oxide, which induces apoptosis in tumor
cells [57,58]. Moreover, Salmonella was documented to downregulate the expression of
certain oncoproteins in tumor cells including p-glycoprotein (p-gp) [59] and matrix metal-
loproteinase 9 (MMP-9) [60], inhibiting drug resistance and tumor metastasis, respectively.

2.4. Immunomodulatory Effects

Along with the intrinsic oncolytic activity of Salmonella, its great ability to modulate
the immune system also plays a considerable role in tumor inhibition. In this regard,
it is worth mentioning that the immunosuppressive tumor microenvironment and im-
munosurveillance evasion mechanisms are the two major limitations in achieving effective
and durable anti-cancer effects. Conventional cancer therapeutics fail to manipulate the
immune component of the tumor. On the other hand, Salmonella-mediated cancer therapy
shows remarkable success in modulating the tumor microenvironment in favor of tumor
inhibition. In other words, Salmonella has shown its potential to shift the tumor microen-
vironment from immunosuppressive to immunogenic. This success is achieved through
alterations in both cellular and soluble components of the immune system which, in turn,
affect the phenotypic and functional properties of immune cells, as illustrated in Figure 2.
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Figure 2. Schematic diagram illustrating Salmonella’s capacity to manipulate immune components of tumor in favor of tumor
inhibition. Transformation of the tumor microenvironment from immunosuppressive to immunogenic occurs through in-
creased infiltration and reprograming of anti-tumor immune cells, upregulating the expression of proinflammatory cytokines
and inducing a shift in the phenotypic and functional characteristics of immune cells. The references for the summarized ef-
fects are all discussed in the text. MQ: macrophage; IL-1α: interleukin 1 alpha; IL-1β: interleukin-1 beta; G-CSF: granulocyte
colony-stimulating factor; GM-CSF: granulocyte-macrophage colony-stimulating factor; MIP-1α: macrophage inflammatory
protein-1 alpha; ARG-1: arginase-1; TGF- β: transforming growth factor-beta; TAMs: tumor-associated macrophages;
DC: dendritic cell; M1: M1-like macrophage; M2: M2-like macrophage.

Several studies illustrated Salmonella’s ability to increase the tumor-infiltration of
different innate and adaptive immune cells, including macrophages [16,61], natural killer
(NK) cells [17], CD4+ helper T cells [16,17,61], CD8+ cytotoxic T cells [17,18,61], and B
cells [62]. It is suggested that the recruitment of these immune cells enhances the immune
response directed against tumor cells. The enhanced recruitment of neutrophils following
Salmonella administration was also documented [17,49,58,63], but it is still not clearly under-
stood whether neutrophil infiltration promotes or inhibits tumor growth [64]. In addition,
Salmonella organisms attenuate tumor-induced immunosuppression and inhibit tumor
growth by reducing the number of regulatory T cells (Tregs) [65,66]. Salmonella was also
reported to upregulate the expression of pro-inflammatory cytokines and chemokines,
including IL-6, IL-1α, IL-17, IL-13, G-CSF, GM-CSF, MIP-1α, and others [67]. This up-
regulation was attributed to Salmonella’s ability to activate the NF-κB pathway [68–71].
The increased expression of the immunostimulatory factors IL-1β, TNF-α, and IFN-γ as
well as inducible nitric oxide synthase (iNOS) has been observed following treatment
with Salmonella [14,36,72,73], which is accompanied by the parallel downregulation of
immunosuppressive factors such as IL-4, ARG-1, and TGF-β [36,74]. It was also reported
that Salmonella can transform the immunosuppressive myeloid-derived suppressor cells
(MDSCs) into TNF-α-producing cells [75]. In turn, TNF-α enhances the infiltration of im-
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mune cells to the tumor site by increasing the permeability of tumor blood vessels [34,76].
Kaimala et al. demonstrated Salmonella’s ability to reduce the immunosuppressive capacity
of intratumoral myeloid cells and highlighted its capacity to induce a shift in the func-
tional characteristics of tumor-associated macrophages (TAMs) toward pro-inflammatory
functions [36,61]. Consistent with these previous findings, Phan et al. (2015) illustrated
Salmonella’s contribution to the activation of the inflammasome pathway in association with
an increase in the levels of caspase-1, IPAF, and NLRP-3 [77]. Moreover, the capacity of den-
dritic cells to present tumor antigens was also enhanced post treatment with Salmonella [78].
Others suggested that Salmonella is able to promote T helper 1 polarization through Toll-like
receptor 4 (TLR-4), and this in turn contributes to Salmonella-mediated tumor inhibition [16].
Grille et al. (2014) reported a marked increase in the level of intratumoral NK cell activation
as assessed by CD25 expression [17]. CD25 expression correlates with the cytotoxic activity
of NK cells and plays an essential role in increasing the affinity for IL-2, which in turn
enhances cell proliferation and production of cytotoxic molecules [79]. Another means by
which Salmonella induces tumor growth inhibition is through reducing the expression of
indoleamine 2,3-dioxygenase (IDO) and reversing its immunosuppressive effect [80,81].
IDO plays an important role in the activation of regulatory T cells and development of
immune tolerance in effector tumor-infiltrating lymphocytes [82]. Most recently, stud-
ies have investigated the ability of Salmonella to alter the expression of immune checkpoints
on different immune cells (discussed below). In summary, the capacity of Salmonella to
alter the intratumoral immune cell repertoire in favor of tumor regression has been amply
demonstrated by different groups of investigators in preclinical models.

2.5. Ease of Gene Modification

Although Salmonella possesses immunomodulatory and intrinsic oncolytic capacities,
these advantages are not sufficient for achieving optimum therapeutic outcomes. In order
to enhance the overall therapeutic index of Salmonella treatment alone or in combination
with other therapies, several strains were engineered to improve the safety and potentiate
anti-tumor efficacy. Salmonella’s amenable gene modification helped in improving the safety
of bacterial therapy through the deletion of major virulence factors or the generation of aux-
otrophic mutants that are incapable to replicate efficiently in an environment deficient in
specific nutrients [21]. For example, deletion of msbB gene, responsible for myristoylation
of an essential component of LPS, reduced Salmonella’s toxicity by 10,000-fold while retain-
ing its anti-tumor efficacy in mice [83]. It is worth bearing in mind that bacterial attenuation
might occur at the expense of its ability to inhibit tumor growth, because some virulence
factors underlie Salmonella’s intrinsic anti-tumor properties [21]. The Salmonella A1-R
strain, an attenuated leucine-arginine auxotrophic mutant, exhibited enhanced preferential
colonization in tumor tissues due to the abundance of these nutrients in the tumor microen-
vironment but not in normal tissues [84–86]. Besides improving the safety and minimizing
toxicity to normal organs, Salmonella was also engineered to enhance the antigenicity of
the tumor by delivering tumor-associated or specific antigens [74]. This in turn potentiates
the anti-tumor immune response in favor of tumor regression. In addition, several studies
documented the unprecedented success of engineered Salmonella in transporting various
anti-tumor therapeutic agents specifically to the tumor site. Salmonella has been utilized
as a delivery vehicle of various cytotoxic agents (e.g., cytolysin A, PE38, and diphtheria
toxin) and apoptosis-inducing proteins (e.g., Fas ligand, TRAIL, and apoptin), as well as
immunomodulatory cytokines (e.g., IL-2, IL-12, IL-18, and IFN-γ) [20,56,87]. Engineering of
prodrug-converting enzymes into tumor-targeting Salmonella was also reported. The pay-
load enzyme released by Salmonella metabolizes the systemically administered pro-drug
into cytotoxic agent at the tumor site only, thereby minimizing the drug-related toxic effects
on normal tissues [21]. An example of prodrug-converting enzyme is cytosine deaminase
(CD), which converts the non-toxic 5-flourocytosine (5-FC) into anti-tumor 5-flourouracil
(5-FU). The enhanced anti-tumor efficacy of CD-expressing Salmonella was reported using
in vitro and in vivo studies [88,89]. In this context, it is worth mentioning that the appli-
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cation of this approach in cancer patients could have some limitations because of the
ability of 5-FU to freely diffuse across the cell membrane and exert its cytotoxic activity in
neighboring cells [90]. Moreover, increased tumor targeting could be achieved by utilizing
engineered Salmonella in order to minimize bacterial-related toxicity or enhance its thera-
peutic potential while keeping toxicity to minimal. For example, the surface expression of
antibody fragments against specific tumor-associated antigens, including carcinoembry-
onic antigen (CEA) and CD20, was shown to increase Salmonella’s tumor localization in
murine adenocarcinoma and human lymphoma models, respectively [91,92]. In addition,
Salmonella’s engineering plasticity helped to integrate controlled gene expression systems
into tumor-targeting bacteria. This could be achieved through either the incorporation of
gene promoters responsive to tumor-associated signals, such as hypoxia-inducible pro-
moter systems (HIP-1 and NirB) [93–95], or remotely through inducible promoters (e.g., as
pBAD, pTet, and Pm) in response to exogenous transcriptional factors (e.g., L-arabinose,
tetracyclines, and acetyl salicylic acid) [96–99]. This enhances tumor specificity and assures
the selective expression of specific genes at the tumor site.

3. Salmonella in Combination with Other Approaches to Cancer Therapy
3.1. Combination with Chemotherapeutic Agents

The efficacy of chemotherapy is partly limited by systemic toxicity, lack of selectivity
for cancer cells, and the chances of drug resistance development. In order to overcome
these limitations, the role of Salmonella in enhancing the efficacy of chemotherapeutic
agents against different tumor models has been investigated. Bascuas et al. reported
that the intra-tumoral administration of an attenuated strain of S. typhimurium improved
the outcomes of cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP)
chemotherapy in non-Hodgkin lymphoma-bearing mice, with an overall decrease in toxic-
ity [100]. In this model, the combination therapy successfully inhibited tumor growth and
prolonged animal survival compared with either treatment alone, and was associated with
an increase in the percentage of CD8+ tumor-infiltrating lymphocytes (TILs) as well as in
the cytotoxic ability of NK cells [100]. In a study using breast cancer cells, mice treated
intravenously with attenuated S. typhimurium plus a low dose of doxorubicin exhibited a
slower tumor growth rate in comparison to those treated with single therapy [101]. It is
worth noting that mice treated with the maximum tolerated dose of doxorubicin showed
greater delay in tumor growth, but this was at the cost of higher toxicity [101]. It was also
suggested that Salmonella/doxorubicin combination enhances the infiltration of CD8+ T
cells and Tregs to the tumor site and increases the ratio of Mo-MDSCs/G-MDSCs within
spleen and tumor tissues [101]. A study conducted by Lee et al. documented that the
intraperitoneal administration of attenuated Salmonella choleraesuis improved the outcome
of cisplatin therapy in hepatoma- and lung tumors-bearing mice [102]. This combination
induced changes in the tumor microenvironment, including an increase in the infiltrating
neutrophils, CD8+ T cells, and apoptotic cells [102]. Kawaguchi and his group highlighted
the ability of S. typhimurium A1-R to enhance the anti-tumor capacity of gemcitabine
among nude mice bearing pancreatic cancer PDOX [103], although gemcitabine has limited
efficacy in treating pancreatic cancer. Another group succeeded in utilizing an attenu-
ated S. typhimurium strain VNP20009 to improve the outcome of the standard maximum
tolerated dose and lose-dose metronomic cyclophosphamide chemotherapy in B16F10
melanoma-bearing mice [104]. Chen et al. also described the improved anti-tumor effect of
VNP20009 combined with triptolide in a mouse melanoma model [67]. This improvement
was attributed to the enhanced capacity of combination therapy to suppress tumor angio-
genesis and reduce the level of serum and tumor VEGF in comparison to either treatment
alone [67,104]. In contrast to Lee et al., Chen et al. showed that combination therapy
reduced tumor-infiltrating neutrophils [67]. They reported that VPN20009 alone attracted
neutrophils to tumor site, but this recruitment was inhibited by the anti-inflammatory
compound triptolide [67]. Interestingly, the preferential accumulation of Salmonella in
tumor was further enhanced by the combination therapy in comparison to Salmonella
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alone [67,102,104]. This could be explained by the ability of the Salmonella–chemotherapy
combination to reduce tumor microvascularization and provide a more hypoxic microenvi-
ronment that is conducive to Salmonella’s colonization and proliferation [67,104]. Moreover,
a study that utilized the combination of attenuated S. typhimurium and carboplatinum
against metastatic cancer of unknown primary (CUP) reported the ability of the combi-
nation to significantly inhibit tumor growth compared to monotherapy treatment [105].
Table 1 shows a summary of representative studies that utilized Salmonella in combination
with chemotherapeutic drugs to treat cancer.

Several potential mechanisms have been advanced to explain the demonstrably supe-
rior outcomes of Salmonella and chemotherapeutic agents in combination. Chang et al.
showed that the anti-tumor effect of cisplatin was augmented when combined with
Salmonella choleraesuis due to the capacity of Salmonella to increase the expression of con-
nexin 43 (Cx43), therefore enhancing gap junction intercellular communication (GJIC) [106].
The expression of Cx43 is decreased in a variety of cancer cells and this may interfere with
the response of tumor cells to treatments [107]. Salmonella overcomes this limitation by
upregulating and activating the expression of Cx43 [78,106], thereby enhancing antigen
presentation by dendritic cells [78] and facilitating the transmission of antitumor drugs
and apoptosis signals between adjacent cancer cells [108]. Another study conducted by
Yang et al. reported that Salmonella choleraesuis reduced the expression level of multi-drug
resistance protein P-gp on tumor cells [59]. The decline in P-gp expression was accompa-
nied by a decrease in its efflux capabilities and was attributed to the inhibition of p-AKT,
p-p70S6K, and p-mTOR levels during Salmonella infection [59]. Given that high levels of
P-gp on tumor cells are associated with chemotherapeutic drug resistance [109], the ability
of Salmonella to regulate the expression of P-gp may enhance the sensitivity of tumor
cells to chemotherapy. Chih’s group demonstrated the ability of Salmonella choleraesuis to
enhance the susceptibility of B16F10 and 4T1 cells to 5-fluorouracil therapy, as illustrated
by the improved therapeutic effect of the combination in tumor-bearing mice [59]. It has
been suggested that S. typhimurium could also improve the chemosensitivity of tumor
cells by inducing the quiescent cancer cells from the G0/G1 phase to the S/G2/M phase
in the cell cycle [110,111]. In one study, almost 90% of tumor cells in the center and 80%
of the total cells in an established tumor were shown to be in G0/G1 phase of the cell
cycle [112]. Given that cytotoxic agents are only effective in killing proliferating cancer
cells with minimal effect on quiescent cancer cells [112], Salmonella could enhance the
chemosensitivity of quiescent tumor cells by decoying them from a chemo-resistant G0/G1
phase to a chemo-sensitive S/G2/M phase. This combination improved the therapeutic
efficacy of cisplatinum against the osteosarcoma PDOX lung metastasis model [45]. In this
study, Salmonella strain A1-R was utilized to enhance the sensitivity and push quiescent
tumor cells to S/G2 phase, while recombinant methioninase was used to selectively trap
the cells in this stage [45]. Finally, chemotherapy was administered to tumor-bearing mice,
and this combination resulted in a remarkable tumor reduction compared to monotherapy
and bitherapy [45]. In this context, the new paradigm in cancer therapy was referred to as
“decoy, trap and shoot (kill)” chemotherapy [45,111].
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Table 1. Representative pre-clinical examples of Salmonella-chemotherapy combination in treating cancer.

Chemotherapeutic
Agent Salmonella Strain Route of Salmonella

Administration
Cancer Model/
Mouse Strain Outcome of Combination Treatment Associated Mechanism Ref

CHOP chemotherapy (a
cyclophosphamide,

doxorubicin, vincristine,
and prednisone/steroid

combination)

S. typhimurium
LVR01 Intratumoral

B-cell non-Hodgkin
lymphoma (murine A20
cell line)/BALB/c mice

• Delayed tumor growth
compared to monotherapy alone

• Prolonged overall survival and
progression-free survival of
tumor-bearing mice

• Improved overall health status
of mice undergoing
chemotherapy

• Increase in the % of intratumoral CD8+ T
cells

• Increase in the infiltration of neutrophils
and NK cells in tumors (compared to
untreated and chemotherapy-receiving
mice)

• Enhanced NK cell-mediated cytotoxicity
• Improved anti-A20 specific antibody

immune responses (compared to
untreated and chemotherapy-receiving
mice)

• Upregulation in Cxcl1 gene expression

[100]

Doxorubicin S. typhimurium
DSLpNG Intravenous

Autochthonous model of
breast

cancer/BALB/neuT mice

• Inhibited tumor growth rate
more efficiently than Salmonella
alone or low-dose doxorubicin
alone

• No clinically relevant toxicity
was reported in treated mice

• Increase in the infiltration of CD8+ T cells
and Treg cells in tumors

• Increased Mo-MDSCs/G-MDSCs ratio
within spleen and tumor tissues (this
was observed in Salmonella-treated and
combination-treated groups, but not
among doxorubicin-receiving mice)

[101]

Cisplatin S. choleraesuis Intraperitoneal

Lung tumor
(murine LL/2 cell

line)/C57BL/6 mice
and hepatoma

(murine ML-1 cell
line)/BALB/c mice

• Additively retarded tumor
growth in both highly aggressive
lung tumor and slowly growing
hepatoma models

• Prolonged survival time

• Combination therapy promoted the
preferential accumulation of Salmonella
within lung tumors

• An increase in the number of infiltrating
CD8+ T cells, neutrophils, and apoptotic
cells was observed in tumor tissues

[102]

Gemcitabine S. typhimurium
A1-R Intravenous Pancreatic cancer PDOX

mouse model/nude mice

• Inhibited tumor growth
compared to monotherapy

• No effect on mice body weights
was observed

• Extensive necrosis was observed in
tumor tissues from
gemcitabine–Salmonella receiving mice in
comparison to untreated mice

[103]

Cyclophosphamide S. typhimurium
VNP20009 Intraperitoneal

Melanoma model
(murine B16F10 cell
line)/C57BL/6 mice

• Remarkable tumor growth
inhibition was observed when
Salmonella was combined with
MTD and LDM chemotherapy

• Prolonged overall survival

• Decrease in tumor microvessel density
• Increase in serum levels of VEGF
• Increase in the number of bacteria within

tumors when compared with bacterial
treatment alone

[104]
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Table 1. Cont.

Chemotherapeutic
Agent Salmonella Strain Route of Salmonella

Administration
Cancer Model/
Mouse Strain Outcome of Combination Treatment Associated Mechanism Ref

Triptolide S. typhimurium
VNP20009

Intraperitoneal or
intratumoral

Melanoma model
(murine B16F10 cell
line)/C57BL/6 mice

• Suppressed melanoma tumor
growth (through both
intraperitoneal and intratumoral
routes of bacterial
administration)

• Remarkably prolonged the
survival length of tumor-bearing
mice (through the
intraperitoneal injection of
Salmonella)

• Enhanced tumor localization of
Salmonella

• Increase in the number of necrotic tumor
cells

• Decrease in the infiltration of
inflammatory cells to tumors

• Angiogenesis inhibition (reduction in the
number of CD31+ cells and inhibition of
VEGF expression)

[67]

Carboplati-num S. typhimurium
A1-R Intravenous

Cancer of unknown
primary PDOX model/

nude mice

• Suppressed tumor growth
compared to each treatment
alone

• Reduced tumor cell size and cellularity
• Extensive cytoplasmic vacuolization in

tumor cells was observed
[105]

(Mo-MDSCs: monocytic myeloid-derived suppressor cells; G-MDSCs: granulocytic myeloid-derived suppressor cells; MTD: maximum tolerated dose; LDM: low-dose metronomic).
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3.2. Combination with Radiotherapy

Radiotherapy is a conventional cancer treatment in which ~50% of cancer patients
receive radiation during the course of the disease [113]. However, radiotherapy-associated
limitations obstruct achieving favorable therapeutic outcome without causing toxicity
to normal tissues. Salmonella has been combined with radiotherapy aiming to enhance
the overall efficacy of the treatment. In a study conducted in 2014, Yoon et al. utilized
S. typhimurium to increase the radiosensitivity of the radio-resistant melanoma model [114].
They documented the success of Salmonella and gamma radiation combination and its
ability to induce greater apoptosis in B16F10 cells in comparison to radiotherapy alone
or Salmonella alone [114]. They also showed that the combinatorial treatment resulted
in a significant inhibition of tumor growth in melanoma-bearing mice, and a prolonged
survival rate compared to monotherapy [114]. Other groups performed studies in which
engineered Salmonella was combined with radiotherapy. The combination of lipid A mu-
tant S. typhimurium and X-rays resulted in a supra-additive therapeutic effect in B16F10 or
Cloudman S91 melanoma-bearing mice [115]. Other studies demonstrated an improved
CT26 tumor growth inhibition when treated with a combination of S. typhimurium strain
∆ppGpp/pBAD-ClyA and radiotherapy, highlighting the contribution of radiotherapy to
the colonization of Salmonella in tumor tissues [116]. Chen et al. intended to improve speci-
ficity and anti-tumor therapeutic ability against malignant melanoma by taking advantage
of the preferential colonization of Salmonella strain VNP20009 in the hypoxic tumor tissues
and coating this bio-therapeutic agent with the photothermal agent polydopamine [117].
In this therapy, the systemic administration of Salmonella helped in the delivery of poly-
dopamine to hypoxic and poorly vascularized regions of the tumor. Thereafter, when tumor
tissue was irradiated, polydopamine helped in the conversion of near-infrared light into
heat, which then increased the local temperature and eventually killed the surrounding can-
cerous cells, leading to tumor growth inhibition. The authors brought attention to the ability
of this combination to substantially eliminate melanoma tumors without relapse [117].
The combinatorial therapy also resulted in a higher level of apoptosis in melanoma tu-
mors and a greater induction of cytokine secretion, which contributed to the enhanced
anti-tumor effect. Attenuated Salmonella typhi Ty21a was also an excellent vehicle to deliver
gold nanoparticles to the radio-resistant central hypoxic regions of CT-26 colon cancer [118].
Gold nanoparticles have been shown to enhance the efficacy of radiotherapy [119]. Thereby,
when these particles reach hypoxic regions, this compensates the low anti-tumor efficacy
of radiotherapy at tumor hypoxic sites. From an immunological perspective, Salmonella-
induced changes in the immune component of tumor microenvironment could underlie its
ability to enhance tumor radiosensitivity. Barker et al. proposed various immunological
mechanisms for radiosensitization, including: (a) increasing the number and activation
levels of dendritic cells, (b) effective T-cell recruitment and activation, (c) inhibition of
T-cell exhaustion and abrogation of inhibitory signaling, and (d) induction of specific cy-
tokine (GM-CSF, IL-2 and IL-12) and chemokine (CCL3 and CCL5) release [120]. We have
previously discussed the role of Salmonella in manipulating both innate and adaptive com-
ponents of the immune system and highlighted its potential in immunomodulating the
tumor niche. The capacity of Salmonella to transform the tumor microenvironment from
being immunosuppressive to be immunogenic makes it a good candidate for improving
the sensitivity of tumor to radiotherapy.

3.3. Combination with Immune Checkpoint Inhibitors

There is no doubt that the development of immune checkpoint inhibitors is considered
a paramount achievement in cancer immunotherapy. Checkpoint inhibitors mainly work
by targeting the negative regulators of T cell function, such as CTLA-4, PD-1, and PD-L1,
unleashing T-cells and allowing them to induce tumor cell death. The past few years have
witnessed unprecedented and promising therapeutic outcomes in different types of can-
cer, including advanced melanoma [121,122] and non-small cell lung carcinoma [123,124].
Despite the outstanding success reported with immune checkpoint inhibitors, the per-
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centage of cancer patients who respond to this approach remains rather modest [125],
and serious immune-related adverse events were observed in some patients receiving
checkpoint inhibitors therapy [126,127]. This observation has led to the identification
of different predictive biomarkers that help in patient selection, such as (a) the pres-
ence of tumor-infiltrating lymphocytes [128–131], (b) the expression level of checkpoint
inhibitors [132,133], and (c) the tumor mutational load [134,135].

Different studies have evaluated the effect of Salmonella on the expression of inhibitory
checkpoint proteins in different tumor and non-tumor cells. Chen et al. reported that
Salmonella choleraesuis dose-dependently downregulated the expression of PD-L1 on dif-
ferent murine and human cancer cell lines through inhibiting the AKT/mTOR/p70s6K
signaling pathway [136]. They also showed that the systemic administration of Salmonella
decreased the expression of PD-L1 in B16F10 and LL2 tumor tissues [136]. This downregu-
lation enhanced T cell infiltration and thereby resulted in tumor growth inhibition [136].
Another study documented the role of attenuated shIDO-ST (S. typhimurium delivering an
shRNA plasmid targeting IDO) in inhibiting the expression of several inhibitory checkpoint
proteins, including PD-L1, PD-1, and CTLA4, in different splenic immune cells [137] which
highlights the capacity of Salmonella to restructure the immune component of the tumor mi-
croenvironment in favor of tumor inhibition. On the other hand, different studies reported
Salmonella-mediated upregulation of PD-L1 in different cell types. Newland et al. utilized
transcriptome analysis and flowcytometry to study the effect of S. typhimurium on PD-L1
expression in NOD mice [138]. In their model, the intravenous administration of Salmonella
significantly increased the proportion and surface expression of PD-L1 among dendritic
cells and macrophages [138]. Others also reported an increase in PD-L1 expression in B cells
and CD4+T cells following Salmonella treatment [139–141]. It is worth mentioning that none
of these studies correlated the increased PD-L1 expression with tumor growth inhibition.

Binder et al. elegantly demonstrated the capacity of ovalbumin-producing S. ty-
phimurium A1-R and anti PD-L1 combination to rescue the function of peripheral and
tumor infiltrating CD8+ T cells against B16-OVA melanoma [142]. This led to an increase
in tumor rejection compared to bacterial therapy alone or the combination of anti PD-L1
and anti-CTLA-4 [142]. The same study reported the failure of Salmonella and anti CTLA-4
combination in treating tumor-bearing mice. Zhao et al. combined bacterial therapy with
immune checkpoint inhibitors by transforming attenuated S. typhimurium with a plasmid
for RNA interference targeting the inhibitory receptor PD-1 (siRNA-PD-1), and used it in
B16 melanoma [143] and CT26 colon cancer [144] models. They reported a preferential accu-
mulation of transformed Salmonella in tumor tissues [143] and found that the intratumoral
injection of siRNA-PD-1-carrying Salmonella resulted in (a) a remarkable decrease in tumor
weight, (b) prolonged survival rate of tumor bearing mice, in addition to (c) an increase
in CD4+ and CD8+ TILs compared to treatment with Salmonella containing a plasmid for
scrambled si-RNA [143,144]. It is worth noting that a comparison with anti-PD-1 alone was
not performed. In another study of colon cancer, CT26 or MC38 tumor-bearing mice treated
with a combination of Salmonella carrying IDO siRNA and anti-PD-1 showed delayed tumor
growth in comparison to anti PD-1 monotherapy [145]. However, the combination showed
no additional tumor growth inhibition compared to Salmonella treatment alone [145]. A re-
cent study also used sub-therapeutic doses of IDO-targeting S. typhimurium along with
anti-PD-1/CTLA-4 antibodies to treat LLC1-tumor bearing mice [137]. They observed a
significant delay in tumor growth in mice that received the treatment combination in com-
parison to those received either treatment alone, and this inhibition was associated with
an increase in tumor infiltration of CD4+ and CD8+ T cells [137]. These results collectively
highlighted Salmonella’s capacity to enhance the efficacy of checkpoint inhibitors in treating
tumor-bearing mice. However, the immunological response underlying the enhanced out-
come of Salmonella-checkpoint inhibitors combination did not receive sufficient attention
and need to be further investigated.
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3.4. Combination with Immunomodulatory Cytokines

The approval of using immunomodulatory cytokines as a part of cancer therapeutics
dates back to late 20th century, when IL-2 was approved by the USFDA for treatment
of metastatic kidney cancer and metastatic melanoma [146] and IFN-alpha for hairy cell
leukemia [147]. In Europe, TNF was licensed for treating irresectable soft tissue sarcoma.
Nowadays, these cytokines are no longer used in clinical applications due to the severe tox-
icities associated with their systemic administration and their limited effectiveness [3,148].
Salmonella’s ability to specifically target tumor tissues and the fact that it can be easily
genetically modified raised the notion of utilizing Salmonella as a vector to carry im-
munomodulatory agents to tumor tissues and express them under a controlled expression
system. For example, the oral administration of S. typhimurium expressing human IL-2 was
successful in enhancing the anti-tumor effects and reducing the number of metastasis in
mice with unresectable hepatic malignancies [87]. It was also shown that CD8+ T cells and
NK cells were responsible for the antitumor activity [149]. This was also shown in other
studies that utilized Salmonella carrying IL-2 gene for the treatment of murine osteosar-
coma [150] and melanoma [56]. In a canine osteosarcoma model, Salmonella expressing IL-2
resulted in a prolonged disease-free interval [151]. In patients with metastatic gastroin-
testinal cancer, attenuated Salmonella carrying IL-2 resulted in an increase in circulating
NK and NKT cells but with no survival advantage [152]. In the B16F10 melanoma model,
subcutaneous administration of S. typhimurium expressing IFN-γ resulted in efficient tumor
inhibition and prolonged survival mainly driven by the NK cell response [153]. S. ty-
phimurium harboring TNF-α also showed potential against murine melanoma, with an
ability to enhance the outcome of other cancer therapeutics [154]. In a study conducted
by Loeffler et al., Salmonella expressing the chemokine CCL21 significantly inhibited the
growth of multi-drug resistant murine carcinomas in a CD4- and CD8- cell-dependent man-
ner. This inhibition was associated with elevated levels of IFN- γ, CXCL9 and CXCL10 [155].
Several other studies [156–159] utilized different cytokine-expressing bacteria and empha-
sized the remarkable potential of Salmonella to deliver immunomodulators in an efficient
and well-tolerated manner.

3.5. Combination with Other Therapies

Along with the previously mentioned promising approaches, Salmonella could be also
combined with other therapies, including adoptive T cell transfer [160], anti-angiogenesis ther-
apy [161], caffeine and valproic acid [162], and a traditional Chinese medicine herbal mix-
ture [163], to improve anti-tumor effects. An interesting study demonstrated that T cell
transfer in combination with either the intravenous administration of live bacteria or intra-
tumoral treatment with heat-killed bacteria resulted in long-established tumor eradication
and relapse prevention, thereby improving the outcome of adoptive T cell transfer [160]. It is
worth noting that this enhanced outcome was driven by the increased number of neutrophils
and decreased number of monocytes in the tumor microenvironment [160], which have
been thought to enhance T cell therapeutic efficacy [164]. In another study, significant tumor
growth inhibition was observed when S. typhimurium A1-R was utilized in combination with
caffeine and valproic acid against pleomorphic rhabdomyosarcoma PDOX model, and this
inhibition was greater than that observed with cyclophosphamide treatment [162]. Moreover,
the combination of S. typhimurium and traditional Chinese medicine herbal mixture also
showed potential in treating aggressive types of cancer compared to monotherapies [163].

4. Clinical Application of Salmonella in Combination Cancer Therapy
4.1. Clinical Trials

Several genera of bacteria have been studied in pre-clinical settings, and a few bacterial
platforms have been selected for testing in human patients, namely Listeria monocytogenes,
Clostridium novyi, and S. typhimurium. These bacterial species have received the most
attention due to the increased understanding of their physiology, pathogenicity, and ge-
netics which, in turn, led to the development of attenuation strategies critical for safe
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administration of live bacteria in humans. Among bacterial species tested in clinical set-
tings, strains of Listeria monocytogenes have shown encouraging and promising results [21].
Besides, clinical signs of tumor colonization and objective evidence of tumor responses
have been observed following the intravenous and intratumoral administration of Clostrid-
ium novyi-NT spores [165–167]. The observed tumor destruction and absence of viable
tumor cells were attributed to gas pockets produced by Clostridium novyi-NT. However,
treatment with oncolytic bacteria alone failed to eradicate all cancer cells, and thereby led
to tumor progression or recurrence [166,168].

The first Salmonella strain studied in human clinical trials was S. typhimurium VNP20009,
and was tested against metastatic melanoma and metastatic renal carcinoma. The study
revealed that the maximum tolerated dose was 3.0 × 108 CFU/m2 injected through the
intravenous route. Despite the observed tumor colonization and increased pro-inflammatory
cytokines in some of the treated patients, no objective tumor regression was reported [169].
Another clinical trial utilized S. typhimurium VNP20009 to treat metastatic melanoma patients.
Consistent with previous findings, no tumor regression was documented among treated
patients [170]. In order to improve therapeutic efficacy, VNP20009 was engineered to express
the E coli CD enzyme, which converts the non-toxic 5-FC into anti-tumor 5-FU, and was tested
in three patients with head and neck squamous carcinoma and esophageal adenocarcinoma
through intratumoral injection. Tumor colonization was observed in two patients for at least
15 days post administration, with a 3:1 tumor-to-plasma ratio of 5-FU; this ratio was <1.0 in
the non-colonized patient. No adverse effects were reported following the treatment [171].
Later trials utilized the oral route for Salmonella administration. S. typhimurium Ty21a that
expresses VEGFR2 (VXM01 vaccine) has been used against advanced pancreatic cancer.
Although the engineered bacteria succeeded in enhancing VEGFR2-specific T cell effector
responses and reducing tumor perfusion, adverse events such as neutrophilia, lymphopenia,
and diarrhea were observed in treated subjects [172]. SalpIL2 (S. typhimurium that expresses
human IL-2) showed no significant benefits in phase I clinical study against metastatic gas-
trointestinal cancer. On the other hand, an increase in circulating NK cells and NK-T cells was
reported among treated patients [152], which provides insights into the possibility of combin-
ing Salmonella strains with other approaches of cancer immunotherapy. Table 2 summarizes
previous and ongoing clinical trials using Salmonella-based cancer therapy. The results of
clinical trials highlighted the discrepancy in the therapeutic outcome between pre-clinical
and clinical models. This could be related to differences in tumor contextures and growth
rates that might alter bacterial invasiveness and proliferation within tumor tissues [173].
Others attributed the inefficiency of BMCT in clinical trials to the over-attenuation of the
utilized bacteria which, in turn, compromises its anti-tumor effects [174].
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Table 2. Summary of previous and ongoing bacterial-therapy clinical trials utilizing Salmonella.

Salmonella Strain Route of
Administration Cancer Model Phase Recruitment Status Identifier

(Nct Number) Ref

VNP20009 Intratumoral Refractory, superficial solid tumors I Completed NCT00004216 [175]

VNP20009 Intravenous Advanced or metastatic cancer I Completed NCT00004988 [176]

VNP20009 Intravenous Metastatic melanoma and metastatic
renal cell carcinoma (RCC) I Completed NCT00006254 [177]

S. typhimurium SalpIL2
(expresses human IL-2) Oral Liver metastasis of solid tumors I Completed NCT01099631 [178]

VXM01 vaccine
(S. typhimurium Ty21a expresses VEGFR2) Oral Advanced pancreatic cancer I Completed NCT01486329 [179]

Salmonella CVD908ssb strain
(TXSVN vaccine) Oral Multiple myeloma I Not yet recruiting NCT03762291 [180]

S. typhimurium strain (SS2017) expressing
tumor DNA vaccine Oral Neuroblastoma Early phase I Recruiting NCT04049864 [181]

Saltikva
(S. typhimurium expresses human IL-2) Oral Metastatic pancreatic cancer II Recruiting NCT04589234 [182]
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4.2. Challenges

Despite the success reported with the use of Salmonella as an integral part of combina-
tion therapies, the translation of this success from pre-clinical to human clinical application
still poses major challenges. The limitations associated with the clinical application of
combinatorial therapies mirror those related to the implementation of Salmonella therapy
alone. Although BMCT dates back to the mid-19th century, the introduction of Salmonella
to human cancer treatment remains pending due to several challenges, including:

• Clinical safety. Bacterial pathogens can cause diseases through the action of virulence
factors. On the other hand, the attenuation of virulence factors has been correlated with
decreased anti-tumor therapeutic effects [183,184]. The optimized balance between
reduced virulence and clinical efficacy remains the major challenge in the clinical
application of BMCT. Moreover, not all bacterial strains that showed success in pre-
clinical models can be used in clinical settings due to their distinct pathologies that
differ in animals and humans.

• Route of administration. The systemic administration of bacteria increases the risk
of toxicity and potential adverse effects of the infection. The oral administration is
considered relatively safer but at the expense of therapeutic efficacy.

• Dose optimization. Since live bacteria proliferate in target tissues, the effective dose
does not necessarily mirror the administered dose. The effective dose is dependent on
different factors including the route of administration, accessibility to target tissues,
level of vascularization, tumor immunogenicity, and the presence of tumor-infiltrating
inflammatory cells [21].

• Genetic instability. Live genetically engineered bacteria that carry antibiotic resis-
tance genes or mobile genetic elements are not suitable for clinical use since these
recombinant elements can mediate horizontal gene transfer [185]. Other recombinant
plasmids can be lost or mutated before reaching tumor tissues, leading to exaggerated
infection or therapeutic failure [186].

• Bacterial growth control in vivo. The timely elimination of bacteria using an antibi-
otic intervention is critical since the early administration of antibiotic may eliminate
the infection before an anti-tumor effect has been achieved, whereas a late intervention
would result in unpredictable systemic inflammatory response. Microbiota distur-
bance and the development of antibiotic resistance should be kept in mind when using
antibiotics to manage bacterial growth.

• Tumor recurrence. Despite the considerable role of bacteria in treating cancer, sub-
sequent tumor recurrence could still be possible [14]. This may be attributed to
the activation of immune tolerance or evasion mechanisms that interfere with the
bacteria-mediated immune response [25].

• Patient selection. Chemotherapeutic agents suppress the immune system and inter-
fere with delivering the immunomodulatory effects induced by BMCT. Therefore, the
risk of bacterial infection is substantially increased in chemotherapy-receiving pa-
tients. In addition, brain abscesses, diverticulitis, or recent radiation might enhance the
unintentional growth of bacteria in non-target tissues. Live bacteria also have the po-
tential to colonize the foreign bodies in patients with joint replacement, artificial heart
valves, and impanated medical devices [22]. Pre-exposure and anti-bacterial immu-
nity should be also taken into account since they might interfere with the anti-tumor
immune-stimulatory effects of the bacteria and result in treatment failure.

4.3. Efforts to Overcome Challenges

Salmonella’s anti-cancer and immunomodulatory characteristics, along with its durable
capacity to enhance the outcome of other modalities of cancer therapy, necessitate the de-
velopment of strategies to overcome the limitations and facilitate the implementation of
Salmonella in clinical use. In the past decades, several strategies have been followed to
maintain the balance of therapeutic efficacy and safety when utilizing Salmonella in cancer
therapy. The aim of the earliest approaches was to enhance tumor targeting by selection,
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and this was done by passaging Salmonella through cancer cells either in vitro or in vivo.
The attenuated Salmonella strains VNP20009 and A1-R were generated following such
strategy of random selection [187–189]. The ineffectiveness of VNP20009 in treating cancer
patients was due to the over-attenuation through uncontrolled introduction of multiple
deletions during the process of selection [169,174]. Salmonella strain A1-R showed promise
in treating different types of cancer in pre-clinical models but has not been utilized in
clinical trials so far [187,190]. Unexpected modifications were then avoided by designing
Salmonella strains through targeted gene deletions. Frahm et al. and his group investigated
the role of LPS in establishing the balance between the therapeutic and harmful effects of
S. typhimurium. They concluded that minor modifications of LPS (e.g., ∆rfaP, ∆rfaL) alone
did not alter the toxicity of Salmonella, whereas the core deletion mutants ∆rfaG and ∆rfaD
considerably enhanced their safety at the expense of the anti-tumor activity [184]. To this
point, they succeeded in establishing a balance between therapeutic potency and atten-
uation through controlling the synthesis of LPS using the inducible arabinose promoter
PBAD [8,184]. Targeted gene engineering was also implemented to induce modifications
in Lipid A and flagella synthesis, resulting in the auxotrophic Salmonella vector strain
SF200 (∆lpxR9 ∆pagL7 ∆pagP8 ∆aroA ∆ydiV ∆fliF) [191]. This attenuated strain showed
enhanced immune-stimulatory capacity and overcame the limitation of pre-exposure of
anti-Salmonella immunity. The careful selection of genetic manipulations is critical for
maintaining the balance between therapeutic potential and pathogenicity. Moreover, an-
other study suggested an approach to override the non-specific invasiveness and intrinsic
toxicity of Salmonella through coupling the bacteria with a surface-expressed single-domain
antibody directed against a tumor-associated antigen [92]. This approach showed success
when CD20-targeted Salmonella was employed against lymphomas with minimal non-
specific invasiveness [92]. Other researchers utilized Salmonella as a vector system for drug
delivery in order to enhance its therapeutic potential and overcome the limitation in tumors
that could not be resolved by the intrinsic and immunostimulatory effects of Salmonella
alone. Interestingly, Din et al. illustrated the potential of utilizing Salmonella as a targeted
delivery system for therapeutic agents. In their model, bacterial growth was controlled
through engineering a bacterium that undergoes lysis at a threshold population density,
allowing the repetitive release of genetically encoded anti-tumor therapeutic agents during
lytic cycles [192]. This helps in delivering the therapeutic benefit while minimizing the
systemic inflammatory response [192]. In this context, it would be ideal if bacterial presence
could be controlled, allowing sufficient time to achieve the optimal anti-tumor effects and
then eliminating it to avoid uncontrolled proliferation that may lead to unpredictable
systemic inflammatory responses. Another innovative step in designing therapeutic vec-
tors was taken by Mercado-Lubo et al. through conjugating gold nanoparticles (AuNPs)
with the effector protein SipA of Salmonella SPI1 (Salmonella pathogenicity island 1) [193].
SipA protein induces caspase-3-mediated cleavage of the multi-drug resistance p-gp and
inhibits its function. Despite the observation that the SipA-AuNPs nanoparticle did not
result in any therapeutic effects when tested in murine tumor models of colon and breast
cancers, the enhanced anti-tumor efficacy was observed when combined with doxorubicin.
The therapeutic benefit was delivered by the capacity of the SipA protein to abrogate the
function of p-gp and therefore retrieve the desired effect of doxorubicin. The concept of
applying nanoparticles to deliver Salmonella proteins is well-accepted in circumventing the
safety concern of using infectious agent like Salmonella, but nanoparticles lack the unique
feature of Salmonella in the preferential colonization of tumor tissues. A recently published
paper utilized nanoparticle technology and Salmonella to enhance the treatment efficacy and
safety [194]. They employed silver nanoparticles (AgNPs) conjugated with sialic acid to
locally deplete tumor-infiltrating neutrophils through the selective recognition of L-selectin,
thereby enhancing the efficacy of Salmonella. AgNPs also exert their function through
inducing direct tumor cell killing and clearing Salmonella following tumor eradication to
minimize the undesirable side effects. This way, the combination of Salmonella-AgNPs
resulted in a superior therapeutic outcome. Furthermore, controling gene expression,
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either remotely or through the incorporation of gene promoters responsive to tumor-
associated antigens, has shown a good potential in minimizing toxicity to normal tissues
(discussed in Section 2.5).

In combinatorial therapies that involve bacterial treatment, high doses of bacteria are
not necessarily correlated with a better outcome. Bacteria can be utilized at a low dose that
is capable to induce changes in the immune components of the tumor microenvironment
without any significant tumor inhibition effect. This way, it may enhance the therapeutic
outcome and increase the efficacy of other treatments while keeping toxicity to minimal.
As previously mentioned, the therapeutic index of bacterial therapy in pre-clinical model
has been enhanced over the past few years with the designation of engineered bacteria.
While retaining tumor specificity and anti-tumor efficacy, bacteria have been engineered
for the purpose of (a) improving safety, (b) enhancing tumor targeting and minimizing
toxicity to normal tissues, and (c) delivering various anti-tumor therapeutic agents such
as cytokines, cytotoxic agents, tumor-associated antigens, and prodrug enzymes [21].
Taken all together, the durable success achieved with combination therapies (as compared to
monotherapies) in pre-clinical models has increased the demand to overcome the challenges
associated with bacterial therapy. This, in turn, will pave the way for implementing
combination therapies involving Salmonella in clinical use.

5. Conclusions

The present review highlights the unique characteristics of Salmonella as a potential
anti-cancer therapeutic agent. The essential tumor targeting capacity, adequate tumor
tissue penetration, immunomodulatory effects, and extensive gene packaging capacity,
in addition to efficacy in delivering anti-tumor therapeutic agents, suggest Salmonella as
a good candidate for combination therapy in cancer. Several pre-clinical studies have
demonstrated the enhanced anti-tumor efficacy of conventional and non-conventional
cancer therapeutics in combination with attenuated Salmonella in different tumor models.
The improved therapeutic outcome was shown in terms of tumor growth retardation,
metastasis inhibition, and increased survival rate. Taking everything into consideration,
the synergistic effect of combinatorial therapy is thought to be achieved through the ability
of Salmonella to (a) improve the delivery and enhance specificity of cancer therapeutic agents
to tumor site, (b) increase the antigenicity of tumor cells, and (c) manipulate the immune
components of the tumor microenvironment to make it more conducive for improving
other therapies, along with its ability to (d) minimize the toxicity associated with other
cancer therapies either directly or indirectly by reducing the number of treatment cycles or
prolonging the effect of a single treatment (Figure 3).

Although the potential of utilizing Salmonella to enhance the outcome of other thera-
pies has been investigated, the mechanistic details underlying combination therapies are
still scarce. Additional research is needed to expand the current findings and study the
underlying mechanism(s) by which Salmonella improves the therapeutic outcome. More-
over, the modulation of the immune system in combination cancer therapy is worthy of
further study because of its essential involvement in cancer development and progression.
The increased understanding of the involvement of Salmonella in combinatorial therapies
will facilitate the clinical translation of such an approach, thereby potentially ushering in a
breakthrough in cancer therapy.
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Figure 3. Combination treatments involving Salmonella in cancer. The administration of Salmonella was successful in
improving therapeutic outcome of other conventional and non-conventional cancer treatments.
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CAR-T Chimeric antigen receptor T cell therapies
BMCT Bacterial-mediated cancer therapy
TNF-α Tumor necrosis factor-alpha
PDOX Patient-derived orthotopic xenograft
VEGF Vascular endothelial growth factor
p-gp P-glycoprotein
MMP-9 Matrix metalloproteinase 9
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Tregs Regulatory T cells
iNOS Inducible nitric oxide synthase
MDSCs Myeloid-derived suppressor cells
IDO Indoleamine 2,3-dioxygenase
NK Natural killer
Cx43 Connexin 43
TILs Tumor-infiltrating lymphocytes
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133. Reck, M.; Rodríguez-Abreu, D.; Robinson, A.G.; Hui, R.; Csőszi, T.; Fülöp, A.; Gottfried, M.; Peled, N.; Tafreshi, A.; Cuffe, S.; et al.
Pembrolizumab versus Chemotherapy for PD-L1–Positive Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2016, 375, 1823–1833.
[CrossRef]

134. Snyder, A.; Makarov, V.; Merghoub, T.; Yuan, J.; Zaretsky, J.M.; Desrichard, A.; Walsh, L.A.; Postow, M.A.; Wong, P.; Ho, T.S.; et al.
Genetic Basis for Clinical Response to CTLA-4 Blockade in Melanoma. N. Engl. J. Med. 2014, 371, 2189–2199. [CrossRef] [PubMed]

135. Rizvi, N.A.; Hellmann, M.D.; Snyder, A.; Kvistborg, P.; Makarov, V.; Havel, J.J.; Lee, W.; Yuan, J.; Wong, P.; Ho, T.S.; et al.
Mutational landscape determines sensitivity to PD-1 blockade in non–small cell lung cancer. Science 2015, 348, 124–128. [CrossRef]
[PubMed]

136. Chen, M.-C.; Pangilinan, C.R.; Lee, C.-H. Salmonella Breaks Tumor Immune Tolerance by Downregulating Tumor Programmed
Death-Ligand 1 Expression. Cancers 2019, 12, 57. [CrossRef] [PubMed]

137. Ebelt, N.D.; Zuniga, E.; Marzagalli, M.; Zamloot, V.; Blazar, B.R.; Salgia, R.; Manuel, E.R. Salmonella-Based Therapy Targeting
Indoleamine 2,3-Dioxygenase Restructures the Immune Contexture to Improve Checkpoint Blockade Efficacy. Biomedicines 2020,
8, 617. [CrossRef]

138. Newland, S.A.; Phillips, J.M.; Mastroeni, P.; Azuma, M.; Zaccone, P.; Cooke, A. PD-L1 blockade overrides Salmonella typhimurium-
mediated diabetes prevention in NOD mice: No role for Tregs. Eur. J. Immunol. 2011, 41, 2966–2976. [CrossRef]

139. Lopez-Medina, M.; Perez-Lopez, A.; Alpuche-Aranda, C.; Ortiz-Navarrete, V.; Cunningham, A.; Round, J. Salmonella Modulates B
Cell Biology to Evade CD8 + T Cell-Mediated Immune Responses. Front. Immunol. 2014, 5, 586. [CrossRef]

140. Lopez-Medina, M.; Perez-Lopez, A.; Alpuche-Aranda, C.; Ortiz-Navarrete, V. Salmonella Induces PD-L1 Expression in B Cells.
Immunol. Lett. 2015, 167, 131–140. [CrossRef]

141. Srinivasan, A.; Nanton, M.; Griffin, A.; McSorley, S.J. Culling of Activated CD4 T Cells during Typhoid Is Driven by Salmonella
Virulence Genes. J. Immunol. 2009, 182, 7838–7845. [CrossRef]

142. 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]

143. Zhao, T.; Wei, T.; Guo, J.; Wang, Y.; Shi, X.; Guo, S.; Jia, X.; Jia, H.; Feng, Z. PD-1-siRNA delivered by attenuated Salmonella
enhances the antimelanoma effect of pimozide. Cell Death Dis. 2019, 10, 164. [CrossRef]

144. Zhao, T.; Feng, Y.; Guo, M.; Zhang, C.; Wu, Q.; Chen, J.; Guo, S.; Liu, S.; Zhou, Q.; Wang, Z.; et al. Combination of attenuated
Salmonella carrying PD-1 siRNA with nifuroxazide for colon cancer therapy. J. Cell. Biochem. 2020, 121, 1973–1985. [CrossRef]

145. Phan, T.; Nguyen, V.H.; D’Alincourt, M.S.; Manuel, E.R.; Kaltcheva, T.; Tsai, W.; Blazar, B.R.; Diamond, D.J.; Melstrom, L.G.
Salmonella-mediated therapy targeting indoleamine 2, 3-dioxygenase 1 (IDO) activates innate immunity and mitigates colorectal
cancer growth. Cancer Gene Ther. 2020, 27, 235–245. [CrossRef]

146. Rosenberg, S.A. IL-2: The First Effective Immunotherapy for Human Cancer. J. Immunol. 2014, 192, 5451–5458. [CrossRef]
147. Treatment of Hairy Cell Leukemia with Recombinant Alpha-Interferon—PubMed. Available online: https://pubmed.ncbi.nlm.

nih.gov/3730612/ (accessed on 10 June 2021).
148. Abbott, M.; Ustoyev, Y. Cancer and the Immune System: The History and Background of Immunotherapy. Semin. Oncol. Nurs.

2019, 35, 150923. [CrossRef]

http://doi.org/10.1056/NEJMoa1501824
http://doi.org/10.1038/s12276-018-0191-1
http://doi.org/10.1001/jamaoncol.2018.3923
http://doi.org/10.1158/1078-0432.CCR-12-3243
http://doi.org/10.1038/bjc.2017.136
http://doi.org/10.1056/NEJMoa051424
http://doi.org/10.1002/cncr.23168
http://doi.org/10.1007/s00262-014-1545-8
http://doi.org/10.1158/0008-5472.CAN-15-0255
http://doi.org/10.1056/NEJMoa1606774
http://doi.org/10.1056/NEJMoa1406498
http://www.ncbi.nlm.nih.gov/pubmed/25409260
http://doi.org/10.1126/science.aaa1348
http://www.ncbi.nlm.nih.gov/pubmed/25765070
http://doi.org/10.3390/cancers12010057
http://www.ncbi.nlm.nih.gov/pubmed/31878272
http://doi.org/10.3390/biomedicines8120617
http://doi.org/10.1002/eji.201141544
http://doi.org/10.3389/fimmu.2014.00586
http://doi.org/10.1016/j.imlet.2015.08.004
http://doi.org/10.4049/jimmunol.0900382
http://doi.org/10.1158/2326-6066.CIR-13-0058
http://doi.org/10.1038/s41419-019-1418-3
http://doi.org/10.1002/jcb.29432
http://doi.org/10.1038/s41417-019-0089-7
http://doi.org/10.4049/jimmunol.1490019
https://pubmed.ncbi.nlm.nih.gov/3730612/
https://pubmed.ncbi.nlm.nih.gov/3730612/
http://doi.org/10.1016/j.soncn.2019.08.002


Cancers 2021, 13, 3228 26 of 27

149. Saltzman, D.A.; Katsanis, E.; Heise, C.P.; Hasz, D.E.; Vigdorovich, V.; Kelly, S.M.; Curtiss, R.; Leonard, A.S.; Anderson, P.M.
Antitumor mechanisms of attenuated Salmonella typhimurium containing the gene for human interleukin-2: A novel antitumor
agent? J. Pediatr. Surg. 1997, 32, 301–306. [CrossRef]

150. Sorenson, B.S.; Banton, K.L.; Frykman, N.L.; Leonard, A.S.; Saltzman, D.A. Attenuated Salmonella typhimurium with IL-2 Gene
Reduces Pulmonary Metastases in Murine Osteosarcoma. Clin. Orthop. Relat. Res. 2008, 466, 1285–1291. [CrossRef]

151. Fritz, S.E.; Henson, M.S.; Greengard, E.; Winter, A.L.; Stuebner, K.M.; Yoon, U.; Wilk, V.L.; Borgatti, A.; Augustin, L.B.; Modiano,
J.; et al. A phase I clinical study to evaluate safety of orally administered, genetically engineered Salmonella enterica serovar
Typhimurium for canine osteosarcoma. Veter- Med. Sci. 2016, 2, 179–190. [CrossRef]

152. Gniadek, T.J.; Augustin, L.; Schottel, J.; Leonard, A.; Saltzman, D.; Greeno, E.; Batist, G. A Phase I, Dose Escalation, Single Dose
Trial of Oral Attenuated Salmonella typhimurium Containing Human IL-2 in Patients With Metastatic Gastrointestinal Cancers.
J. Immunother. 2020, 43, 217–221. [CrossRef]

153. Yoon, W.; Park, Y.C.; Kim, J.; Chae, Y.S.; Byeon, J.; Min, S.-H.; Park, S.; Yoo, Y.; Park, Y.K.; Kim, B.M. Application of genetically
engineered Salmonella typhimurium for interferon-gamma–induced therapy against melanoma. Eur. J. Cancer 2017, 70, 48–61.
[CrossRef]

154. Yoon, W.S.; Chae, Y.S.; Hong, J.; Park, Y.K. Antitumor therapeutic effects of a genetically engineered Salmonella typhimurium
harboring TNF-α in mice. Appl. Microbiol. Biotechnol. 2010, 89, 1807–1819. [CrossRef]

155. Loeffler, M.; Le’Negrate, G.; Krajewska, M.; Reed, J.C. Salmonella typhimurium engineered to produce CCL21 inhibit tumor
growth. Cancer Immunol. Immunother. 2008, 58, 769–775. [CrossRef]

156. Agorio, C.; Schreiber, F.; Sheppard, M.; Mastroeni, P.; Fernandez, M.; Martínez, M.Á.; Chabalgoity, J.A. Live attenuated Salmonella
as a vector for oral cytokine gene therapy in melanoma. J. Gene Med. 2007, 9, 416–423. [CrossRef]

157. Loeffler, M.; Le’Negrate, G.; Krajewska, M.; Reed, J.C. Attenuated Salmonella engineered to produce human cytokine LIGHT
inhibit tumor growth. Proc. Natl. Acad. Sci. USA 2007, 104, 12879–12883. [CrossRef]

158. Yuhua, L.; Kunyuan, G.; Hui, C.; Yongmei, X.; Chaoyang, S.; Xun, T.; Daming, R. Oral cytokine gene therapy against murine
tumor using attenuated Salmonella typhimurium. Int. J. Cancer 2001, 94, 438–443. [CrossRef]

159. Loeffler, M.; Le’Negrate, G.; Krajewska, M.; Reed, J.C. IL-18-producing Salmonella inhibit tumor growth. Cancer Gene Ther. 2008,
15, 787–794. [CrossRef]

160. 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]

161. Hiroshima, Y.; Zhang, Y.; Murakami, T.; Maawy, A.; Miwa, S.; Yamamoto, M.; Yano, S.; Sato, S.; Momiyama, M.; Mori, R.; et al.
Efficacy of tumor-targeting Salmonella typhimurium A1-R in combination with anti-angiogenesis therapy on a pancreatic cancer
patient-derived orthotopic xenograft (PDOX) and cell line mouse models. Oncotarget 2014, 5, 12346–12357. [CrossRef]

162. Igarashi, K.; Kawaguchi, K.; Zhao, M.; Kiyuna, T.; Miyake, K.; Miyake, M.; Nelson, S.D.; Dry, S.M.; Li, Y.; Yamamoto, N.; et al.
Exquisite Tumor Targeting by Salmonella A1-R in Combination with Caffeine and Valproic Acid Regresses an Adult Pleomorphic
Rhabdomyosarcoma Patient-Derived Orthotopic Xenograft Mouse Model. Transl. Oncol. 2020, 13, 393–400. [CrossRef]

163. Zhang, Y.; Zhang, N.; Su, S.; Hoffman, R.M.; Zhao, M. Salmonella typhimurium A1-R tumor targeting in immunocompetent mice
is enhanced by a traditional Chinese medicine herbal mixture. Anticancer. Res. 2013, 33, 1837–1843.

164. Garcia-Hernandez, M.D.L.L.; Hamada, H.; Reome, J.B.; Misra, S.K.; Tighe, M.P.; Dutton, R.W. Adoptive Transfer of Tumor-Specific
Tc17 Effector T Cells Controls the Growth of B16 Melanoma in Mice. J. Immunol. 2010, 184, 4215–4227. [CrossRef]

165. Safety Study of Clostridium Novyi-NT Spores to Treat Patients With Solid Tumors That Have Not Responded to Standard
Therapies—Full Text View—ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/NCT01118819 (accessed
on 14 June 2021).

166. Safety Study of Intratumoral Injection of Clostridium Novyi-NT Spores to Treat Patients With Solid Tumors That Have Not
Responded to Standard Therapies—Full Text View—ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/
NCT01924689 (accessed on 14 June 2021).

167. One Time Injection of Bacteria to Treat Solid Tumors That Have Not Responded to Standard Therapy—Full Text View—
ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/NCT00358397 (accessed on 14 June 2021).

168. Roberts, N.; Zhang, L.; Janku, F.; Collins, A.; Bai, R.-Y.; Staedtke, V.; Rusk, A.W.; Tung, D.; Miller, M.; Roix, J.; et al. Intratumoral
injection of Clostridium novyi-NT spores induces antitumor responses. Sci. Transl. Med. 2014, 6, 249ra111. [CrossRef] [PubMed]

169. Toso, J.F.; Gill, V.J.; Hwu, P.; Marincola, F.M.; Restifo, N.P.; Schwartzentruber, D.J.; Sherry, R.M.; Topalian, S.L.; Yang, J.C.; Stock,
F.; et al. Phase I Study of the Intravenous Administration of Attenuated Salmonella typhimurium to Patients With Metastatic
Melanoma. J. Clin. Oncol. 2002, 20, 142–152. [CrossRef] [PubMed]

170. Heimann, D.M.; Rosenberg, S.A. Continuous Intravenous Administration of Live Genetically Modified Salmonella Typhimurium
in Patients With Metastatic Melanoma. J. Immunother. 2003, 26, 179–180. [CrossRef] [PubMed]

171. Nemunaitis, J.; Cunningham, C.; Senzer, N.; Kuhn, J.; Cramm, J.; Litz, C.; Cavagnolo, R.; Cahill, A.; Clairmont, C.; Sznol, M. Pilot
trial of genetically modified, attenuated Salmonella expressing the E. coli cytosine deaminase gene in refractory cancer patients.
Cancer Gene Ther. 2003, 10, 737–744. [CrossRef]

http://doi.org/10.1016/S0022-3468(97)90198-6
http://doi.org/10.1007/s11999-008-0243-2
http://doi.org/10.1002/vms3.32
http://doi.org/10.1097/CJI.0000000000000325
http://doi.org/10.1016/j.ejca.2016.10.010
http://doi.org/10.1007/s00253-010-3006-4
http://doi.org/10.1007/s00262-008-0555-9
http://doi.org/10.1002/jgm.1023
http://doi.org/10.1073/pnas.0701959104
http://doi.org/10.1002/ijc.1489
http://doi.org/10.1038/cgt.2008.48
http://doi.org/10.1080/2162402X.2015.1130207
http://doi.org/10.18632/oncotarget.2641
http://doi.org/10.1016/j.tranon.2019.10.005
http://doi.org/10.4049/jimmunol.0902995
https://clinicaltrials.gov/ct2/show/NCT01118819
https://clinicaltrials.gov/ct2/show/NCT01924689
https://clinicaltrials.gov/ct2/show/NCT01924689
https://clinicaltrials.gov/ct2/show/NCT00358397
http://doi.org/10.1126/scitranslmed.3008982
http://www.ncbi.nlm.nih.gov/pubmed/25122639
http://doi.org/10.1200/JCO.2002.20.1.142
http://www.ncbi.nlm.nih.gov/pubmed/11773163
http://doi.org/10.1097/00002371-200303000-00011
http://www.ncbi.nlm.nih.gov/pubmed/12616110
http://doi.org/10.1038/sj.cgt.7700634


Cancers 2021, 13, 3228 27 of 27

172. Schmitz-Winnenthal, F.H.; Hohmann, N.; Schmidt, T.; Podola, L.; Friedrich, T.; Lubenau, H.; Springer, M.; Wieckowski, S.; Breiner,
K.M.; Mikus, G.; et al. A phase 1 trial extension to assess immunologic efficacy and safety of prime-boost vaccination with
VXM01, an oral T cell vaccine against VEGFR2, in patients with advanced pancreatic cancer. OncoImmunology 2017, 7, e1303584.
[CrossRef]

173. Duong, M.T.-Q.; Qin, Y.; You, S.-H.; Min, J.-J. Bacteria-cancer interactions: Bacteria-based cancer therapy. Exp. Mol. Med. 2019, 51,
1–15. [CrossRef]

174. Broadway, K.M.; Denson, E.A.; Jensen, R.V.; Scharf, B.E. Rescuing chemotaxis of the anticancer agent Salmonella enterica serovar
Typhimurium VNP20009. J. Biotechnol. 2015, 211, 117–120. [CrossRef]

175. VNP20009 in Treating Patients With Advanced or Metastatic Solid Tumors That Have Not Responded to Previous Therapy—Full
Text View—ClinicalTrials.Gov. Available online: https://www.clinicaltrials.gov/ct2/show/NCT00004216?term=Salmonella&
cond=Cancer&draw=2&rank=5 (accessed on 1 May 2021).

176. Treatment of Patients With Cancer With Genetically Modified Salmonella Typhimurium Bacteria—Full Text View—
ClinicalTrials.Gov. Available online: https://www.clinicaltrials.gov/ct2/show/NCT00004988?term=Salmonella&cond=
Cancer&draw=2&rank=2 (accessed on 1 May 2021).

177. VNP20009 in Treating Patients With Advanced Solid Tumors—Tabular View—ClinicalTrials.Gov. Available online: https:
//www.clinicaltrials.gov/ct2/show/record/NCT00006254?term=Salmonella&cond=Cancer&draw=2&rank=3 (accessed on 1
May 2021).

178. IL-2 Expressing, Attenuated Salmonella Typhimurium in Unresectable Hepatic Spread—Full Text View—ClinicalTrials.Gov.
Available online: https://www.clinicaltrials.gov/ct2/show/NCT01099631?term=Salmonella&cond=Cancer&draw=2&rank=4
(accessed on 1 May 2021).

179. VXM01 Phase I Dose Escalation Study in Patients With Locally Advanced, Inoperable and Stage IV Pancreatic Cancer—Full Text
View—ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/NCT01486329 (accessed on 1 May 2021).

180. Multiple Myeloma Trial of Orally Administered Salmonella Based Survivin Vaccine—Full Text View—ClinicalTrials.Gov. Available
online: https://www.clinicaltrials.gov/ct2/show/NCT03762291?term=Salmonella&cond=Cancer&draw=2&rank=7 (accessed
on 1 May 2021).

181. DNA Vaccination Against Neuroblastoma—Full Text View—ClinicalTrials.Gov. Available online: https://www.clinicaltrials.
gov/ct2/show/NCT04049864?term=Salmonella&cond=Cancer&draw=2&rank=8 (accessed on 1 May 2021).

182. Saltikva for Metastatic Pancreatic Cancer—Full Text View—ClinicalTrials.Gov. Available online: https://www.clinicaltrials.gov/
ct2/show/NCT04589234?term=Salmonella&cond=Cancer&draw=2&rank=1 (accessed on 1 May 2021).

183. Felgner, S.; Kocijancic, D.; Frahm, M.; Weiss, S. Bacteria in Cancer Therapy: Renaissance of an Old Concept. Int. J. Microbiol. 2016,
2016, 1–14. [CrossRef]

184. Frahm, M.; Felgner, S.; Kocijancic, D.; Rohde, M.; Hensel, M.; Curtiss, R.; Erhardt, M.; Weiss, S. Efficiency of Conditionally
Attenuated Salmonella enterica Serovar Typhimurium in Bacterium-Mediated Tumor Therapy. mBio 2015, 6, e00254-15. [CrossRef]

185. Mignon, C.; Sodoyer, R.; Werle, B. Antibiotic-Free Selection in Biotherapeutics: Now and Forever. Pathogens 2015, 4, 157–181.
[CrossRef]

186. Forbes, N.S.; Coffin, R.S.; Deng, L.; Evgin, L.; Fiering, S.; Giacalone, M.; Gravekamp, C.; Gulley, J.L.; Gunn, H.; Hoffman, R.M.;
et al. White paper on microbial anti-cancer therapy and prevention. J. Immunother. Cancer 2018, 6, 78. [CrossRef]

187. Zhang, Y.; Cao, W.; Toneri, M.; Zhang, N.; Kiyuna, T.; Murakami, T.; Nelson, S.D.; Dry, S.M.; Li, Y.; Li, S.; et al. Toxicology
and efficacy of tumor-targeting Salmonella typhimurium A1-R compared to VNP 20009 in a syngeneic mouse tumor model in
immunocompetent mice. Oncotarget 2017, 8, 54616–54628. [CrossRef]

188. Low, K.B.; Ittensohn, M.; Luo, X.; Zheng, L.M.; King, I.; Pawelek, J.M.; Bermudes, D. Construction of VNP20009: A Novel,
Genetically Stable Antibiotic-Sensitive Strain of Tumor-Targeting Salmonella for Parenteral Administration in Humans. Methods
Mol. Med. 2004, 90, 47–60. [CrossRef]

189. Zhao, M.; Yang, M.; Ma, H.; Li, X.; Tan, X.; Li, S.; Yang, Z.; Hoffman, R.M. Targeted Therapy with a Salmonella Typhimurium
Leucine-Arginine Auxotroph Cures Orthotopic Human Breast Tumors in Nude Mice. Cancer Res. 2006, 66, 7647–7652. [CrossRef]

190. Hoffman, R.M. Tumor-Targeting Salmonella typhimurium A1-R: An Overview. Adv. Struct. Saf. Stud. 2016, 1409, 1–8. [CrossRef]
191. Felgner, S.; Kocijancic, D.; Frahm, M.; Heise, U.; Rohde, M.; Zimmermann, K.; Falk, C.; Erhardt, M.; Weiss, S. Engineered

Salmonella enterica serovar Typhimurium overcomes limitations of anti-bacterial immunity in bacteria-mediated tumor therapy.
OncoImmunology 2017, 7, e1382791. [CrossRef]

192. Din, M.O.; Danino, T.; Prindle, A.; Skalak, M.; Selimkhanov, J.; Allen, K.; Julio, E.; Atolia, E.; Tsimring, L.S.; Bhatia, S.N.; et al.
Synchronized Cycles of Bacterial Lysis for in vivo Delivery. Nature 2016, 536, 81–85. [CrossRef]

193. Mercado-Lubo, R.; Zhang, Y.; Zhao, L.; Rossi, K.; Wu, X.; Zou, Y.; Castillo, A.; Leonard, J.; Bortell, R.; Greiner, D.L.; et al. A
Salmonella nanoparticle mimic overcomes multidrug resistance in tumours. Nat. Commun. 2016, 7, 12225. [CrossRef]

194. Mi, Z.; Guo, L.; Liu, P.; Qi, Y.; Feng, Z.; Liu, J.; He, Z.; Yang, X.; Jiang, S.; Wu, J.; et al. “Trojan Horse” Salmonella Enabling Tumor
Homing of Silver Nanoparticles via Neutrophil Infiltration for Synergistic Tumor Therapy and Enhanced Biosafety. Nano Lett.
2021, 21, 414–423. [CrossRef]

http://doi.org/10.1080/2162402X.2017.1303584
http://doi.org/10.1038/s12276-019-0297-0
http://doi.org/10.1016/j.jbiotec.2015.07.010
https://www.clinicaltrials.gov/ct2/show/NCT00004216?term=Salmonella&cond=Cancer&draw=2&rank=5
https://www.clinicaltrials.gov/ct2/show/NCT00004216?term=Salmonella&cond=Cancer&draw=2&rank=5
https://www.clinicaltrials.gov/ct2/show/NCT00004988?term=Salmonella&cond=Cancer&draw=2&rank=2
https://www.clinicaltrials.gov/ct2/show/NCT00004988?term=Salmonella&cond=Cancer&draw=2&rank=2
https://www.clinicaltrials.gov/ct2/show/record/NCT00006254?term=Salmonella&cond=Cancer&draw=2&rank=3
https://www.clinicaltrials.gov/ct2/show/record/NCT00006254?term=Salmonella&cond=Cancer&draw=2&rank=3
https://www.clinicaltrials.gov/ct2/show/NCT01099631?term=Salmonella&cond=Cancer&draw=2&rank=4
https://clinicaltrials.gov/ct2/show/NCT01486329
https://www.clinicaltrials.gov/ct2/show/NCT03762291?term=Salmonella&cond=Cancer&draw=2&rank=7
https://www.clinicaltrials.gov/ct2/show/NCT04049864?term=Salmonella&cond=Cancer&draw=2&rank=8
https://www.clinicaltrials.gov/ct2/show/NCT04049864?term=Salmonella&cond=Cancer&draw=2&rank=8
https://www.clinicaltrials.gov/ct2/show/NCT04589234?term=Salmonella&cond=Cancer&draw=2&rank=1
https://www.clinicaltrials.gov/ct2/show/NCT04589234?term=Salmonella&cond=Cancer&draw=2&rank=1
http://doi.org/10.1155/2016/8451728
http://doi.org/10.1128/mBio.00254-15
http://doi.org/10.3390/pathogens4020157
http://doi.org/10.1186/s40425-018-0381-3
http://doi.org/10.18632/oncotarget.17605
http://doi.org/10.1385/1-59259-429-8:47
http://doi.org/10.1158/0008-5472.CAN-06-0716
http://doi.org/10.1007/978-1-4939-3515-4_1
http://doi.org/10.1080/2162402X.2017.1382791
http://doi.org/10.1038/nature18930
http://doi.org/10.1038/ncomms12225
http://doi.org/10.1021/acs.nanolett.0c03811

	Introduction 
	Unique Aspects of Salmonella in Cancer Therapy 
	Selective Tumor Colonization 
	Broad Tumor Specificity 
	Intrinsic Oncolytic Capacity 
	Immunomodulatory Effects 
	Ease of Gene Modification 

	Salmonella in Combination with Other Approaches to Cancer Therapy 
	Combination with Chemotherapeutic Agents 
	Combination with Radiotherapy 
	Combination with Immune Checkpoint Inhibitors 
	Combination with Immunomodulatory Cytokines 
	Combination with Other Therapies 

	Clinical Application of Salmonella in Combination Cancer Therapy 
	Clinical Trials 
	Challenges 
	Efforts to Overcome Challenges 

	Conclusions 
	References

