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Conventional cancer therapies have many limitations. In the last decade, it has been suggested that bacteria-mediated immunotherapy may circumvent the restrictions of traditional treatments. For example, Salmonella enterica is the most promising bacteria for treating cancer due to its intrinsic abilities, such as killing tumor cells, targeting, penetrating, and proliferating into the tumor. S. enterica has been genetically modified to ensure safety and increase its intrinsic antitumor efficacy. This bacterium has been used as a vector for delivering anticancer agents and as a combination therapy with chemotherapy, radiotherapy, or photothermic. Recent studies have reported the antitumor efficacy of outer membrane vesicles (OMVs) derived from S. enterica. OMVs are considered safer than attenuated bacteria and can stimulate the immune system as they comprise most of the immunogens found on the surface of their parent bacteria. Furthermore, OMVs can also be used as nanocarriers for antitumor agents. This review describes the advances in S. enterica as immunotherapy against cancer and the mechanisms by which Salmonella fights cancer. We also highlight the use of OMVs as immunotherapy and nanocarriers of anticancer agents. OMVs derived from S. enterica are innovative and promising strategies requiring further investigation.
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Introduction

Cancer is recognized as a major global burden on the public health system that lacks fully effective therapy (Sung et al., 2021). Conventional cancer therapies, such as surgical resection, radiotherapy, and chemotherapy, have many limitations, including the inability to fight metastatic tumors, high toxicity in healthy tissues and cells, the development of multiple adverse effects that can considerably reduce the quality of life of patients and the possible appearance of aggressive and chemotherapy-resistant phenotypes (Dillekås et al., 2016; Zhou et al., 2018). Additionally, the poor vasculature in tumors and the extracellular matrix around the tumor, also called desmoplasia, makes it difficult for chemotherapeutic drugs to penetrate (Binnewies et al., 2018; Ebelt et al., 2020). Unsatisfactory results and limitations of conventional cancer therapy led to the development of new alternative cancer treatments like immunotherapy.

Immunotherapy has had a significant impact on oncology in the last decade (Gao et al., 2020), which has been evidenced by the Food and Drug Administration (FDA) approval of various immunotherapeutic strategies for use in humans (Galluzzi et al., 2014). Based on the ability to reactivate the host’s immune system against cancer cells and the mechanism of action of the immunotherapeutic agent used, immunotherapy strategies can be classified as passive or active (Auslander et al., 2018; Galon and Bruni, 2019) (Figure 1).




Figure 1 | Overview of active and passive immunotherapy strategies. Active immunotherapy includes the administration of vaccines, checkpoint inhibitors, and immunostimulators such as attenuated bacteria and bacterial OMVs. In contrast, passive immunotherapy refers to tumor-specific monoclonal antibodies, cytokines, or adoptive T cells.



Passive immunotherapy does not exploit the immune system’s natural response. Instead, it delivers immune system components, such as targeted monoclonal antibodies (O’Brien et al., 2022) or adoptive T cells (Tran et al., 2014). For example, the FDA-approved monoclonal antibody pembrolizumab significantly improved the survival of advanced non-small-cell lung cancer patients compared to placebo (O’Brien et al., 2022). Similarly, tebentafusp-tebn improved survival in patients with metastatic uveal melanoma (Dhillon, 2022). Another FDA-approved monoclonal antibody is Nivolumab. This immunotherapeutic treatment is used to treat multiple types of cancer in advanced stages (Paik, 2022). Concerning T cell-based immunotherapy, the FDA has approved six CAR T-cell therapies (Tisagenlecleucel, axicabtagene ciloleucel, brexucabtagene autoleucel, Lisocabtagene maraleucel, Idecabtagene vicleucel and Ciltacabtagene autoleucel). This type of treatment has shown excellent efficacy against hematological malignancies (Khan et al., 2022).

In contrast, in active immunotherapy, the host’s immune system plays a major role; Active immunotherapy induces a durable memory response. The most relevant active immunotherapy strategies include cancer vaccines (Pol et al., 2015) and immunostimulatory, such as attenuated bacteria and their derivatives (outer membrane vesicles-OMVs) (Liang et al., 2021). FDA-approved cancer vaccines vary by platform. One of the oldest and most used is TheraCys. This vaccine was designed using live Bacillus Calmette–Guérin bacteria (live intravesical BCG). BCG is used to treat urothelial carcinoma in situ of the bladder after transurethral resection. Although BCG treatment has increased the survival of patients with bladder cancer, a subset of patients does not respond to BCG treatment (Chen et al., 2023a). On the other hand, the FDA has also approved immunotherapies based on viral platforms. IMLYGIC or T-VEC is an oncolytic viral therapy (based on herpes simplex virus 1) for treating advanced melanoma. Treatment with IMLYGIC statistically improved complete response or partial response rates in patients with melanoma. However, this therapy has limitations, such as cold chain requirements and intralesional administration (Shalhout et al., 2023).

Although bacteria are disease-causing microorganisms, different studies have shown that bacteria have the potential for cancer therapy (Yang et al., 2023). Even bacterial-mediated immunotherapy against cancer is one of the most promising strategies (Tran et al., 2014; Galon and Bruni, 2019; Mi et al., 2019). Bacterial-mediated immunotherapy may circumvent the limitations of conventional treatments; different genera of bacteria, such as Salmonella (Felgner et al., 2020), Escherichia (Kang et al., 2020), Clostridium (Staedtke et al., 2016), and Listeria (Vitiello et al., 2019) have been the focus of research and have shown antitumor activity. Among them, Salmonella enterica subsp. enterica serovar Typhimurium (S. Typhimurium) stands out considerably as the most studied bacteria for cancer treatment (Zhou et al., 2018).

S enterica has been extensively evaluated in preclinical cancer studies, and its antitumor potential has been demonstrated in both solid and metastatic tumors (Toso et al., 2002; Mi et al., 2019). In this review, we summarize recent advances in S. enterica-mediated cancer immunotherapy and the mechanisms by which S. enterica fights cancer. For a broader perspective on OMVs-based vaccines, please refer to Gao et al. (2022) and Jalalifar et al. (2023).

In addition, we also describe the promising new use of Salmonella-derived OMVs in cancer therapy. To begin with, we will introduce the genomic advantages of S. enterica that enable its modification to convert pathogenic strains to safe strains for use in humans or to synthesize antitumor agents (Galen et al., 2016). In addition, we highlight the intrinsic ability of S. enterica to precisely target tumors by detecting chemical signals found in the tumor microenvironment (Kasinskas and Forbes, 2007).

Furthermore, we also point out that S. enterica prefers to selectively accumulate and proliferate in the tumor microenvironment, considerably reducing toxicity in normal tissues. Subsequently, we focus on the immunological mechanisms described by which S. enterica exerts its antitumor activity. We then describe the use of this bacterium as a vector of antitumor agents and its combination with conventional treatments. Finally, we highlight the use of OMVs derived from S. enterica in cancer treatment. For more information on the interaction mechanisms between OMVs and host cells, please refer to (Wang et al., 2022). Salmonella-derived OMVs in cancer treatment is a new and little-explored strategy. However, the currently available evidence suggests its use in cancer immunotherapy is promising.




2 Advantages of using Salmonella enteric over conventional therapies



2.1 Versatile genetic programmability

S. enterica genome can be genetically engineered like a programmable robot to ensure safety and increase its therapeutic activity. The construction of safe strains of S. enterica through the attenuation of virulence is a research focus. Virulent strains of S. enterica can be attenuated through the deletion or mutation of virulence (Frahm et al., 2015), metabolic (Miyake et al., 2019), or regulatory genes (Hirsch Werle et al., 2016). For example, to increase the safety of S. Typhimurium, the well-known strain VNP20009 was built through the chromosomal deletion of the purI and msbB genes. These modifications generated a strain with an LD50 increased by more than 10,000 times in mice (Clairmont et al., 2000). The purI gene is necessary for the synthesis of adenine; therefore, strains lacking purI require an exogenous source of purine. This genetic modification improves the ability of the bacteria to grow in tumor tissues rich in purine (Yam et al., 2010). Therefore, S. enterica strains lacking the purI gene can have a more significant multiplication in tumors than in normal tissues.

The deletion of the msbB gene, for example, decreases septic shock (Low et al., 1999). The deletion of this gene causes the S. Typhimurium to induce a lower inflammatory response due to the lack of terminal myristoylation of lipid A of lipopolysaccharide (LPS), generating a strain with an excellent safety profile that retains the ability to accumulate in the tumor and suppress the tumor in vivo and in vitro (Low et al., 1999; Clairmont et al., 2000; Toso et al., 2002; Zhang et al., 2016). Genetic modifications in LPS can improve the safety profile of S. enterica (Frahm et al., 2015; Liang et al., 2022). It has been shown that strains with deletions in LPS are less likely to induce sepsis and are more susceptible to the immune system, making their application safer in cancer patients (Felgner et al., 2016b; Felgner et al., 2018). Different mutants were constructed by deleting genes involved in synthesizing S. Typhimurium LPS. Among these, the ΔrfaG mutant showed an excellent safety profile in mice and a high tumor targeting. However, its efficacy was compromised. To find the correct balance between attenuation and therapeutic efficacy, the ΔrfaG mutant was complemented with the rfaG gene under a promoter regulated by the sugar arabinose. This additional modification allows the ΔrfaG mutant to display wild-type LPS in the presence of arabinose (Frahm et al., 2015). However, the mutant exhibits incomplete LPS and an attenuated phenotype in the mammalian host, where arabinose is absent. This strategy increased the therapeutic efficacy of the ΔrfaG mutant in murine models of colon and kidney cancer (Frahm et al., 2015). These and other results indicate that although the modifications in LPS represent an attractive strategy for constructing strains with a good safety profile, the right balance is essential so that these modifications do not affect antitumor abilities.

S. enterica strains deficient in amino acid biosynthesis have also been designed to increase antitumor capabilities and safety profile. S. Typhimurium A1-R (dependent on leucine and arginine) selectively targets and replicates in tumor tissues over normal tissues, probably because it receives these amino acids from the tumor microenvironment (Miyake et al., 2019). In normal tissues, A1-R does not persist, and its toxicity is low (Liu et al., 2010). The antitumor ability of this strain has been evaluated in different mouse models of pancreatic (Yam et al., 2010; Kawaguchi et al., 2018b; Murakami et al., 2018), cervical (Miyake et al., 2019), prostate (Zhao et al., 2005), lung (Liu et al., 2010), breast (Miwa et al., 2014), and melanoma (Kawaguchi et al., 2018b) and osteosarcoma (Hayashi et al., 2009), in doses ranging from 107-109 CFU, without severe toxicity. Other strains deficient in amino acids that have shown a good safety profile and antitumor effects are strains deficient in aromatic amino acid biosynthesis, such as the aroA, aroC, and aroD mutants (Grille et al., 2014; Jin et al., 2017; Yoon et al., 2017; Bascuas et al., 2018). In addition, aro mutants are attenuated when inoculated by different routes of administration (Yang et al., 2008; Guo et al., 2011; Bascuas et al., 2018). The attenuation of these mutants is due to their inability to replicate and survive in mammalian cells, which considerably improves their safety profile to the host.

Attenuating S. enterica virulence can be achieved by targeting genes that regulate gene expression (Phan et al., 2015; Hirsch Werle et al., 2016). Guanosine 5′-diphosphate-3′-diphosphate (ppGpp) is an essential regulator of S. enterica gene expression (Pizarro-Cerdá and Tedin, 2004). The avirulent S. Typhimurium ΔppGpp strain, unable to synthesize ppGpp, can suppress the growth of colon tumors (Phan et al., 2015; Xu et al., 2022). The host integration factor (ihf) can also regulate the expression of different S. Typhimurium genes, including virulence and pathogenicity genes (Hirsch Werle et al., 2016). Deleting the ihfA gene reduced the virulence of S. Typhimurium in mice without affecting its ability to invade and survive in mammalian cells. Our research group demonstrated that S. Typhimurium ΔihfA could inhibit the growth of melanoma tumors in a murine model (Hirsch Werle et al., 2016). Inactivation of genes that regulate gene expression is an attractive strategy to achieve attenuation of the virulence of S. enterica.

Several other attenuated strains of S. enterica have been designed and evaluated in cancer-mediated therapy (Table 1). Recently, S. Typhimurium KST0650 was hyperattenuated by induction of mutations by gamma irradiation and exhibited enhanced invasiveness and survival in tumor cells (Gao et al., 2020). S. Typhimurium YB1, derived from an aroA mutant (SL7207), was constructed by replacing the essential asd (aspartate-semialdehyde dehydrogenase) with a construct in which asd is under the control of a hypoxia-conditioned promoter. This strain selectively accumulated in the tumor (tumor-liver ratios of 3900:1), and colonization was detected in hypoxic and necrotic regions with little or no blood vessels (Yu et al., 2012). Although various genetic modifications have allowed the attenuation of different strains of S. Typhimurium to reduce virulence in healthy tissues, their therapeutic activity was compromised without additional modifications.


Table 1 | Attenuated Salmonella Typhimurium strains used for cancer therapy in animal models.



S. enterica can also be genetically modified to deliver anticancer agents (Phan et al., 2020). The release of anticancer agents into tumor cells is crucial for therapeutic efficiency. To deliver anticancer agents in the cytosol of tumor cells, anticancer agents must be transported through the bacterial envelope. Several strategies have been suggested for this purpose. For example, mutants of S. Typhimurium strains were designed for the sifA gene (Camacho et al., 2016). sifA gene is essential for maintaining the integrity of the vacuole that protects S. enterica from the action of lysosomes. sifA gene deletion allows S. enterica to escape from the endosome and locate in the cytosol (Beuzón et al., 2000); this mutation is a useful approach, even when required to deliver eukaryotic expression vectors (Beuzón et al., 2000; Camacho et al., 2016). Other strategies have been developed using a type III secretion system (T3SS). For example, the T3SS encoded by S. Typhimurium pathogenicity island 2 allows for efficient translocation of anticancer agents into the cytosol of tumor cells (Xiong et al., 2010; Xu et al., 2014). Both delivery strategies allow S. Typhimurium to function as an intracellular factory of anticancer agents that help increase the therapeutic efficacy of S. Typhimurium.




2.2 Ability to target tumor

Different investigations have shown that S. Typhimurium has a high affinity for tumor tissue. Although the mechanisms by which S. Typhimurium targets the tumor neighborhood are currently not fully elucidated, it is well established that in tumor tissue, there are chemical conditions (such as acidic pH and hypoxia) and unique or highly expressed molecules that serve as a signal for S. Typhimurium to detect and target the tumor microenvironment (Wojtkowiak et al., 2011; Silva-Valenzuela et al., 2016). The tumor microenvironment is typically acidic due to high glycolytic flux and substantially impairs the efficacy of chemotherapeutic drugs (Wojtkowiak et al., 2011). S. enterica can survive in diverse pH ranges, including the acidic pH characteristic of the tumor microenvironment (Flentie et al., 2012). The acidic pH of the tumor microenvironment inhibits immune surveillance and response, as it impairs the activity of cytotoxic cells and hinders cytokine secretion (tumor necrosis factor-alpha, interferon-gamma, IL-10, IL-12, and transforming growth factor-beta1) (Müller et al., 2000; Flentie et al., 2012). Evidence indicated that both tumor cells and acid pH induce the expression of some genes in S. Typhimurium. Thus, its ability to survive in acidic pH environments can help redirect immune cells to the tumor microenvironment (Broadway and Scharf, 2019).

In the tumor microenvironment, blood vessels are premature, highly irregular, and poorly organized, forming multiple regions with insufficient oxygen supply (Ryan et al., 2009). In hypoxic regions, the efficacy of conventional treatments is limited since these regions are inaccessible to chemotherapeutic agents and resistant to radiation therapy (Zhang et al., 2016). S. Typhimurium, as a facultative anaerobic bacterium, can overcome this problem by its ability to detect and target preferentially hypoxic regions of solid tumors, thereby inhibiting their growth rate or causing regression (Yu et al., 2012). S. Typhimurium YB1 can survive only hypoxic conditions and inhibits the growth of breast, liver, and metastatic tumors in nude mice, even showing more significant tumor inhibition than the VNP20009 evaluated in clinical trials (Yu et al., 2012; Li et al., 2017, 1) (Table 2). In addition, hypoxia-inducible promoters such as HIP-1, NirB, and FNR have been used for the targeted expression of anticancer genes at the tumor site. This way, cytotoxicity to normal tissues is reduced and increased in the tumor microenvironment (Ryan et al., 2009).


Table 2 | Clinical trials using engineered tumor-targeting Salmonella Typhimurium.



S. enterica infection induces a high infiltration of neutrophils and dendritic cells in infected tissues, limiting the S. enterica location to environments less accessible to immune system cells, such as hypoxic or necrotic tumor regions. Death cells in necrotic regions release molecules or nutrients such as ethanolamine, amino acids, and sugars that increase the targeting of S. enterica to the tumor (Zhao et al., 2006; Yu et al., 2012; Felgner et al., 2016a; Silva-Valenzuela et al., 2016; Zheng et al., 2017). Ethanolamine is a phospholipid of biological membranes used by S. enterica as an alternative carbon source and acts as a chemotactic agent. Amino acids required for the survival of strains with deletions in the aromatic amino acid biosynthetic pathway are also released by dying tumor cells (Zheng et al., 2017). S. Typhimurium strains A1-R and ΔppGpp showed a precise tumor orientation (Zhao et al., 2006; Zheng et al., 2017; Xu et al., 2022). Some in vitro and in vivo studies have shown that S. Typhimurium is brought into tumor cells by the serine, aspartate, and ribose/galactose receptors present on the surface of bacteria that can detect these sugars secreted by cancer cells; TAR and TRG receptors detect aspartate and ribose, respectively, promote migration to hypoxic tumor tissues (Felgner et al., 2016a). In addition, the tumor microenvironment provides conditions for S. Typhimurium to target the tumor and provides a suitable niche for S. Typhimurium to accumulate and replicate in these immune-privileged regions.

In addition to hypoxic (1% oxygen) and anoxic regions, tumors comprise regions with normal oxygen levels (8% oxygen) found near blood vessels (Casazza et al., 2014). The regions with normal oxygen levels in tumors markedly reduce the efficiency of obligate anaerobic bacteria used in cancer therapy, such as, for example, bacteria of the genus Clostridium, because they cannot survive or replicate in oxygen. Obligate anaerobes are not suitable for eradicating small, metastatic tumors due to their requirement for anoxic conditions, which results in bacterial colonization only in the deep area of the tumor and in the absence of bacteria at the edge of the tumor (Theys et al., 2001), leading to the recurrence of the tumor. However, facultative anaerobic bacteria, such as Salmonella enterica, can be distributed throughout the tissue of small (non-hypoxic), large, and metastatic (with blood vessel supply) tumors, including anoxic, hypoxic, and normoxic regions in such a way that they can be used to deliver anticancer agents throughout the tumor and not only in specific regions.




2.3 Preferential growth in the tumor

Systemically administered S. Typhimurium spreads in both tumor and healthy tissues. However, this bacterium has been shown to accumulate in tumor tissues selectively (Gao et al., 2020). Therefore, the efficacy of S. Typhimurium to selectively accumulate in tumors has been analyzed extensively (Clairmont et al., 2000; Gao et al., 2020). It was recently demonstrated that the highly attenuated S. Typhimurium strain KST0650 administered to CT26 tumor-bearing mice was eliminated from the circulation and other normal organs (spleen, lung, liver, and kidney) on days 3 and 14, respectively, while it remained in tumor tissues until day 28 after inoculation. Furthermore, this strain replicated at extraordinarily high levels in tumor tissue, reaching up to 109 CFU/g of tumor tissue on the second day after inoculation, which is 1,000 to 100,000 times higher than in normal and circulating organs (Gao et al., 2020). In addition, a far-red fluorescent xenogenic pancreatic tumor model and the S. Typhimurium that carries luciferase cDNA made it possible to observe the distribution and accumulation of S. TyphimuriumVNP20009 in real-time. This dual fluorescence imaging system showed that S. TyphimuriumVNP20009 preferentially accumulated both in peripheral proliferative regions and in the necrotic areas of the tumor and induced apoptosis (Zhou et al., 2016).

The tumor microenvironment is an attractive target for S. enterica, probably because it provides privileged conditions that favor bacterial colonization, and this preferential accumulation elicits anticancer effects (Zhou et al., 2016; Mi et al., 2019). S. Typhimurium A1 selectively accumulates in tumor tissue (Zhao et al., 2005). This auxotrophic bacterium takes advantage of nutrients in the tumor tissue for survival, especially the essential amino acids leucine and arginine. Selective accumulation of strain A1 resulted in complete regression of subcutaneous tumor within 15-26 days after the initiation of treatment (Zhao et al., 2005). This strain was potentiated to increase tumor colonization by passages in colon tumor-bearing mice, resulting in the isolation of A1-R. In addition, A1-R showed an enhanced ability to grow preferentially in tumor tissue, as well as potent anticancer activity in various primary and metastatic murine tumor models (Hayashi et al., 2009; Liu et al., 2010; Yam et al., 2010). These findings have evidenced the potential use of S. enterica alone or as a delivery vector for treating cancer.

Conventional treatments often damage normal healthy cells and tissues; however, using S. enterica can overcome this limitation. The specificity accumulation of S. enterica in the tumor microenvironment can allow the administration of more toxic molecules directed to the tumor without side effects in healthy adjoining tissues (Zheng et al., 2017; Bascuas et al., 2018). To enhance the therapeutic effects of S. Typhimurium and overcome the limitations associated with the administration of interferon γ (IFN-γ) for melanoma treatment, a strain capable of secreting IFN-γ into the cytosol of host cells was constructed using the S. Typhimurium BRD509 T3SS. IFN-γ is a promising anticancer agent; however, its use in cancer therapy has certain limitations, such as the cytotoxicity associated with its direct administration and short half-life. S. Typhimurium BRD509 secreting IFN-γ showed selective growth in B16F10 mouse melanoma when administered by three routes of administration (intravenous, oral, and subcutaneous), and subcutaneous treatment significantly inhibited tumor growth. Furthermore, no histopathological signs of damage or adverse effects were found in normal tissues; these results show the ability of S. Typhimurium to preferentially attack cancer cells without generating significant toxicity to normal tissues (Yoon et al., 2017). Similar results were obtained recently (Xu et al., 2022).




2.4 Intratumoral penetration

Systemic administration of chemotherapeutic drugs is often ineffective due to the inability to penetrate poor vasculature regions and increasing amounts of the extracellular matrix characteristic of the tumor microenvironment (Agarwal et al., 2013; Zhang and Forbes, 2015). Chemotherapeutic agents enter the tumor tissue through the vasculature. Therefore, in regions with large intercapillary distances or slow blood flow, penetration tends to be low or null, which prevents chemotherapeutics from diffusing deep into tumors and reaching efficient concentrations (Zhang and Forbes, 2015). The extracellular matrix acts as a biophysical barrier against cytotoxic therapies, and in solid tumors, it is mainly composed of high levels of elastin, hyaluronan, fibrillar collagens, fibronectin, and laminins (Ebelt et al., 2020). It has been shown that in tumors, the deposition of extracellular matrix by tumor cells and microblasts associated with cancer is excessive, resulting in the ineffectiveness of systemic therapy in reduced penetration of chemotherapeutics (Henke et al., 2019; Zargar et al., 2019). Some drugs capable of degrading components of the extracellular matrix have been proposed to improve the administration of chemotherapeutics. However, their use has been limited due to the systemic degradation of the extracellular matrix of healthy tissues (Ebelt et al., 2020). For instance, the administration of hyaluronidase has shown clinical benefits in patients with tumors that express high levels of hyaluronic acid, such as pancreatic ductal adenocarcinoma. However, there is some concern about the increased risk of adverse effects due to the degradation of the extracellular matrix in healthy tissues (Doherty et al., 2018).

Metabolically active S. Typhimurium can overcome this limitation due to its ability to penetrate through poor vasculature regions and reach regions not easily accessible to the drugs administered systemically (Zhang and Forbes, 2015; Yoon et al., 2018). Previous work used attenuated S. Typhimurium for strictly regulated inducible expression of the bacterial hyaluronidase in orthotopic tumors that express high levels of hyaluronic acid. S. Typhimurium χ8768 was administered systemically to mice with pancreatic tumors penetrated and reached tumor-specific colonization two days after inoculation. Once there, hyaluronidase expression was activated by a single injection of arabinose to degrade tumor-specific hyaluronic acid and reduce the risk of degrading the extracellular matrix of healthy tissues. Hyaluronidase expressed on the surface of S. Typhimurium degraded tumor-specific hyaluronic acid and significantly improved the efficacy of the chemotherapeutic gemcitabine; Additionally, the degradation of hyaluronic acid resulted in a greater penetration of S. Typhimurium throughout the tumor (Ebelt et al., 2020).

Inherently mobile attenuated strains of S. enterica penetrate away from the tumor vasculature, accumulate, colonize, and inhibit tumor growth (Ganai et al., 2011; Raman et al., 2019). S. enterica motility is crucial for intratumoral penetration (Yu et al., 2012; Zhang and Forbes, 2015). S. Typhimurium can penetrate deeper into the tumor microenvironment and accumulate to considerably higher concentrations because of its self-propelling properties (Toley and Forbes, 2012; Thornlow et al., 2015; Li et al., 2017). The analysis of the swimming speed in a microfluidic device showed that S. Typhimurium (SL1344 and VNP20009) was more mobile than E. coli (DH5α and K12); the faster swimming strains showed more significant accumulation and deep intratumoral penetration (Toley and Forbes, 2012). Mobility within a bacterial strain is heterogenic; fractions of non-mobile, minimally mobile, and highly mobile individuals exist. These fractions were quantified in S. Typhimurium, and it was found that less than 15% of the total population constituted the fraction of highly mobile individuals actively penetrating the tumor tissue (Zhang and Forbes, 2015). The highly mobile fraction of S. Typhimurium was isolated; this fraction showed improved penetration and accumulation compared to unselected controls (Thornlow et al., 2015). These and other results strongly suggest that tumor penetration and intratumoral accumulation are mechanisms influenced by motility (Thornlow et al., 2015; Raman et al., 2019).

Previous studies have demonstrated a regulatory link between flagella-dependent motility and intracellular invasion through the master regulator flhDC (Elhadad et al., 2015; Raman et al., 2019). Deletions of flagellar genes decrease intracellular invasion of S. Typhimurium, and strains with greater mobility showed increased intracellular invasion (Elhadad et al., 2015). The flhDC complex controls the fliZ motility regulator, and the latter positively regulates cellular levels of the hilD transcription factor, which controls the transcription of the genes that make up T3SS and intracellular invasion (Raman et al., 2019). A recent study demonstrated the relationship between motility, intracellular bacterial density, and tumor colonization; S. Typhimurium actively penetrated the tumor masses after overexpression of the master regulator flhDC, S. Typhimurium swam much faster than the uninduced control (Raman et al., 2019). The overexpression of flhDC promoted intracellular accumulation of S. Typhimurium and tumor colonization in vitro. Induction of flhDC after initial penetration increased invasion-dependent T3SS and subsequently increased intracellular bacterial density; colonization was also enhanced by flhD overexpression due to increased retention of bacteria in tumors (Raman et al., 2019). The efficacy of bacterial immunotherapy could be improved with this inducer to drive more significant bacterial colonization and administration of payloads.





3 Salmonella enterica tumor suppression mechanisms

Infection with attenuated S. enterica can cause tumor regression or inhibition through several mechanisms (Avogadri et al., 2005; Kaimala et al., 2014). Some studies have reported that S. Typhimurium has direct tumoricidal activity (Avogadri et al., 2005; Li et al., 2012; Hirsch Werle et al., 2016); however, most studies point toward activating the innate and adaptive immune response as the primary mechanism for S. Typhimurium to destroy solid tumors and metastases (Chang and Lee, 2014) (Figure 2). Next, we review the alterations that the treatment of tumors with Salmonella enterica induces in the immune system, leading to tumor regression in animal models. Understanding these mechanisms could help explain the limited efficacy of previous clinical trials and design improved strategies for translational application of Salmonella enterica-based cancer immunotherapy.




Figure 2 | Mechanisms by which bacteria target tumors. Salmonella’s colonization of the tumor microenvironment induces the activation of the innate and adaptive immune response through various mechanisms that lead to tumor regression. (A) The interaction of Salmonella LPS and flagellin with the TLR4 and TLR5 receptors, respectively, leads to the activation of the transcription factor NF-κB, which induces the transcription of proinflammatory cytokines (TNF-alpha, INF, IL-1b, and IL-18) that promote infiltration of dendritic cells, neutrophils, macrophages, NK cells, T cells and B cells in the tumor microenvironment. (B) Salmonella LPS activates the inflammasome pathway, resulting in caspase-1-dependent secretion of IL-1B and IL-18 in the tumor microenvironment. (C) Salmonella increases the expression of the Bax protein and caspase-3 in tumor cells, directing cellular changes characteristic of apoptosis. (D) Salmonella activates autophagy in tumor cells by down-regulation of the AKT/mTOR signaling pathway. (E) Salmonella reprograms the polarization of TAMs from a phenotype that contributes to tumor development (M2) to a phenotype that directs the elimination of cancer cells (M1). (F) Salmonella increases the expression of Cx43, a protein that forms the jap junctions, which are essential for cross-presenting tumor antigenic peptides by DC to CD8 + T cells. Salmonella also activates CD4 + T cells, once active, these cells direct the activation and differentiation of B cells, the B cells, in turn, contribute to the polarization of CD4 + T cells to the Th1 phenotype and the decrease in the population of Tregs.





3.1 Salmonella enterica induces the activation of the immune system

The tumor microenvironment is immunologically privileged because it escapes from immune surveillance and prevents infiltration of immune cells (Zheng and Min, 2016). The administration of S. enterica increases the antigenicity of low antigenic tumors by activating Toll-like receptors (TLRs) and triggering the infiltration of antigen-presenting cells (macrophages and dendritic cells) and T cells (Kaimala et al., 2014). The pathogen-associated molecular patterns (PAMPs) present on the surface of S. enterica activate TLRs expressed by innate immune cells (Phan et al., 2020). Some studies have described the therapeutic effect of the activation of TLR5 by flagellin (de Melo et al., 2015); TLR5 recognizes the flagellum on the surface of macrophages, monocytes, CD4 T cells, and dendritic cells. A recent study showed that the Salmonella Typhimurium VNP20009 flagellum is required to induce a significant antitumor response; Flagellum lacking strains (ΔflhD or ΔfliE) were unable to reduce the size of melanoma tumors, which suggests that the flagellum plays a crucial role in the antitumor response mediated by Salmonella Typhimurium (Chen et al., 2021).

Similarly, it was shown that S. enterica serotype Choleraesuis inhibits tumor growth in the murine model and induces the recruitment of innate immune response cells through TLR4 signaling (Lee et al., 2008). Activation of TLR4 by lipopolysaccharide results in translocation of nuclear factor κB (NF-κB) into the nucleus, where molecular signals that lead to the expression of genes that encode proinflammatory cytokines such as interleukin-1β (IL-1β), interleukin-18 (IL-18), interferon-γ (IFN-γ), and necrosis factor-α(TNF-α). Secreted proinflammatory cytokines promote infiltration of dendritic cells, natural killer (NK) cells, macrophages, neutrophils, T and B cells, transforming the immunosuppressed tumor microenvironment into immune-activated (Kaimala et al., 2014; Kim et al., 2015; Li et al., 2020b).

The inflammasome regulates IL-1β and IL-18 production (Phan et al., 2015). The macrophage inflammasome is a cytosolic macromolecular complex that assembles to recruit and activate the cysteine protease caspase-1, which cleaves the pro-IL-1β and pro-IL-18 proinflammatory cytosines to their active form (Rathinam and Fitzgerald, 2016). Previous studies demonstrated that the antitumor activity of attenuated S. Typhimurium ΔppGpp involves the activation of the inflammasome (Phan et al., 2015). The analysis of the mRNA expression of key molecules for the activation of the inflammasome (IPAF and NLRP3) in mice treated with S. Typhimurium ΔppGpp and with E. coli MG1655 showed a significant elevation of these molecules when treated with S. Typhimurium ΔppGpp. The inflammasome is activated by the interaction of S. Typhimurium LPS with macrophages and ATP released by damaged cancer cells. Activating the inflammasome by S. Typhimurium significantly increased IL-1β release in tumors, inducing cell death (Phan et al., 2015).

Cell death pathways are inactive or altered in high-grade malignancy tumors (Hanahan and Weinberg, 2011). However, substantial evidence indicates that S. Typhimurium can induce apoptosis of tumor cells by multiple mechanisms, including accumulation in the tumor microenvironment, competition for food, toxin secretion, and recruitment of cells from the immune system (Wang et al., 2018; Li et al., 2020b). Treatment with S. Typhimurium VNP20009 caused apoptosis by increasing the expression of caspase-3 and Bax protein in two models of murine cancer (acute leukemia and pancreatic ductal adenocarcinoma), leading to tumor regression (Zhou et al., 2016; Li et al., 2020b). In addition to apoptosis, S. Typhimurium can induce cell death of cancer cells by autophagy (Lee et al., 2014; Wu et al., 2022). Under normal conditions, autophagy occurs in cells at low basal levels and only increases in response to stress conditions such as nutrient deficiency (Tu et al., 2016). However, in tumor cells, the activation of autophagy is altered (Hanahan and Weinberg, 2011). In the murine model, attenuated S. Choleraesuis controlled tumor growth by inducing autophagy by down-regulation of the AKT/mTOR signaling pathway (Lee et al., 2014; Wu et al., 2022). The activation of cell death pathways, such as apoptosis and autophagy, is involved in the antitumor activity of S. enterica.

S. Typhimurium also induces tumor growth suppression from macrophages (Kaimala et al., 2014); the macrophages are the main niche of this bacterium (Yang et al., 2018). Macrophages are heterogeneous cells that play a central role in the antitumor efficacy of S. enterica. Depending on the polarization signals received, these cells can express different and complex phenotypes (Perrotta et al., 2018). Macrophages M1 and M2 are the major phenotypes of macrophages and constitute the two extremes of the wide variety of macrophage phenotypes (Yang et al., 2018); these phenotypes have different effect on tumors (Yang et al., 2018). For example, M1 or classically activated macrophages respond to PAMPs and orchestrate pro-inflammatory and antitumor immune responses that eliminate cancer cells (Kaimala et al., 2014). In contrast, M2 macrophages, also known as alternatively activated, are polarized by anti-inflammatory molecules Interleukin-4 (IL-4) and Interleukin-13 (IL-13) and are characterized by supporting tumor growth angiogenesis, metastasis, and resistance to chemotherapeutics (Perrotta et al., 2018; Di Mitri et al., 2019). Macrophages found in the stroma of solid tumors are called tumor-associated macrophages (TAMs). TAMs are the most abundant population in the tumor microenvironment and are principally polarized to the M2 phenotype (Nava Rodrigues et al., 2018).

The phenotype of differentiated TAMs can change through exposure to different stimuli (Flentie et al., 2012; Silva-Valenzuela et al., 2016). For example, it was recently reported that S. Typhimurium could reprogram polarized TAMs from phenotype M2 to M1 (Yang et al., 2018; Zhang et al., 2023). When the M2 macrophages were co-cultured with S. Typhimurium YB1 under hypoxic conditions for two hours, more than 50% of the M2 macrophages phagocytosed the bacteria. Furthermore, after co-culturing with S. Typhimurium, M2 macrophages activated by IL-4 treatment showed increased human leukocyte antigen-D antigen (M1 macrophage phenotype marker) and reduced expression of CD206 (phenotype marker of macrophages M2) (Yang et al., 2018). These findings suggest the efficacy of S. Typhimurium YB1 in reprogramming the M2 to M1 phenotype and probably show one of the strategies by which S. Typhimurium YB1 inhibits tumor growth. Reprogramming of TAM M2 to M1 using S. Typhimurium suggests the potential use of this bacterium to reduce a cell population that contributes to tumor progression by increasing the cell population that kills tumor cells.

The recruitment of the innate immune system cells is the primary mechanism by which S. Typhimurium causes the regression of tumors (Bascuas et al., 2018). Proinflammatory cytokines released in response to S. Typhimurium accumulation in the tumor microenvironment recruit and promote dendritic cell (DC) maturation (Kim et al., 2015; Li et al., 2020b). DC maturation also requires gap junctions that allow intracellular communication and transfer of pre-processed antigenic peptides (Kiszner et al., 2019). The gap junctions comprise six connexin proteins (Cx), including Cx43(Kazan et al., 2019; Kiszner et al., 2019). It has been documented that several tumors have a low expression of Cx43, and even this protein is lost during tumor progression. S. Typhimurium can enhance the expression of Cx43 in melanoma cells (human and murine) (Saccheri et al., 2010) and promote the presentation of antigenic peptides of tumor cells by DC (Mehner et al., 2014). DCs target lymph nodes to present antigenic peptides by class I major histocompatibility complex to cytotoxic T lymphocytes (CTL) and NK cells (Saccheri et al., 2010). Once activated, these cells can trigger the destruction of tumor cells (Kim et al., 2015; Chen et al., 2019b).

The S. Typhimurium-mediated antitumor immune response is limited to myeloid and includes lymphoid cells (Zhao et al., 2005). Therefore, it has been proposed that T and B cells are necessary for the antitumor activity of S. Typhimurium (Lee et al., 2011a; Lee et al., 2011b). Previous studies in T-cell deficient mice indicate that these cells play a crucial role in the antitumor effect of S. Choleraesuis. Indeed, the systemic administration of S. Choleraesuis in tumor-bearing mice showed that in the absence of T cells, the antitumor effect of S. Choleraesuis is less efficient (Lee et al., 2011b). Several studies using S. Typhimurium to treat murine tumors have also supported the crucial role of T cells for antitumor efficacy. For example, treatment with S. TyphimuriumVNP20009 in mice with acute myeloid leukemia increased NK, Th1, and CD8+ cells and significantly prolonged survival (Li et al., 2020b).

Similarly, the antitumor immune response activation, achieved through S. Typhimurium LVR01, prolonged survival and reduced tumor growth in a murine lymphoma model through intratumoral recruitment of CD8+, NK, helper T cells 1 (Th1), and neutrophils (Grille et al., 2014). In addition, an enhanced effect was observed when mice with lymphoma were treated with S. Typhimurium LVR01 and interleukin-2 (IL-2) (Grille et al., 2013). The combination treatment increased NK and T cell infiltration in lymphoma tumors, probably due to the IL-2 activating these cells (Grille et al., 2013). These results strongly suggest that S. Typhimurium alone or IL-2 modulates the T cell-mediated antitumor response activation.

The induction of tumor regression by S. Typhimurium has been associated with differentiating CD4+ T cells into Th1 and decreasing the population of regulatory T cells (Tregs) (Jin et al., 2017). Indeed, previous work has demonstrated that Treg cells contribute to maintaining an immunosuppressed tumor microenvironment (Kim et al., 2015). S. Typhimurium can trigger tumor regression by decreasing the population of Tregs cells through LPS and Braun’s lipoprotein, as demonstrated in a previous study (Liu and Chopra, 2010). The msbB mutation of S. TyphimuriumVNP20009 probably significantly influenced the low tumor regression observed in clinical trials with this strain (Toso et al., 2002). A recent study showed that S. Typhimurium inhibited the development of colorectal tumors in a rat model through polarization to the Th1 phenotype and inhibition of polarization to the Th2 and Th17 phenotypes (Jin et al., 2017). The polarization of the Th1 phenotype is mediated by TLR4 MyD88 signaling activated by S. Typhimurium LPS and requires the activity of B cells (Lee et al., 2011a). Finally, S. Typhimurium induced T cell differentiation into Th1 and IFN-γ production by Th1 cells in wild-type mice but not in mice incapable of producing B cells (Lee et al., 2011a). Th1 cells produce high levels of IFN-γ, a cytokine that acts as an effector in CTL activity and is necessary to direct an effective immune response that promotes tumor suppression (Lee et al., 2008; Jin et al., 2017).

Although the role of T cells in S. Typhimurium-mediated tumor immunotherapy has been extensively studied and used to enhance the efficacy of S. Typhimurium in suppressing tumors (Lee et al., 2008; Lee et al., 2011b; Jin et al., 2017), the contribution of B cells in this process is poorly understood. However, the available evidence suggests that B cells are essential for S. Typhimurium-mediated antitumor activity. B cells can act as antigen-presenting cells and contribute to T-cell activation by cross-presentation (de Wit et al., 2010; Kim et al., 2015; Vendrell et al., 2016). For example, treating murine tumors with S. Typhimurium ΔppGpp induced tumor suppression from infiltrating leukocytes, T cells, and B cells (Kim et al., 2015; Xu et al., 2022). Another study in a murine model showed that attenuated S. Choleraesuis was more efficient in inhibiting tumor growth in B-cell deficient mice than in wild-type mice; however, it significantly decreased the survival of B-cell deficient mice. Moreover, a higher bacterial load and expression of inflammatory cytokines was found in the blood, liver, and spleen of mice deficient in B cells than in wild-type mice (Lee et al., 2011a); These data indicate that B cells are essential for the antitumor effect of S. enterica, but more studies are needed to elucidate its role in S. enterica-mediated tumor immunotherapy.

The mechanisms that explain the efficacy of S. enterica-mediated immunotherapy are complex and are not yet fully understood. However, accumulated evidence attributes its effectiveness to inducing proinflammatory cytokine production and activating innate and adaptive immune system cells. In addition, activated immune cells lead to the death of tumor cells and induce changes in the tumor microenvironment, which changes from immunosuppressed to immunocompetent to exert its anticancer effects. S. Typhimurium can also cause tumor progression inhibition by suppressing angiogenesis and metastasis (Miwa et al., 2014; Tu et al., 2016; Vendrell et al., 2016; Yi et al., 2020).




3.2 S. Typhimurium inhibits angiogenesis and delays metastasis

The progression of some tumor types is well marked by the migration of cancer cells from the primary site of the tumor to different sites in the body through the blood vessels. Blood vessels supply nutrients and oxygen necessary for the uncontrolled growth and survival of cancer cells (Saman et al., 2020); therefore, forming blood vessels from existing endothelial-lined vessels is essential for tumor growth (Quintero-Fabián et al., 2019; Saman et al., 2020). The inhibition of angiogenesis is one of the promising therapies, and the United States Food and Drug Administration (FDA) has approved therapeutic strategies for treating cancer, including drugs that inhibit angiogenesis (Cook and Figg, 2010). However, antiangiogenic therapy has many side effects and has not shown the expected effectiveness (Carmeliet and Jain, 2011). Numerous studies have demonstrated that S. Typhimurium can inhibit angiogenesis and delay metastasis (Miwa et al., 2014; Tu et al., 2016; Vendrell et al., 2016; Yi et al., 2020).

S. enterica can inhibit the expression of angiogenic activators such as vascular endothelial growth factor (VEGF). VEGF has been described as a potent angiogenic agent during tumor growth because it can induce endothelial cell growth (Saman et al., 2020). Studies demonstrated that S. Choleraesuis suppressed tumor angiogenesis by downregulating VEGF expression. B16F10 and 4T1 tumor cells treated with S. Typhimurium drastically decreased VEGF expression by inhibiting hypoxia-induced factor 1α, thus suppressing the proliferation of cancer cells (Tu et al., 2016). These results were confirmed in vivo when systemically administered S. Choleraesuis decreased VEGF levels in mice bearing B16F10 and 4T1 tumors; in addition, the Salmonella-treated mice tumors were smaller and less vascularized than the untreated mice (Tu et al., 2016). Angiogenesis is essential for tumor growth and for cancer cells to migrate and metastasize to distant sites. In addition, the blood vessels provide the primary route for cancer cells to escape from the primary site of the tumor (Wang et al., 2014).

In addition to angiogenesis, matrix metalloproteinases (MMP) can contribute to tumor cell migration. Tumor cells require the proteolytic action of MMP to degrade the extracellular matrix (Quintero-Fabián et al., 2019). Angiogenic agents, including VEGF, can activate MMPs, promoting angiogenesis and metastasis (Gupta et al., 2013; Quintero-Fabián et al., 2019). MMPs are endopeptidases that bind to zinc and participate in remodeling the extracellular matrix (ECM) by degrading its components. Excessive degradation of ECM components, including the tumor surface, promotes tumor cell migration (Quintero-Fabián et al., 2019). Studies have revealed that in various types of cancer, the expression of MMP-9 is elevated and contributes to metastasis. MMP exerts its proteolytic activity on the components of the ECM, thus promoting the migration of cancer cells (Gupta et al., 2013; Mehner et al., 2014). S. Choleraesuis inhibits the migration of tumor cells through decreased MMP-9 expression in melanoma and lung carcinoma murine cells (Tsao et al., 2018). The AKT/mTOR signaling pathway was found to control the decrease in MMP-9 expression induced through S. Typhimurium. In vivo, it was also possible to observe the decrease in MMP-9 activity, and it was related to the decrease in metastatic nodules in the groups administered with S. Choleraesuis (Tsao et al., 2018). Similarly, S. Choleraesuis reduces metastasis by downregulating epithelial cell adhesion molecules via the AKT/mTOR signal pathway (Yen et al., 2023). All these results suggest that treating tumors with S. enterica can decrease metastasis.




3.3 S. Typhimurium induces ferroptosis

Recently, it was demonstrated in vitro and in vivo that S. Typhimurium could induce ferroptosis to inhibit tumor growth (Figure 3) (Chen et al., 2023b). Ferroptosis is a form of cell death characterized by iron accumulation in the cell and lipid peroxidation (Li et al., 2020a). Ferroptosis can be activated through the blockade of glutathione peroxidase GPX4 (the intracellular enzyme that counteracts the oxidation of lipids in the membrane). The infection of glioma cells (U87 and U251) with S. Typhimurium increased three critical hallmarks of ferroptosis: lipid reactive oxygen species (ROS), malondialdehyde (MDA) and oxidized glutathione (GSSG), compared with that in the control group. A murine glioma model demonstrated that S. Typhimurium could induce the tumor death cell by activating ferroptosis and reducing glutathione peroxidase-4 expression (Chen et al., 2023b). These results suggested that S. Typhimurium suppresses murine glioma growth through ferroptosis induction. Future research could elucidate whether S. Typhimurium activates ferroptosis in tumors other than glioma.




Figure 3 | Salmonella Typhimurium induces ferroptosis to suppress tumor growth. The treatment of tumor cells with Salmonella Typhimurium increases the production of lipid reactive oxygen species (ROS), malondialdehyde (MDA), and oxidized glutathione (GSSG), as well as in vivo the treatment of tumor-bearing mice with Salmonella Typhimurium decreases the expression of glutathione peroxidase-4 (GPX4), which leads to ferroptosis.







4 S. Typhimurium as a vector to deliver anticancer agents

Despite numerous studies on the efficiency of S. enterica in inhibiting tumor growth in tumor-bearing mouse models, S. enterica alone is often insufficient to eliminate tumors. To enhance its therapeutic effects, S. enterica has been used as a vector for delivering anticancer agents (Yoon et al., 2017). The delivery of anticancer agents must be strictly controlled to ensure the safety and efficacy of the treatment (Camacho et al., 2016). The ability of S. Typhimurium to specifically target the tumor contributes to the targeted delivery of anticancer agents. However, inducible promoters have been proposed to ensure tight control of anticancer agent delivery. For example, hypoxia-inducible promoters (HIP-1, NirB, and FNR), L-arabinose promoter (pBAD), and tetracycline promoter (pTet) have been used (Ryan et al., 2009). S. Typhimurium secretion systems have also been used to efficiently deliver therapeutic agents into the cytosol of cells (Xu et al., 2014; Camacho et al., 2016; Clark-Curtiss and Curtiss, 2018). Currently, the most widely used anticancer agent delivery strategies are: (I) Delivery of genetic material for the eukaryotic expression of antitumor agents or the expression of RNA interference (RNAi) (Lee et al., 2005; Yang et al., 2008; Guo et al., 2011; Yoon et al., 2017; Yoon et al., 2018); (II) Delivery of cytotoxic agents to induce apoptosis of tumor cells (Camacho et al., 2016; Yang et al., 2016); (III) Delivery of immunomodulators to enhance the antitumor immune response (Saltzman et al., 1996; Nishikawa et al., 2006; Bereta et al., 2007; Fensterle et al., 2008; Loeffler et al., 2008; Massa et al., 2013; Schmitz-Winnenthal et al., 2015; Park et al., 2016; Augustin et al., 2021); and (IV) Delivery of Prodrug converting enzymes (King et al., 2002; Nemunaitis et al., 2003; Friedlos et al., 2008).



4.1 Delivery of genetic material

Most studies using S. enterica to deliver anticancer agents use the bacteria’s machinery to express the molecules of interest. However, this approach, in some cases, has limitations. For example, when the molecule of interest is a mammalian protein with anticancer activity. Mammalian proteins expressed by bacteria often lack biological activity due to the absence of post-translational modifications and correct folding (Tokmakov et al., 2012). Therefore, the administration of eukaryotic expression vectors by bacteria, a process known as bactofection, eliminates this problem because it allows the obtaining of biologically active proteins (Yoon et al., 2018; Johnson et al., 2019). In bactofection, intracellular bacteria deliver genes to a target cell for protein expression (Johnson et al., 2019). S. Typhimurium SL3261 was recently used to deliver genes encoding for carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) and 4–1BB ligand in (4–1BBL) in colon tumor-bearing mice. The bactofection of these genes with S. Typhimurium SL3261 inhibits the growth of colorectal tumors (Jin et al., 2017).

Recently, an S. Typhimurium high attenuated strain has been used to deliver the p53 gene to human bladder adenocarcinoma in vitro using the cell lines for human bladder carcinoma 5637 and transitional cell papilloma RT4 (Pérez Jorge et al., 2022). Both cells express loss of function in the tumor suppressor p53, one of the most frequent mutant genes in bladder cancer (Liao et al., 2021) and other cancers (Duffy et al., 2022). Pérez Jorge et al. (2022) observed that transfected cells express the p53 transgene and that such expression drives cancer cell loss of viability. These results corroborate that observed by a previous study using a S. Typhimurium strain with a different genetic background (Jiang et al., 2013).

Furthermore, S. Typhimurium has been reported to deliver RNAi of genes that drive tumorigenesis, known as oncogenes (Yoon et al., 2018). Oncogenes encode transcription factors that promote the proliferation and metastasis of tumor cells. In multiple types of cancer, some oncogenes are highly expressed. Decreased expression of oncogenes in tumor cells mediated by small strands of RNA complementary to the mRNA of oncogenes can restrict tumor growth (Chen et al., 2018b). Several drugs based on RNAi targeting oncogenes mRNA have been proposed. However, efficient administration has been a critical limitation (Chen et al., 2018b). S. Typhimurium has shown efficient delivery of RNAi from different oncogenes (Yang et al., 2008; Guo et al., 2011; Yoon et al., 2018). S. Typhimurium was modified to deliver short hairpin RNA specifically targeted to the alpha subunit of inhibin (sh-INHA) from a eukaryotic expression plasmid. The results showed that sh-INHA delivery by the bacterium significantly decreased INHA expression in tumor-bearing mice (colon CT26 and melanoma B16F10) and inhibited tumor growth (Yoon et al., 2018).




4.2 Delivery of cytotoxic agent

The delivery of cytotoxic agents by S. Typhimurium is the most used strategy to improve their antitumor activity. Inducible promoters to avoid or reduce toxic effects in healthy tissue are often used to control the expression of cytotoxic agents. For example, S. Typhimurium was designed to express a mutant of the Fas-associated protein with a C-terminus truncated death domain (N-FADD) from the hypoxia-induced NirB promoter in tumor tissues. S. Typhimurium expressing N-FADD showed remarkable tumor regression. The primary mechanism involved in the regression observed in this study was the activation of the caspase-3-dependent apoptotic pathway (Yang et al., 2016). Similar results were obtained when S. Typhimurium was used to deliver ClyA under a promoter that responds to low oxygen concentrations and HlyE under the control of an arabinose-inducible promoter (Ryan et al., 2009; Bhattacharya et al., 2020).

Other studies have designed tightly regulated systems to deliver cytotoxic agents to tumor tissues (Camacho et al., 2016). For example, the cytotoxic peptide Cp53 was released into the cytosol of tumor cells by a strain of S. Typhimurium designed by genetic engineering from the combination of three regulatory elements. The first element is an inducible autolysis system, which, in response to anhydrotetracycline, liberates the content of S. Typhimurium by lysis induction; the second element is an aspirin-induced salicylate cascade system. This system will only allow the production of the therapeutic agent in the presence of aspirin. Finally, the third element is deleting the sifA gene from the bacterial chromosome; this mutation allows S. Typhimurium to escape from the vacuolar environment to be located in the cytosol. The designed strain was initially induced to produce Cp53 within tumor cells; after bacterial lysis, it was induced to release the Cp53 peptide. This strain was shown to be efficient in inducing apoptosis of tumor cells (Camacho et al., 2016).




4.3 Delivery of immunomodulators

S. Typhimurium has been engineered as a delivery vehicle to immunomodulators such as cytokines, ligands, and antigens (Lee et al., 2005; Zhao et al., 2020). Cytokines can induce apoptosis of tumor cells. However, the short half-life of these molecules may limit this approach to cancer therapy (Donohue and Rosenberg, 1983). The intrinsic ability of S. Typhimurium to colonize and replicate in tumors can address this limitation. IL-18 and IL-2 delivery by S. Typhimurium resulted in the regression of primary subcutaneous and metastatic tumors associated with increased intratumoral cytokines accumulation of CTL, NK cells, and granulocytes (Saltzman et al., 1996; Loeffler et al., 2008). Similarly, other authors demonstrated the expression of the antigens Survivin and NT-ESO-1 by S. Typhimurium. The expression of these antigens results in T cell-dependent tumor regression (Nishikawa et al., 2006; Xu et al., 2014). Therefore, immunomodulators administered by S. Typhimurium can enhance the antitumor immune response and facilitate the death of tumor cells.

Tumor regression and improved tropism were observed when arginine-glycine-aspartate (RGD) peptide was expressed on the surface of S. Typhimurium ΔppGpp (Park et al., 2016; Liang et al., 2022). The RGD peptide is a ligand that binds to integrin alpha v beta 3 (αvβ3). In cancer cells, the αvβ3 integrin is overexpressed (Wang et al., 2019). S. Typhimurium expressing RGD established stable contact with tumor cells by the union between the RGD peptide and the αvβ3. Furthermore, S. Typhimurium ΔppGpp expressing RGD was more efficient in suppressing tumor growth than an isogenic strain not expressing RGD (Park et al., 2016). Another study also observed robust colonization when S. Typhimurium was engineered for expressing interleukin 15 (IL-15) and two immune checkpoint inhibitors directly into the tumor microenvironment (Augustin et al., 2021). Treatment of mice bearing native mammary gland tumors with S. Typhimurium χ455O expressing these immunomodulators significantly reduced tumors and increased survival with minimal toxicity (Augustin et al., 2021).




4.4 Delivery of prodrug-converting enzymes

Most chemotherapy drugs are toxic to both tumor and normal tissue; thus, prodrug-converting enzymes have been used in cancer therapy to reduce the adverse effects of toxicity in healthy tissues and maximize the efficiency of chemotherapeutics. These enzymes convert systemically administered prodrugs into their active form to conduct cytotoxic functions. The usefulness of S. Typhimurium in delivering prodrug-converting enzymes in the tumor region has been explored (King et al., 2002; Nemunaitis et al., 2003; Friedlos et al., 2008). This strategy delivered E. coli cytosine deaminase, which converts the harmless substrate 5-fluorocytosine (5-FC) into the chemotherapeutic agent 5-fluorouracil (5-FU) (Austin and Huber, 1993; King et al., 2002). Co-administration of VNP20009-loading cytosine deaminase (TAPET-CD) and 5-FC efficiently suppressed tumor growth in mice bearing murine colorectal carcinoma and human colon tumor xenografts.

Additionally, bacterial colonization and converting 5-FC to 5-FU by cytosine deaminase were observed in tumor tissue but not healthy tissues (King et al., 2002). However, co-administration of TAPET-CD and 5-FC in three patients having solid or metastatic tumors did not cause tumor growth inhibition. Still, tumor colonization and conversion of 5-FC to 5-FU were observed, indicating that S. Typhimurium can produce functional cytosine deaminase (King et al., 2002).





5 Combination therapy

The potential of S. Typhimurium-mediated immunotherapy and other therapies has been widely explored in the last three decades. Evidence indicates that combination therapy results in more successful treatment than monotherapies, probably due to the multifactorial nature of cancer (Massa et al., 2013; Zhao et al., 2020). S. Typhimurium has been extensively explored against cancer, chemotherapy, radiotherapy, and photothermic therapy, among others (Saltzman et al., 1996; King et al., 2002; Bascuas et al., 2018; Miyake et al., 2019; Duo et al., 2023). Previous studies have shown promising results when combining S. Typhimurium with chemotherapeutics such as 5-FU, cisplatin, cyclophosphamide, doxorubicin, and vincristine (King et al., 2002; Bascuas et al., 2018; Saltzman et al., 2018; Miyake et al., 2019). Chemotherapy has reduced cytotoxic effects on tumor cells in the G0/G1 phase; however, the population of these cells predominates in established tumors. S. Typhimurium A1-R can increase the sensitivity of tumors to chemotherapy, presumably by induction of the cell cycle progression from the G0/G1 phase to the S/G2/M phase. S. Typhimurium A1-R was combined with cisplatin and recombinant methioninase in a metastatic osteosarcoma model that does not respond to treatment with cisplatin. Results showed that combining these three elements was more efficient in eradicating metastatic osteosarcoma than individual therapies (Igarashi et al., 2018). Similar results were found when S. Typhimurium LVR01 combined with four drugs (cyclophosphamide, doxorubicin, vincristine, and prednisone) significantly inhibited tumor growth compared to LVR01 alone or chemotherapy alone in a murine model of B-cell non-Hodgkin lymphoma (Bascuas et al., 2018). Recently, bioengineered E. coli OMVs combining photodynamic/chemo-/immunotherapy improved the antitumor efficacy against triple-negative breast tumors in mice and avoided lung metastasis by co-loading of chlorin e6 and doxorubicin (Li et al., 2023).

Although S. Typhimurium and radiotherapy have not been much studied, recent studies have shown an increase in the antitumor activity of S. Typhimurium when combined with radiotherapy in mice bearing CT26 tumors (Liu et al., 2016; Gao et al., 2020). S. Typhimurium KST0652, a mutant oxytolerant and hyper-attenuated, can express and secret inducer sATF6. This strain was engineered to deliver sATF6 inside tumor cells via T3SS in response to the radiation-inducible recN promoter. S. Typhimurium KST0652 was more effective in tumor targeting, colonizing, and invading than its parental strain. However, KST0652 in monotherapy could not significantly reduce tumor growth (Gao et al., 2020). Exposure to γ radiation significantly decreased tumor growth. Still, complete suppression of tumor growth was observed only when mice inoculated with KST0650 were exposed to γ radiation to induce the expression and secretion of sATF6 (Gao et al., 2020). Primary melanoma tumors were significantly reduced when treated with Salmonella as a radiosensitizer delivery vector combined with radiotherapy (Duo et al., 2023). These and other results suggest that the combined treatment of S. Typhimurium and radiation produce additional antitumor effects.

Alternatively, combining S. Typhimurium with photothermic therapy for treating cancer has also been studied (Chen et al., 2019a; Yi et al., 2020). For example, in a recent study, S. Typhimurium YB1 targeting hypoxia combined with photothermal treatment showed greater specificity and efficiency in tumor eradication. The surface of YB1 was coated with nanophotosensitizers (nanoparticles loaded with indocyanine green). Once inoculated into MB49 tumor-bearing mice, this bacterium invaded all tumor tissue. Subsequently, irradiating the tumors with a near-infrared laser directed the elimination of tumors (Chen et al., 2019a). Another study indicated that infrared laser irradiation could kill S. Typhimurium-infected tumors. S. Typhimurium infection of tumors triggers the infiltration of immune cells, the release of proinflammatory cytokines, and the alteration of the tumor vasculature, leading to thrombosis. In that study, it was found that S. Typhimurium-infected tumors had a dark color, which could be used to cause photothermal heating with a near-infrared laser (Yi et al., 2020).




6 Salmonella outer membrane vesicles in cancer therapy

Bacteria naturally produce and secrete OMVs under physiological and pathological conditions. OMVs of Gram-negative bacteria are spherical two-layer proteoliposomes of diverse nano-sized (10-300 nm) (Beveridge, 1999; MacDonald and Kuehn, 2012; Igarashi et al., 2018) composed of LPS, outer membrane proteins, periplasmic proteins, and phospholipids (Bai et al., 2014). Studies have revealed that OMVs can transport a variety of toxins, metabolites, enzymes, virulence factors, and genetic material (DNA and RNA) (Bai et al., 2014; Batista et al., 2020). The cargo transported by OMVs depends on the growth conditions. For example, A proteomic analysis identified differences in the composition of OMVs of S. Typhimurium isolated under two different growth conditions. Among the proteins identified, 14 were specific for OMVs isolated from growth in minimal acidic medium (Bai et al., 2014); suggesting that S. Typhimurium modulates the cargo of OMVs to adapt to environmental changes.

Morphologically, OMVs have some similarities to bacterial minicells. Both are anuclear nanometric particles composed of cellular material of their parental cells (Bai et al., 2014; Solomon et al., 2015). Some authors do not discriminate between OMVs and minicells (Cao and Liu, 2020). However, although OMVs and minicells have similarities, they are different. One of the characteristics that differentiate minicells from OMVs is the cell wall. Minicells have a cell wall, while OMVs generally do not. OMVs are naturally secreted during all phases of bacterial growth. At the same time, minicells are derived from aberrant cell division, generated from the inactivation or mutation of genes (mainly the minCDE gene) that control the normal process of cell division (Solomon et al., 2015). Furthermore, the minicells are larger than OMVs.

OMVs are considered safer than attenuated bacteria and can stimulate the immune system as they comprise most of the immunogens found on the surface of their parent bacteria (Kaparakis-Liaskos and Ferrero, 2015; Kim et al., 2017). They can also act as efficient nanochargers of drugs (Figure 4). OMVs have recently emerged as a new strategy for designing treatments and vaccines against diseases, including cancer (Kuerban et al., 2020). OMV-based vaccines have been used in Normandy (Holst et al., 2013) and New Zealand (Sevestre et al., 2017) to control meningococcal serogroup B clonal outbreaks. The data shows that the vaccine has been efficient and safe. However, the use of OMVs in the translational clinic faces some difficulties, such as poor production performance and endotoxic effects.




Figure 4 | Salmonella Typhimurium outer membrane vesicles (OMVs) inhibit tumor growth. OMVs can stimulate the immune system to attack the tumor and can also be used to transport therapeutic drugs to tumors.





6.1 Production of Salmonella OMVs

The large-scale production of OMVs represents a challenge for the use of OMVs for clinical application (Micoli et al., 2023). Under normal conditions, bacteria have a low yield of OMVs for manufacturing vaccines or drugs. The production of OMVs is limited; however, its production can be considerably improved through genetic modifications. For example, OMV production is influenced by protein cargo, membrane proteins and lipoproteins, and LPS composition (Avila-Calderón et al., 2015). All genes related to the bacterial envelope (membrane, peptidoglycan, or LPS) can modulate OMV biogenesis.

In S. enterica serovar Typhi, nine genes were reported to modulate OMV secretion. Genes involved with envelope stability (ompA,nlpI, tolR), LPS biosynthesis (waaC and rfaE), synthesis and remodeling of the peptidoglycan (mrcB), genes involved in cell division (yibP and envC), stress sensor (degS) and the global transcriptional regulator (hns) have been associated with OMV biogenesis (Nevermann et al., 2019). Mutations that result in changes in the bacteria surface can result in a hypervesiculated phenotype. Salmonella mutants ΔrfaE, ΔtolR, and ΔdegS are associated with enhanced periplasmatic protein secretion. ΔdegS mutant, in particular, secrets about 30% more proteins than the wild-type strains. Some mutations, such as ΔompA, ΔtolR, ΔdegS, and Δhns, result in bigger OMVs, while ΔmrcB results in smaller vesicles, and ΔwaaC results in more heterogeneous Salmonella OMVs (Nevermann et al., 2019).

It was also described that S. enterica serovar Typhimurium mutants lacking lppAB, Pal, tolA, or tolB genes increased the production of OMVs (Deatherage et al., 2009). Other authors also observed that the pagL gene, coded for Lipid A deacylase, is involved with the intracellular release of OMVs in S. Typhimurium (Elhenawy et al., 2016) and several other Gram-negative bacteria (Geurtsen et al., 2005). Understanding the genetic aspects behind OMV biogenesis is the key to determining possible mutation targets to modulate OMV production.




6.2 Endotoxic effects of OMVs

The endotoxic effect of OMVs is another challenge for their clinical use. The LPS in OMVs isolated from wild-type strains of Salmonella is a fully endotoxic and potent activator of immune-inflammatory responses. The inoculation ip or iv of OMVs isolated from wild-type strains of Salmonella can trigger an inflammatory cytokine storm and serious systemic inflammatory responses (Lee et al., 2009; Qing et al., 2020). Therefore, LPS from OMVs must be detoxified for clinical use. Various approaches have been investigated to decrease the endotoxicity of OMVs. Detoxification of OMVs can be reduced by chemical modifications and deletions of genes involved in LPS synthesis. Once isolated, OMVs can be chemically modified to reduce their toxicity. In addition, the endotoxicity of OMVs isolated from Escherichia coli BL21 was decreased by their encapsulation in calcium phosphate. These OMVs were less endotoxic but maintained their ability to accumulate in the tumor and their antitumor effects (Qing et al., 2020).

Detoxification of OMVs has been performed by an isolation process based on detergents. The safety of OMV-based vaccines that control meningococcal serogroup B is probably due to LPS detoxification. The isolation of these OMVs is carried out with detergents that help eliminate LPS (Holst et al., 2013); however, the total loss of LPS is not an attractive option for immunotherapeutics against cancer since the complete loss of LPS could considerably reduce the immunogenicity of OMVs and, therefore, reduce their antitumor activity. Thus, genetic modifications in the genes that participate in the synthesis of LPS could solve this difficulty.

It is known that the msbB S. Typhimurium mutant has reduced endotoxicity in humans compared with wild strains (Toso et al., 2002). Previously, OMVs isolated from S. Typhimurium ΔmsbB were evaluated for delivery of epitopes of a canine parvovirus protein (Lee et al., 2009; Jiang et al., 2022). OMVs isolated from E. coli ΔmsbB have also been assessed against cancer. In both cases, the isolated OMVs had reduced endotoxicity. Still, they retained sufficient capabilities to stimulate the immune system and were proposed to deliver vaccines or therapeutic molecules (Lee et al., 2009; Kim et al., 2017). Another work reported that OMVs derived from S. Typhimurium ΔppGpp inoculated by the iv route have low toxicity in mice and antitumor activity. These genetic modifications strongly reduce the endotoxicity of OMVs by less activation of the TLR4 pathway. Furthermore, the antitumor effect and safety of attenuated mutants of S. Typhimurium have been widely characterized in different mouse models of cancer (Table 1); however, the field of OMVs isolated from these mutants has been little explored. OMVs isolated from attenuated mutants of S. Typhimurium could be a promising and safe strategy in cancer immunotherapy.




6.3 Salmonella OMVs as antitumoral agents

Recent studies have shown that OMVs have potential in cancer immunotherapy and can be used with conventional therapies (Kim et al., 2017; Chen et al., 2020; Aly et al., 2021; Zhuang et al., 2021). OMVs isolated from S. Typhimurium 14028 were evaluated as monotherapy and combined therapy with Paclitaxel in an Ehrlich tumor model. Treating mice by i.p route with four doses of 5 µg of OMVs of S. Typhimurium 14028 inhibited tumor growth by approximately 90%, while the inhibition with combined treatment was 95%. The observed antitumor effect was accompanied by hepatic degenerative changes, with milder liver damage in mice treated with the combination of OMVs and paclitaxel (Aly et al., 2021). Hepatocyte damage is probably due to the endotoxicity of OMV isolated from the wild-type strain and the toxic effect of the chemotherapeutic drug paclitaxel.

Similarly, CT26 tumor-bearing mice were treated by the i.p route with four doses of 5 ug OMVs derived from wild-type strains of S. Typhimurium and E. coli. Both OMVs inhibited tumor growth in a dose-dependent manner (Kim et al., 2017). On the other hand, mice bearing CT26 tumors were treated i.v with a single dose of 2.5 μg of OMVs derived from S. Typhimurium ΔppGpp. Although this treatment significantly inhibited tumor growth, it could not eliminate the tumor. However, treatment of CT26 and 4T1 tumor-bearing mice with a single 2.5 μg dose of S. Typhimurium ΔppGpp-derived OMVs combined with photothermal therapy resulted in complete tumor clearance after eight days of treatment initiation (Zhuang et al., 2021). These results show the enhanced effect of S. enterica OMVs combined with other therapies.

The synergistic therapeutic effect between S. Typhimurium OMVs and the chemotherapeutic Tegafur was also explored (Chen et al., 2020). OMVs were initially coated with non-contaminating polyethylene glycol and the RGD peptide, which increases the ability of OMVs to target tumors. Subsequently, these OMVs were coated with polymeric micelles from Tegafur, generating polymeric nanoparticles of OMV. Systemically administered nanoparticles selectively accumulated in the tumor, liver, and kidney. Furthermore, it induced antitumor immunity and significantly inhibited tumor growth in the murine model. The antitumor effects were mediated by activating the antitumor immune response and the release of Tegafur, which induced the death of tumor cells (Kim et al., 2017; Chen et al., 2020). These results suggest that S. Typhimurium OMVs and chemotherapeutics can considerably enhance cancer immunotherapy.

OMVs derived from S. Typhimurium can also be chemically and genetically modified to load and deliver antitumor drugs to tumor cells. OMVs derived from S. Typhimurium and E. coli are known to contain adhesines recognized by cells and trigger endocytosis (Kim et al., 2017; Nevermann et al., 2019). This inherent advantage of OMVs can be harnessed to deliver antitumor drugs into tumor cells. This approach has been explored with OMV isolates from E. coli and Klebsiella pneumonia (Gujrati et al., 2019; Kuerban et al., 2020). Recently, OMV was isolated from an E. coli ΔmsbB strain expressing the tyrosinase transgene, resulting in melanin-loaded OMVs tested in mice. Combination therapy with 75 ug of melanin-loaded OMVs i.t. and near-infrared light irradiation, eliminated tumors in 4T1 tumor-bearing mice (Gujrati et al., 2019). Using a chemical approach, OMVs derived from K. pneumonia were modified to package doxorubicin in human alveolar adenocarcinoma cells (A549 cells). OMVs from K. pneumoniae significantly reduced tumor growth (Kuerban et al., 2020). To date, OMVs isolated from S. Typhimurium have not been used to load therapeutic molecules. Therefore, it is an exciting approach that warrants investigation.





7 Conclusions and future perspectives

The intrinsic characteristics of S. Typhimurium make it an ideal strategy for cancer immunotherapy. Preclinical studies have provided strong evidence indicating that S. Typhimurium as an anticancer agent is a promising immunotherapeutic strategy. It may cause tumor cell death and induce activation of the antitumor immune response. Furthermore, genetic engineering tools have been made using S. Typhimurium as a delivery vector for therapeutic payloads against cancer. Despite the promising results observed in S. Typhimurium-mediated immunotherapy, it is likely that due to cancer heterogeneity, combining more than one therapeutic strategy is necessary to achieve successful treatment. Combinatorial approaches to S. Typhimurium with other types of anticancer therapy significantly improve the efficacy of cancer treatment. However, clinical trials have yielded unsatisfactory results, indicating that some problems must be solved before S. Typhimurium-mediated cancer immunotherapy is applied to humans. One of the remaining problems is that the therapeutic efficacy of S. Typhimurium appears closely related to its toxicity; therefore, future efforts must be directed to the careful design of bacterial strains that balance attenuation, toxicity, and therapeutic efficacy.

OMVs in cancer immunotherapy have recently received much attention. Studies have provided strong evidence that OMVs derived from S. Typhimurium also have potential in cancer immunotherapy, can be combined with conventional therapies, and are superior to their parent bacteria in terms of safety. Like S. Typhimurium, OMVs derived from S. Typhimurium can stimulate humoral and cell-mediated immune responses and be used as antitumor agents’ nanocarriers. Promising results have been obtained with OMVs of S. Typhimurium in different murine models. However, the clinical use of OMVs faces two major challenges: immunogenicity and low production of OMVs. These problems need special attention.

OMVs derived from attenuated mutants of S. Typhimurium could balance immunogenicity and safety. The results show that they could be a highly efficient and safe option. Studying OMVs isolated from well-characterized S. Typhimurium mutants in clinical and preclinical studies could represent a promising strategy. In addition, more in-depth studies are needed on the changes in the tumor microenvironment induced by S. Typhimurium and OMVs, the interaction between this bacterium and host immunity, and the use of models that better reflect the diversity and complexity of tumors in patients. A better understanding of these aspects will likely increase the chances of success of S. Typhimurium and S. Typhimurium-derived OMVs in cancer immunotherapy.





Author contributions

GPJ: Conceptualization, Data curation, Investigation, Visualization, Writing – original draft, Writing – review & editing. MTPG: Formal analysis, Visualization, Writing – original draft. MB: Conceptualization, Formal analysis, Funding acquisition, Investigation, Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. GPJ acknowledges the financial support by Departamento Administrativo de Ciencia, Tecnologia e Innovacion, grant number 2016/772 and Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) grant number 2022/11399-0. MTPG acknowledges the Conselho Nacional de Desenvolvimento Cientıfí co e Tecnológico (CNPq), grant number 130553/2020-4, and FAPESP, grant number 2020/01535-9. MTPG was supported by a grant [88881.625374/2021-01] from the Fulbright Association and the Coordenação de Aperfeiçoamento de Pessoal de Nıv́el Superior (CAPES) – Brazil. MB was supported by CNPq, grant numbers 309380/2019-7, 309678/2022-6, and FAPESP grant numbers 2021/ 00465-0 and 2021/10577-0.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Aganja, R. P., Sivasankar, C., and Lee, J. H. (2023). AI-2 quorum sensing controlled delivery of cytolysin-A by tryptophan auxotrophic low-endotoxic Salmonella and its anticancer effects in CT26 mice with colon cancer. J. Adv. Res. S2090-1232 (23), 00238–00232. doi: 10.1016/j.jare.2023.09.003

 Agarwal, S., Manchanda, P., Vogelbaum, M. A., Ohlfest, J. R., and Elmquist, W. F. (2013). Function of the blood-brain barrier and restriction of drug delivery to invasive glioma cells: findings in an orthotopic rat xenograft model of glioma. Drug Metab. Dispos 41, 33–39. doi: 10.1124/dmd.112.048322

 Aly, R. G., El-Enbaawy, M. I., Abd El-Rahman, S. S., and Ata, N. S. (2021). Antineoplastic activity of Salmonella Typhimurium outer membrane nanovesicles. Exp. Cell Res. 399, 112423. doi: 10.1016/j.yexcr.2020.112423

 Augustin, L. B., Milbauer, L., Hastings, S. E., Leonard, A. S., Saltzman, D. A., and Schottel, J. L. (2021). Virulence-attenuated Salmonella engineered to secrete immunomodulators reduce tumour growth and increase survival in an autochthonous mouse model of breast cancer. J. Drug Target 29, 430–438. doi: 10.1080/1061186X.2020.1850739

 Auslander, N., Zhang, G., Lee, J. S., Frederick, D. T., Miao, B., Moll, T., et al. (2018). Robust prediction of response to immune checkpoint blockade therapy in metastatic melanoma. Nat. Med. 24, 1545–1549. doi: 10.1038/s41591-018-0157-9

 Austin, E. A., and Huber, B. E. (1993). A first step in the development of gene therapy for colorectal carcinoma: cloning, sequencing, and expression of Escherichia coli cytosine deaminase. Mol. Pharmacol. 43, 380–387.

 Avila-Calderón, E. D., Araiza-Villanueva, M. G., Cancino-Diaz, J. C., López-Villegas, E. O., Sriranganathan, N., Boyle, S. M., et al. (2015). Roles of bacterial membrane vesicles. Arch. Microbiol. 197, 1–10. doi: 10.1007/s00203-014-1042-7

 Avogadri, F., Martinoli, C., Petrovska, L., Chiodoni, C., Transidico, P., Bronte, V., et al. (2005). Cancer immunotherapy based on killing of Salmonella-infected tumor cells. Cancer Res. 65, 3920–3927. doi: 10.1158/0008-5472.CAN-04-3002

 Bai, J., Kim, S. I., Ryu, S., and Yoon, H. (2014). Identification and characterization of outer membrane vesicle-associated proteins in Salmonella enterica serovar Typhimurium. Infect. Immun. 82, 4001–4010. doi: 10.1128/IAI.01416-13

 Bascuas, T., Moreno, M., Grille, S., and Chabalgoity, J. A. (2018). Salmonella immunotherapy improves the outcome of CHOP chemotherapy in non-hodgkin lymphoma-bearing mice. Front. Immunol. 9. doi: 10.3389/fimmu.2018.00007

 Batista, J. H., Leal, F. C., Fukuda, T. T. H., Alcoforado Diniz, J., Almeida, F., Pupo, M. T., et al. (2020). Interplay between two quorum sensing-regulated pathways, violacein biosynthesis and VacJ/Yrb, dictates outer membrane vesicle biogenesis in Chromobacterium violaceum. Environ. Microbiol. 22, 2432–2442. doi: 10.1111/1462-2920.15033

 Bereta, M., Hayhurst, A., Gajda, M., Chorobik, P., Targosz, M., Marcinkiewicz, J., et al. (2007). Improving tumor targeting and therapeutic potential of Salmonella VNP20009 by displaying cell surface CEA-specific antibodies. Vaccine 25, 4183–4192. doi: 10.1016/j.vaccine.2007.03.008

 Beuzón, C. R., Méresse, S., Unsworth, K. E., Ruíz-Albert, J., Garvis, S., Waterman, S. R., et al. (2000). Salmonella maintains the integrity of its intracellular vacuole through the action of SifA. EMBO J. 19, 3235–3249. doi: 10.1093/emboj/19.13.3235

 Beveridge, T. J. (1999). Structures of gram-negative cell walls and their derived membrane vesicles. J. Bacteriol 181, 4725–4733. doi: 10.1128/JB.181.16.4725-4733.1999

 Bhattacharya, A., Janal, M. N., Veeramachaneni, R., Dolgalev, I., Dubeykovskaya, Z., Tu, N. H., et al. (2020). Oncogenes overexpressed in metastatic oral cancers from patients with pain: potential pain mediators released in exosomes. Sci. Rep. 10, 14724. doi: 10.1038/s41598-020-71298-y

 Binnewies, M., Roberts, E. W., Kersten, K., Chan, V., Fearon, D. F., Merad, M., et al. (2018). Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat. Med. 24, 541–550. doi: 10.1038/s41591-018-0014-x

 Broadway, K. M., and Scharf, B. (2019). Salmonella Typhimurium as an anticancer therapy: recent advances and perspectives. Curr. Clin. Microbiol. Rep. 6, 225–239. doi: 10.1007/s40588-019-00132-5

 Camacho, E. M., Mesa-Pereira, B., Medina, C., Flores, A., and Santero, E. (2016). Engineering Salmonella as intracellular factory for effective killing of tumour cells. Sci. Rep. 6, 30591. doi: 10.1038/srep30591

 Cao, Z., and Liu, J. (2020). Bacteria and bacterial derivatives as drug carriers for cancer therapy. J. Controlled Release 326, 396–407. doi: 10.1016/j.jconrel.2020.07.009

 Carmeliet, P., and Jain, R. K. (2011). Molecular mechanisms and clinical applications of angiogenesis. Nature 473, 298–307. doi: 10.1038/nature10144

 Casazza, A., Di Conza, G., Wenes, M., Finisguerra, V., Deschoemaeker, S., and Mazzone, M. (2014). Tumor stroma: a complexity dictated by the hypoxic tumor microenvironment. Oncogene 33, 1743–1754. doi: 10.1038/onc.2013.121

 Chang, W.-W., and Lee, C.-H. (2014). Salmonella as an innovative therapeutic antitumor agent. Int. J. Mol. Sci. 15, 14546–14554. doi: 10.3390/ijms150814546

 Chen, J., Gao, L., Wu, X., Fan, Y., Liu, M., Peng, L., et al. (2023a). BCG-induced trained immunity: history, mechanisms and potential applications. J. Transl. Med. 21, 106. doi: 10.1186/s12967-023-03944-8

 Chen, J., Li, T., Zhou, N., He, Y., Zhong, J., Ma, C., et al. (2023b). Engineered Salmonella inhibits GPX4 expression and induces ferroptosis to suppress glioma growth in vitro and in vivo. J. Neurooncol 163, 607–622. doi: 10.1007/s11060-023-04369-5

 Chen, Q., Bai, H., Wu, W., Huang, G., Li, Y., Wu, M., et al. (2020). Bioengineering bacterial vesicle-coated polymeric nanomedicine for enhanced cancer immunotherapy and metastasis prevention. Nano Lett. 20, 11–21. doi: 10.1021/acs.nanolett.9b02182

 Chen, X., Mangala, L. S., Rodriguez-Aguayo, C., Kong, X., Lopez-Berestein, G., and Sood, A. K. (2018b). RNA interference-based therapy and its delivery systems. Cancer Metastasis Rev. 37, 107–124. doi: 10.1007/s10555-017-9717-6

 Chen, M.-C., Pangilinan, C. R., and Lee, C.-H. (2019b). Salmonella breaks tumor immune tolerance by downregulating tumor programmed death-ligand 1 expression. Cancers (Basel) 12, E57. doi: 10.3390/cancers12010057

 Chen, J., Qiao, Y., Chen, G., Chang, C., Dong, H., Tang, B., et al. (2021). Salmonella flagella confer anti-tumor immunological effect via activating Flagellin/TLR5 signalling within tumor microenvironment. Acta Pharm. Sin. B 11, 3165–3177. doi: 10.1016/j.apsb.2021.04.019

 Chen, J., Qiao, Y., Tang, B., Chen, G., Liu, X., Yang, B., et al. (2017). Modulation of Salmonella tumor-colonization and intratumoral anti-angiogenesis by triptolide and its mechanism. Theranostics 7, 2250–2260. doi: 10.7150/thno.18816

 Chen, W., Wang, Y., Qin, M., Zhang, X., Zhang, Z., Sun, X., et al. (2018a). Bacteria-driven hypoxia targeting for combined biotherapy and photothermal therapy. ACS Nano 12, 5995–6005. doi: 10.1021/acsnano.8b02235

 Chen, F., Zang, Z., Chen, Z., Cui, L., Chang, Z., Ma, A., et al. (2019a). Nanophotosensitizer-engineered Salmonella bacteria with hypoxia targeting and photothermal-assisted mutual bioaccumulation for solid tumor therapy. Biomaterials 214, 119226. doi: 10.1016/j.biomaterials.2019.119226

 Clairmont, C., Lee, K. C., Pike, J., Ittensohn, M., Low, K. B., Pawelek, J., et al. (2000). Biodistribution and genetic stability of the novel antitumor agent VNP20009, a genetically modified strain of Salmonella Typhimurium. J. Infect. Dis. 181, 1996–2002. doi: 10.1086/315497

 Clark-Curtiss, J. E., and Curtiss, R. (2018). Salmonella vaccines: conduits for protective antigens. J. Immunol. 200, 39–48. doi: 10.4049/jimmunol.1600608

 Cook, K. M., and Figg, W. D. (2010). Angiogenesis inhibitors: current strategies and future prospects. CA Cancer J. Clin. 60, 222–243. doi: 10.3322/caac.20075

 Deatherage, B. L., Lara, J. C., Bergsbaken, T., Barrett, S. L. R., Lara, S., and Cookson, B. T. (2009). Biogenesis of bacterial membrane vesicles. Mol. Microbiol. 72 (6), 1395–1407. doi: 10.1111/j.1365-2958.2009.06731.x

 de Melo, F. M., Braga, C. J. M., Pereira, F. V., Maricato, J. T., Origassa, C. S. T., Souza, M. F., et al. (2015). Anti-metastatic immunotherapy based on mucosal administration of flagellin and immunomodulatory P10. Immunol. Cell Biol. 93, 86–98. doi: 10.1038/icb.2014.74

 de Wit, J., Souwer, Y., Jorritsma, T., Klaasse Bos, H., ten Brinke, A., Neefjes, J., et al. (2010). Antigen-specific B cells reactivate an effective cytotoxic T cell response against phagocytosed Salmonella through cross-presentation. PloS One 5, e13016. doi: 10.1371/journal.pone.0013016

 Dhillon, S. (2022). Tebentafusp: first approval. Drugs 82, 703–710. doi: 10.1007/s40265-022-01704-4

 Dillekås, H., Demicheli, R., Ardoino, I., Jensen, S. A. H., Biganzoli, E., and Straume, O. (2016). The recurrence pattern following delayed breast reconstruction after mastectomy for breast cancer suggests a systemic effect of surgery on occult dormant micrometastases. Breast Cancer Res. Treat 158, 169–178. doi: 10.1007/s10549-016-3857-1

 Di Mitri, D., Mirenda, M., Vasilevska, J., Calcinotto, A., Delaleu, N., Revandkar, A., et al. (2019). Re-education of tumor-associated macrophages by CXCR2 blockade drives senescence and tumor inhibition in advanced prostate cancer. Cell Rep. 28, 2156–2168.e5. doi: 10.1016/j.celrep.2019.07.068

 Doherty, G. J., Tempero, M., and Corrie, P. G. (2018). HALO-109-301: a Phase III trial of PEGPH20 (with gemcitabine and nab-paclitaxel) in hyaluronic acid-high stage IV pancreatic cancer. Future Oncol. 14, 13–22. doi: 10.2217/fon-2017-0338

 Donohue, J. H., and Rosenberg, S. A. (1983). The fate of interleukin-2 after in vivo administration. J. Immunol. 130, 2203–2208. doi: 10.4049/jimmunol.130.5.2203

 Duffy, M. J., Naoise, C., O’Grady, S., and Crown, J. (2022). “Targeting p53 for the treatment of cancer,” in Seminars in Cancer Biology. (Academic Press). 79, 58–67. doi: 10.1016/j.semcancer.2020.07.005

 Duo, Y., Chen, Z., Li, Z., Li, X., Yao, Y., Xu, T., et al. (2023). Combination of bacterial-targeted delivery of gold-based AIEgen radiosensitizer for fluorescence-image-guided enhanced radio-immunotherapy against advanced cancer. Bioact Mater 30, 200–213. doi: 10.1016/j.bioactmat.2023.05.010

 Ebelt, N. D., Zuniga, E., Passi, K. B., Sobocinski, L. J., and Manuel, E. R. (2020). Hyaluronidase-expressing Salmonella effectively targets tumor-associated hyaluronic acid in pancreatic ductal adenocarcinoma. Mol. Cancer Ther. 19, 706–716. doi: 10.1158/1535-7163.MCT-19-0556

 Elhadad, D., Desai, P., Rahav, G., McClelland, M., and Gal-Mor, O. (2015). Flagellin is required for host cell invasion and normal Salmonella pathogenicity island 1 expression by Salmonella enterica serovar paratyphi A. Infect. Immun. 83, 3355–3368. doi: 10.1128/IAI.00468-15

 Elhenawy, W., Bording-Jorgensen, M., Valguarnera, E., Haurat, M. F., Wine, E., and Feldman, M. F. (2016). LPS remodeling triggers formation of outer membrane vesicles in Salmonella. mBio 7, e00940–e00916. doi: 10.1128/mBio.00940-16

 Felgner, S., Frahm, M., Kocijancic, D., Rohde, M., Eckweiler, D., Bielecka, A., et al. (2016a). aroA-deficient Salmonella enterica serovar Typhimurium is more than a metabolically attenuated mutant. mBio 7, e01220–e01216. doi: 10.1128/mBio.01220-16

 Felgner, S., Kocijancic, D., Frahm, M., Curtiss, R., Erhardt, M., and Weiss, S. (2016b). Optimizing Salmonella enterica serovar Typhimurium for bacteria-mediated tumor therapy. Gut Microbes 7, 171–177. doi: 10.1080/19490976.2016.1155021

 Felgner, S., Kocijancic, D., Frahm, M., Heise, U., Rohde, M., Zimmermann, K., et al. (2018). Engineered Salmonella enterica serovar Typhimurium overcomes limitations of anti-bacterial immunity in bacteria-mediated tumor therapy. Oncoimmunology 7, e1382791. doi: 10.1080/2162402X.2017.1382791

 Felgner, S., Spöring, I., Pawar, V., Kocijancic, D., Preusse, M., Falk, C., et al. (2020). The immunogenic potential of bacterial flagella for Salmonella-mediated tumor therapy. Int. J. Cancer 147, 448–460. doi: 10.1002/ijc.32807

 Fensterle, J., Bergmann, B., Yone, C. L. R. P., Hotz, C., Meyer, S. R., Spreng, S., et al. (2008). Cancer immunotherapy based on recombinant Salmonella enterica serovar Typhimurium aroA strains secreting prostate-specific antigen and cholera toxin subunit B. Cancer Gene Ther. 15, 85–93. doi: 10.1038/sj.cgt.7701109

 Flentie, K., Kocher, B., Gammon, S. T., Novack, D. V., McKinney, J. S., and Piwnica-Worms, D. (2012). A bioluminescent transposon reporter-trap identifies tumor-specific microenvironment-induced promoters in Salmonella for conditional bacterial-based tumor therapy. Cancer Discov. 2, 624–637. doi: 10.1158/2159-8290.CD-11-0201

 Frahm, M., Felgner, S., Kocijancic, D., Rohde, M., Hensel, M., Curtiss III, R., et al. (2015). Efficiency of conditionally attenuated Salmonella enterica serovar Typhimurium in bacterium-mediated tumor therapy. mBio. 6 (2), 10–1128. doi: 10.1128/mBio.00254-15

 Friedlos, F., Lehouritis, P., Ogilvie, L., Hedley, D., Davies, L., Bermudes, D., et al. (2008). Attenuated Salmonella targets prodrug activating enzyme carboxypeptidase G2 to mouse melanoma and human breast and colon carcinomas for effective suicide gene therapy. Clin. Cancer Res. 14, 4259–4266. doi: 10.1158/1078-0432.CCR-07-4800

 Fritz, S. E., Henson, M. S., Greengard, E., Winter, A. L., Stuebner, K. M., Yoon, U., et al. (2016). A phase I clinical study to evaluate safety of orally administered, genetically engineered Salmonella enterica serovar Typhimurium for canine osteosarcoma. Vet. Med. Sci. 2, 179–190. doi: 10.1002/vms3.32

 Galen, J. E., Buskirk, A. D., Tennant, S. M., and Pasetti, M. F. (2016). Live attenuated human Salmonella vaccine candidates: tracking the pathogen in natural infection and stimulation of host immunity. EcoSal Plus 7 (1), ESP‐0010‐2016. doi: 10.1128/ecosalplus.ESP-0010-2016

 Galluzzi, L., Vacchelli, E., Bravo-San Pedro, J.-M., Buqué, A., Senovilla, L., Baracco, E. E., et al. (2014). Classification of current anticancer immunotherapies. Oncotarget 5, 12472–12508. doi: 10.18632/oncotarget.2998

 Galon, J., and Bruni, D. (2019). Approaches to treat immune hot, altered and cold tumours with combination immunotherapies. Nat. Rev. Drug Discov. 18, 197–218. doi: 10.1038/s41573-018-0007-y

 Ganai, S., Arenas, R. B., Sauer, J. P., Bentley, B., and Forbes, N. S. (2011). In tumors Salmonella migrate away from vasculature toward the transition zone and induce apoptosis. Cancer Gene Ther. 18, 457–466. doi: 10.1038/cgt.2011.10

 Gao, X., Feng, Q., Wang, J., and Zhao, X. (2022). Bacterial outer membrane vesicle-based cancer nanovaccines. Cancer Biol. Med. 19, 1290–1300. doi: 10.20892/j.issn.2095-3941.2022.0452

 Gao, S., Jung, J.-H., Lin, S.-M., Jang, A.-Y., Zhi, Y., Bum Ahn, K., et al. (2020). Development of oxytolerant Salmonella Typhimurium using radiation mutation technology (RMT) for cancer therapy. Sci. Rep. 10, 3764. doi: 10.1038/s41598-020-60396-6

 Geurtsen, J., Steeghs, L., Hove, J. T., van der Ley, P., and Tommassen, J. (2005). Dissemination of lipid A deacylases (pagL) among gram-negative bacteria: identification of active-site histidine and serine residues. J. Biol. Chem. 280, 8248–8259. doi: 10.1074/jbc.M414235200

 Gniadek, T. J., Augustin, L., Schottel, J., Leonard, A., Saltzman, D., Greeno, E., et al. (2020). 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. 43, 217–221. doi: 10.1097/CJI.0000000000000325

 Grille, S., Moreno, M., Bascuas, T., Marqués, J. M., Muñoz, N., Lens, D., et al. (2014). Salmonella enterica serovar Typhimurium immunotherapy for B-cell lymphoma induces broad anti-tumour immunity with therapeutic effect. Immunology 143, 428–437. doi: 10.1111/imm.12320

 Grille, S., Moreno, M., Brugnini, A., Lens, D., and Chabalgoity, J. A. (2013). A therapeutic vaccine using Salmonella-modified tumor cells combined with interleukin-2 induces enhanced antitumor immunity in B-cell lymphoma. Leuk Res. 37, 341–348. doi: 10.1016/j.leukres.2012.10.003

 Guangzhou Sinogen Pharmaceutical Co., Ltd (2023) Phase I/IIa, Open-label Study to Evaluate Safety, Tolerability and Preliminary Efficacy of Modified Salmonella Typhimurium SGN1 in Patients With Advanced Solid Tumor (clinicaltrials.gov). Available at: https://clinicaltrials.gov/study/NCT05038150 (Accessed December 31, 2022).

 Gujrati, V., Prakash, J., Malekzadeh-Najafabadi, J., Stiel, A., Klemm, U., Mettenleiter, G., et al. (2019). Bioengineered bacterial vesicles as biological nano-heaters for optoacoustic imaging. Nat. Commun. 10, 1114. doi: 10.1038/s41467-019-09034-y

 Guo, H., Zhang, J., Inal, C., Nguyen, T., Fruehauf, J. H., Keates, A. C., et al. (2011). Targeting tumor gene by shRNA-expressing Salmonella-mediated RNAi. Gene Ther. 18, 95–105. doi: 10.1038/gt.2010.112

 Gupta, A., Zhou, C. Q., and Chellaiah, M. A. (2013). Osteopontin and MMP9: associations with VEGF expression/secretion and angiogenesis in PC3 prostate cancer cells. Cancers (Basel) 5, 617–638. doi: 10.3390/cancers5020617

 Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation. Cell 144, 646–674. doi: 10.1016/j.cell.2011.02.013

 Hayashi, K., Zhao, M., Yamauchi, K., Yamamoto, N., Tsuchiya, H., Tomita, K., et al. (2009). Systemic targeting of primary bone tumor and lung metastasis of high-grade osteosarcoma in nude mice with a tumor-selective strain of Salmonella Typhimurium. Cell Cycle 8, 870–875. doi: 10.4161/cc.8.6.7891

 Heimann, D. M., and Rosenberg, S. A. (2003). Continuous intravenous administration of live genetically modified Salmonella Typhimurium in patients with metastatic melanoma. J. Immunother. 26, 179–180. doi: 10.1097/00002371-200303000-00011

 Henke, E., Nandigama, R., and Ergün, S. (2019). Extracellular matrix in the tumor microenvironment and its impact on cancer therapy. Front. Mol. Biosci. 6. doi: 10.3389/fmolb.2019.00160

 Hirsch Werle, C., Damiani, I., Paier Milanez, G., Farias, A. S., Cintra Gomes Marcondes, M. C., Fabricio Culler, H., et al. (2016). Antimelanoma effect of Salmonella Typhimurium integration host factor mutant in murine model. Future Oncol. 12, 2367–2378. doi: 10.2217/fon-2015-0062

 Holst, J., Oster, P., Arnold, R., Tatley, M. V., Næss, L. M., Aaberge, I. S., et al. (2013). Vaccines against meningococcal serogroup B disease containing outer membrane vesicles (OMV): lessons from past programs and implications for the future. Hum. Vaccin Immunother. 9, 1241–1253. doi: 10.4161/hv.24129

 Hong, H., Lim, D., Kim, G.-J., Park, S.-H., Sik Kim, H., Hong, Y., et al. (2014). Targeted deletion of the ara operon of Salmonella Typhimurium enhances L-arabinose accumulation and drives PBAD-promoted expression of anti-cancer toxins and imaging agents. Cell Cycle 13, 3112–3120. doi: 10.4161/15384101.2014.949527

 Igarashi, K., Kawaguchi, K., Kiyuna, T., Miyake, K., Miyake, M., Li, S., et al. (2018). Tumor-targeting Salmonella Typhimurium A1-R combined with recombinant methioninase and cisplatinum eradicates an osteosarcoma cisplatinum-resistant lung metastasis in a patient-derived orthotopic xenograft (PDOX) mouse model: decoy, trap and kill chemotherapy moves toward the clinic. Cell Cycle 17, 801–809. doi: 10.1080/15384101.2018.1431596

 Jalalifar, S., Morovati Khamsi, H., Hosseini-Fard, S. R., Karampoor, S., Bajelan, B., Irajian, G., et al. (2023). Emerging role of microbiota derived outer membrane vesicles to preventive, therapeutic and diagnostic proposes. Infect. Agents Cancer 18, 3. doi: 10.1186/s13027-023-00480-4

 Jiang, L., Driedonks, T. A., Jong, W. S., Dhakal, S., Bart van den Berg van Saparoea, H., Sitaras, I., et al. (2022). A bacterial extracellular vesicle-based intranasal vaccine against SARS-CoV-2 protects against disease and elicits neutralizing antibodies to wild-type and Delta variants. J. Extracell. Vesicles 11 (3), e12192. doi: 10.1002/jev2.12192

 Jiang, T., Zhou, C., Gu, J., Liu, Y., Zhao, L., Li, W., et al. (2013). Enhanced therapeutic effect of cisplatin on the prostate cancer in tumor-bearing mice by transfecting the attenuated Salmonella carrying a plasmid co-expressing p53 gene and mdm2 siRNA. Cancer Lett. 337, 133–142. doi: 10.1016/j.canlet.2013.05.028

 Jin, C., Duan, X., Liu, Y., Zhu, J., Zhang, K., Zhang, Y., et al. (2017). T cell immunity induced by a bivalent Salmonella-based CEACAM6 and 4-1BBL vaccines in a rat colorectal cancer model. Oncol. Lett. 13, 3753–3759. doi: 10.3892/ol.2017.5938

 Johnson, S. A., Ormsby, M. J., McIntosh, A., Tait, S. W. G., Blyth, K., and Wall, D. M. (2019). Increasing the bactofection capacity of a mammalian expression vector by removal of the f1 ori. Cancer Gene Ther. 26, 183–194. doi: 10.1038/s41417-018-0039-9

 Kaimala, S., Mohamed, Y. A., Nader, N., Issac, J., Elkord, E., Chouaib, S., et al. (2014). Salmonella-mediated tumor regression involves targeting of tumor myeloid suppressor cells causing a shift to M1-like phenotype and reduction in suppressive capacity. Cancer Immunol. Immunother. 63, 587–599. doi: 10.1007/s00262-014-1543-x

 Kang, S.-R., Jo, E. J., Nguyen, V. H., Zhang, Y., Yoon, H. S., Pyo, A., et al. (2020). Imaging of tumor colonization by Escherichia coli using 18F-FDS PET. Theranostics 10, 4958–4966. doi: 10.7150/thno.42121

 Kaparakis-Liaskos, M., and Ferrero, R. L. (2015). Immune modulation by bacterial outer membrane vesicles. Nat. Rev. Immunol. 15, 375–387. doi: 10.1038/nri3837

 Kasinskas, R. W., and Forbes, N. S. (2007). Salmonella Typhimurium lacking ribose chemoreceptors localize in tumor quiescence and induce apoptosis. Cancer Res. 67, 3201–3209. doi: 10.1158/0008-5472.CAN-06-2618

 Kawaguchi, K., Higuchi, T., Li, S., Han, Q., Tan, Y., Igarashi, K., et al. (2018a). Combination therapy of tumor-targeting Salmonella Typhimurium A1-R and oral recombinant methioninase regresses a BRAF-V600E-negative melanoma. Biochem. Biophys. Res. Commun. 503, 3086–3092. doi: 10.1016/j.bbrc.2018.08.097

 Kawaguchi, K., Miyake, K., Zhao, M., Kiyuna, T., Igarashi, K., Miyake, M., et al. (2018b). Tumor targeting Salmonella Typhimurium A1-R in combination with gemcitabine (GEM) regresses partially GEM-resistant pancreatic cancer patient-derived orthotopic xenograft (PDOX) nude mouse models. Cell Cycle 17, 2019–2026. doi: 10.1080/15384101.2018.1480223

 Kazan, J. M., El-Saghir, J., Saliba, J., Shaito, A., Jalaleddine, N., El-Hajjar, L., et al. (2019). Cx43 expression correlates with breast cancer metastasis in MDA-MB-231 cells in vitro, in a mouse xenograft model and in human breast cancer tissues. Cancers (Basel) 11, E460. doi: 10.3390/cancers11040460

 Khan, A. N., Chowdhury, A., Karulkar, A., Jaiswal, A. K., Banik, A., Asija, S., et al. (2022). Immunogenicity of CAR-T cell therapeutics: evidence, mechanism and mitigation. Front. Immunol.  13, 886546.

 Kim, O. Y., Park, H. T., Dinh, N. T. H., Choi, S. J., Lee, J., Kim, J. H., et al. (2017). Bacterial outer membrane vesicles suppress tumor by interferon-γ-mediated antitumor response. Nat. Commun. 8, 626. doi: 10.1038/s41467-017-00729-8

 Kim, J.-E., Phan, T. X., Nguyen, V. H., Dinh-Vu, H.-V., Zheng, J. H., Yun, M., et al. (2015). Salmonella Typhimurium Suppresses Tumor Growth via the Pro-Inflammatory Cytokine Interleukin-1β. Theranostics 5, 1328–1342. doi: 10.7150/thno.11432

 King, I., Bermudes, D., Lin, S., Belcourt, M., Pike, J., Troy, K., et al. (2002). Tumor-targeted Salmonella expressing cytosine deaminase as an anticancer agent. Hum. Gene Ther. 13, 1225–1233. doi: 10.1089/104303402320139005

 Kiszner, G., Balla, P., Wichmann, B., Barna, G., Baghy, K., Nemeth, I. B., et al. (2019). Exploring differential connexin expression across melanocytic tumor progression involving the tumor microenvironment. Cancers (Basel) 11, E165. doi: 10.3390/cancers11020165

 Kuerban, K., Gao, X., Zhang, H., Liu, J., Dong, M., Wu, L., et al. (2020). Doxorubicin-loaded bacterial outer-membrane vesicles exert enhanced anti-tumor efficacy in non-small-cell lung cancer. Acta Pharm. Sin. B 10, 1534–1548. doi: 10.1016/j.apsb.2020.02.002

 Lee, C.-H., Hsieh, J.-L., Wu, C.-L., Hsu, H.-C., and Shiau, A.-L. (2011a). B cells are required for tumor-targeting Salmonella in host. Appl. Microbiol. Biotechnol. 92, 1251–1260. doi: 10.1007/s00253-011-3386-0

 Lee, C.-H., Hsieh, J.-L., Wu, C.-L., Hsu, P.-Y., and Shiau, A.-L. (2011b). T cell augments the antitumor activity of tumor-targeting Salmonella. Appl. Microbiol. Biotechnol. 90, 1381–1388. doi: 10.1007/s00253-011-3180-z

 Lee, S.-R., Kim, S.-H., Jeong, K.-J., Kim, K.-S., Kim, Y.-H., Kim, S.-J., et al. (2009). Multi-immunogenic outer membrane vesicles derived from an MsbB-deficient Salmonella enterica serovar Typhimurium mutant. J. Microbiol. Biotechnol. 19, 1271–1279. doi: 10.4014/jmb.0901.0055

 Lee, C.-H., Lin, S.-T., Liu, J.-J., Chang, W.-W., Hsieh, J.-L., and Wang, W.-K. (2014). Salmonella induce autophagy in melanoma by the downregulation of AKT/mTOR pathway. Gene Ther. 21, 309–316. doi: 10.1038/gt.2013.86

 Lee, C.-H., Wu, C.-L., and Shiau, A.-L. (2005). Systemic administration of attenuated Salmonella choleraesuis carrying thrombospondin-1 gene leads to tumor-specific transgene expression, delayed tumor growth and prolonged survival in the murine melanoma model. Cancer Gene Ther. 12, 175–184. doi: 10.1038/sj.cgt.7700777

 Lee, C.-H., Wu, C.-L., and Shiau, A.-L. (2008). Toll-like receptor 4 mediates an antitumor host response induced by Salmonella choleraesuis. Clin. Cancer Res. 14, 1905–1912. doi: 10.1158/1078-0432.CCR-07-2050

 Li, J., Cao, F., Yin, H., Huang, Z., Lin, Z., Mao, N., et al. (2020a). Ferroptosis: past, present and future. Cell Death Dis. 11, 1–13. doi: 10.1038/s41419-020-2298-2

 Li, B., He, H., Zhang, S., Zhao, W., Li, N., and Shao, R. (2012). Salmonella Typhimurium strain SL7207 induces apoptosis and inhibits the growth of HepG2 hepatoma cells in vitro and in vivo. Acta Pharm. Sin. B 2, 562–568. doi: 10.1016/j.apsb.2012.10.006

 Li, M., Lu, M., Lai, Y., Zhang, X., Li, Y., Mao, P., et al. (2020b). Inhibition of acute leukemia with attenuated Salmonella Typhimurium strain VNP20009. BioMed. Pharmacother. 129, 110425. doi: 10.1016/j.biopha.2020.110425

 Li, Y., Wu, J., Qiu, X., Dong, S., He, J., Liu, J., et al. (2023). Bacterial outer membrane vesicles-based therapeutic platform eradicates triple-negative breast tumor by combinational photodynamic/chemo-/immunotherapy. Bioactive Materials 20, 548–560. doi: 10.1016/j.bioactmat.2022.05.037

 Li, C.-X., Yu, B., Shi, L., Geng, W., Lin, Q.-B., Ling, C.-C., et al. (2017). “Obligate” anaerobic Salmonella strain YB1 suppresses liver tumor growth and metastasis in nude mice. Oncol. Lett. 13, 177–183. doi: 10.3892/ol.2016.5453

 Liang, K., Liu, Q., and Kong, Q. (2021). New technologies in developing recombinant-attenuated bacteria for cancer therapy. Biotechnol. Bioeng 118, 513–530. doi: 10.1002/bit.27596

 Liang, K., Tian, Z., Chen, X., Li, M., Zhang, X., Bian, X., et al. (2022). Attenuated Salmonella Typhimurium with truncated LPS and outer membrane-displayed RGD peptide for cancer therapy. BioMed. Pharmacother. 155, 113682. doi: 10.1016/j.biopha.2022.113682

 Liao, Y., Tang, H., Wang, M., Wang, K., Wang, Y., and Jiang, N. (2021). The potential diagnosis role of TP53 mutation in advanced bladder cancer: A meta-analysis. J. Clin. Lab. Anal. 35 no. 5, e23765. doi: 10.1002/jcla.23765

 Liu, T., and Chopra, A. K. (2010). An enteric pathogen Salmonella enterica serovar Typhimurium suppresses tumor growth by downregulating CD44high and CD4T regulatory (Treg) cell expression in mice: the critical role of lipopolysaccharide and Braun lipoprotein in modulating tumor growth. Cancer Gene Ther. 17, 97–108. doi: 10.1038/cgt.2009.58

 Liu, X., Jiang, S., Piao, L., and Yuan, F. (2016). Radiotherapy combined with an engineered Salmonella Typhimurium inhibits tumor growth in a mouse model of colon cancer. Exp. Anim. 65, 413–418. doi: 10.1538/expanim.16-0033

 Liu, Z., Lim, S.-H., Min, J.-J., and Jung, S. (2023). Synergistic antitumor effect of combined radiotherapy and engineered Salmonella Typhimurium in an intracranial sarcoma mouse model. Vaccines (Basel) 11, 1275. doi: 10.3390/vaccines11071275

 Liu, F., Zhang, L., Hoffman, R. M., and Zhao, M. (2010). Vessel destruction by tumor-targeting Salmonella Typhimurium A1-R is enhanced by high tumor vascularity. Cell Cycle 9, 4518–4524. doi: 10.4161/cc.9.22.13744

 Loeffler, M., Le’Negrate, G., Krajewska, M., and Reed, J. C. (2008). IL-18-producing Salmonella inhibit tumor growth. Cancer Gene Ther. 15, 787–794. doi: 10.1038/cgt.2008.48

 Low, K. B., Ittensohn, M., Le, T., Platt, J., Sodi, S., Amoss, M., et al. (1999). Lipid A mutant Salmonella with suppressed virulence and TNFalpha induction retain tumor-targeting in vivo. Nat. Biotechnol. 17, 37–41. doi: 10.1038/5205

 Lulla, P. (2023) Multiple Myeloma Trial of Orally Administered Salmonella Based Survivin Vaccine (clinicaltrials.gov). Available at: https://clinicaltrials.gov/study/NCT03762291 (Accessed December 31, 2022).

 Lv, M., Guo, S., Zhang, X., Zou, Y., Chen, Q., Zang, C., et al. (2023). Attenuated Salmonella-delivered PD-1 siRNA enhances the antitumor effects of EZH2 inhibitors in colorectal cancer. Int. Immunopharmacol. 124, 110918. doi: 10.1016/j.intimp.2023.110918

 MacDonald, I. A., and Kuehn, M. J. (2012). Offense and defense: microbial membrane vesicles play both ways. Res. Microbiol. 163, 607–618. doi: 10.1016/j.resmic.2012.10.020

 Massa, P. E., Paniccia, A., Monegal, A., de Marco, A., and Rescigno, M. (2013). Salmonella engineered to express CD20-targeting antibodies and a drug-converting enzyme can eradicate human lymphomas. Blood 122, 705–714. doi: 10.1182/blood-2012-12-474098

 Mehner, C., Hockla, A., Miller, E., Ran, S., Radisky, D. C., and Radisky, E. (2014). Tumor cell-produced matrix metalloproteinase 9 (MMP-9) drives Malignant progression and metastasis of basal-like triple negative breast cancer. Oncotarget 5, 2736–2749. doi: 10.18632/oncotarget.1932

 Meleshko, A. (2022) Pilot Clinical Study of DNA Vaccination Against Neuroblastoma (clinicaltrials.gov). Available at: https://clinicaltrials.gov/study/NCT04049864 (Accessed 2022).

 Mi, Z., Feng, Z.-C., Li, C., Yang, X., Ma, M.-T., and Rong, P.-F. (2019). Salmonella-mediated cancer therapy: an innovative therapeutic strategy. J. Cancer 10, 4765–4776. doi: 10.7150/jca.32650

 Micoli, F., Adamo, R., and Nakakana, U. (2023). Outer membrane vesicle vaccine platforms. BioDrugs. 1–13. doi: 10.1007/s40259-023-00627-0

 Miwa, S., Yano, S., Zhang, Y., Matsumoto, Y., Uehara, F., Yamamoto, M., et al. (2014). Tumor-targeting Salmonella Typhimurium A1-R prevents experimental human breast cancer bone metastasis in nude mice. Oncotarget 5, 7119–7125. doi: 10.18632/oncotarget.2226

 Miyake, K., Murata, T., Murakami, T., Zhao, M., Kiyuna, T., Kawaguchi, K., et al. (2019). Tumor-targeting Salmonella Typhimurium A1-R overcomes nab-paclitaxel resistance in a cervical cancer PDOX mouse model. Arch. Gynecol Obstet 299, 1683–1690. doi: 10.1007/s00404-019-05147-3

 Müller, B., Fischer, B., and Kreutz, W. (2000). An acidic microenvironment impairs the generation of non-major histocompatibility complex-restricted killer cells. Immunology 99, 375–384. doi: 10.1046/j.1365-2567.2000.00975.x

 Murakami, T., Hiroshima, Y., Zhang, Y., Zhao, M., Kiyuna, T., Hwang, H. K., et al. (2018). Tumor-targeting Salmonella Typhimurium A1-R promotes tumoricidal CD8+ T cell tumor infiltration and arrests growth and metastasis in a syngeneic pancreatic-cancer orthotopic mouse model. J. Cell Biochem. 119, 634–639. doi: 10.1002/jcb.26224

 Nava Rodrigues, D., Rescigno, P., Liu, D., Yuan, W., Carreira, S., Lambros, M. B., et al. (2018). Immunogenomic analyses associate immunological alterations with mismatch repair defects in prostate cancer. J. Clin. Invest. 128, 4441–4453. doi: 10.1172/JCI121924

 Nemunaitis, J., Cunningham, C., Senzer, N., Kuhn, J., Cramm, J., Litz, C., et al. (2003). Pilot trial of genetically modified, attenuated Salmonella expressing the E. coli cytosine deaminase gene in refractory cancer patients. Cancer Gene Ther. 10, 737–744. doi: 10.1038/sj.cgt.7700634

 Nevermann, J., Silva, A., Otero, C., Oyarzún, D. P., Barrera, B., Gil, F., et al. (2019). Identification of genes involved in biogenesis of outer membrane vesicles (OMVs) in Salmonella enterica serovar typhi. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.00104

 Nishikawa, H., Sato, E., Briones, G., Chen, L.-M., Matsuo, M., Nagata, Y., et al. (2006). In vivo antigen delivery by a Salmonella Typhimurium type III secretion system for therapeutic cancer vaccines. J. Clin. Invest. 116, 1946–1954. doi: 10.1172/JCI28045

 O’Brien, M., Paz-Ares, L., Marreaud, S., Dafni, U., Oselin, K., Havel, L., et al. (2022). Pembrolizumab versus placebo as adjuvant therapy for completely resected stage IB-IIIA non-small-cell lung cancer (PEARLS/KEYNOTE-091): an interim analysis of a randomised, triple-blind, phase 3 trial. Lancet Oncol. 23, 1274–1286. doi: 10.1016/S1470-2045(22)00518-6

 Paik, J. (2022). Nivolumab plus relatlimab: first approval. Drugs 82, 925–931. doi: 10.1007/s40265-022-01723-1

 Park, S.-H., Zheng, J. H., Nguyen, V. H., Jiang, S.-N., Kim, D.-Y., Szardenings, M., et al. (2016). RGD peptide cell-surface display enhances the targeting and therapeutic efficacy of attenuated Salmonella-mediated cancer therapy. Theranostics 6, 1672–1682. doi: 10.7150/thno.16135

 Pawelek, J. M., Low, K. B., and Bermudes, D. (1997). Tumor-targeted Salmonella as a novel anticancer vector. Cancer Res. 57, 4537–4544.

 Pérez Jorge, G., Módolo, D. G., Jaimes-Florez, Y. P., Fávaro, W. J., de Jesus, M. B., and Brocchi, M. (2022). p53 gene delivery via a recombinant Salmonella enterica Typhimurium leads to human bladder carcinoma cell death in vitro. Lett. Appl. Microbiol. 75 (4), 1010–1020. doi: 10.1111/lam.13777

 Perrotta, C., Cervia, D., Di Renzo, I., Moscheni, C., Bassi, M. T., Campana, L., et al. (2018). Nitric oxide generated by tumor-associated macrophages is responsible for cancer resistance to cisplatin and correlated with syntaxin 4 and acid sphingomyelinase inhibition. Front. Immunol. 9. doi: 10.3389/fimmu.2018.01186

 Phan, T., Nguyen, V. H., D’Alincourt, M. S., Manuel, E. R., Kaltcheva, T., Tsai, W., et al. (2020). Salmonella-mediated therapy targeting indoleamine 2, 3-dioxygenase 1 (IDO) activates innate immunity and mitigates colorectal cancer growth. Cancer Gene Ther. 27, 235–245. doi: 10.1038/s41417-019-0089-7

 Phan, T. X., Nguyen, V. H., Duong, M. T.-Q., Hong, Y., Choy, H. E., and Min, J.-J. (2015). Activation of inflammasome by attenuated Salmonella Typhimurium in bacteria-mediated cancer therapy. Microbiol. Immunol. 59, 664–675. doi: 10.1111/1348-0421.12333

 Pizarro-Cerdá, J., and Tedin, K. (2004). The bacterial signal molecule, ppGpp, regulates Salmonella virulence gene expression. Mol. Microbiol. 52, 1827–1844. doi: 10.1111/j.1365-2958.2004.04122.x

 Pol, J., Bloy, N., Buqué, A., Eggermont, A., Cremer, I., Sautès-Fridman, C., et al. (2015). Trial Watch: Peptide-based anticancer vaccines. Oncoimmunology 4, e974411. doi: 10.4161/2162402X.2014.974411

 Qing, S., Lyu, C., Zhu, L., Pan, C., Wang, S., Li, F., et al. (2020). Biomineralized bacterial outer membrane vesicles potentiate safe and efficient tumor microenvironment reprogramming for anticancer therapy. Adv. Mater 32, e2002085. doi: 10.1002/adma.202002085

 Quintero-Fabián, S., Arreola, R., Becerril-Villanueva, E., Torres-Romero, J. C., Arana-Argáez, V., Lara-Riegos, J., et al. (2019). Role of matrix metalloproteinases in angiogenesis and cancer. Front. Oncol. 9. doi: 10.3389/fonc.2019.01370

 Raman, V., Van Dessel, N., O’Connor, O. M., and Forbes, N. S. (2019). The motility regulator flhDC drives intracellular accumulation and tumor colonization of Salmonella. J. Immunother. Cancer 7, 44. doi: 10.1186/s40425-018-0490-z

 Rathinam, V. A. K., and Fitzgerald, K. A. (2016). Inflammasome complexes: emerging mechanisms and effector functions. Cell 165, 792–800. doi: 10.1016/j.cell.2016.03.046

 Ryan, R. M., Green, J., Williams, P. J., Tazzyman, S., Hunt, S., Harmey, J. H., et al. (2009). Bacterial delivery of a novel cytolysin to hypoxic areas of solid tumors. Gene Ther. 16, 329–339. doi: 10.1038/gt.2008.188

 Saccheri, F., Pozzi, C., Avogadri, F., Barozzi, S., Faretta, M., Fusi, P., et al. (2010). Bacteria-induced gap junctions in tumors favor antigen cross-presentation and antitumor immunity. Sci. Transl. Med. 2, 44ra57. doi: 10.1126/scitranslmed.3000739

 Salspera, L. L. C. (2022) A Phase 2 Study of Saltikva (Attenuated Salmonella Typhimurium Containing the Human Gene for Interleukin-2) in Patients With Metastatic Pancreatic Cancer (clinicaltrials.gov). Available at: https://clinicaltrials.gov/study/NCT04589234 (Accessed December 31, 2022).

 Saltzman, D., Augustin, L., Leonard, A., Mertensotto, M., and Schottel, J. (2018). 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 163, 509–514. doi: 10.1016/j.surg.2017.09.036

 Saltzman, D. A., Heise, C. P., Hasz, D. E., Zebede, M., Kelly, S. M., Curtiss, R., et al. (1996). Attenuated Salmonella Typhimurium containing interleukin-2 decreases MC-38 hepatic metastases: a novel anti-tumor agent. Cancer Biother Radiopharm 11, 145–153. doi: 10.1089/cbr.1996.11.145

 Saltzman, D. A., Katsanis, E., Heise, C. P., Hasz, D. E., Vigdorovich, V., Kelly, S. M., et al. (1997). Antitumor mechanisms of attenuated Salmonella Typhimurium containing the gene for human interleukin-2: a novel antitumor agent? J. Pediatr. Surg. 32, 301–306. doi: 10.1016/s0022-3468(97)90198-6

 Saman, H., Raza, S. S., Uddin, S., and Rasul, K. (2020). Inducing angiogenesis, a key step in cancer vascularization, and treatment approaches. Cancers (Basel) 12, E1172. doi: 10.3390/cancers12051172

 Schmitz-Winnenthal, F. H., Hohmann, N., Niethammer, A. G., Friedrich, T., Lubenau, H., Springer, M., et al. (2015). Anti-angiogenic activity of VXM01, an oral T-cell vaccine against VEGF receptor 2, in patients with advanced pancreatic cancer: A randomized, placebo-controlled, phase 1 trial. Oncoimmunology 4, e1001217. doi: 10.1080/2162402X.2014.1001217

 Sevestre, J., Hong, E., Delbos, V., Terrade, A., Mallet, E., Deghmane, A.-E., et al. (2017). Durability of immunogenicity and strain coverage of MenBvac, a meningococcal vaccine based on outer membrane vesicles: Lessons of the Normandy campaign. Vaccine 35, 4029–4033. doi: 10.1016/j.vaccine.2017.05.065

 Shalhout, S. Z., Miller, D. M., Emerick, K. S., and Kaufman, H. L. (2023). Therapy with oncolytic viruses: progress and challenges. Nat. Rev. Clin. Oncol. 20, 160–177. doi: 10.1038/s41571-022-00719-w

 Silva-Valenzuela, C. A., Desai, P. T., Molina-Quiroz, R. C., Pezoa, D., Zhang, Y., Porwollik, S., et al. (2016). Solid tumors provide niche-specific conditions that lead to preferential growth of Salmonella. Oncotarget 7, 35169–35180. doi: 10.18632/oncotarget.9071

 Solomon, B. J., Desai, J., Rosenthal, M., McArthur, G. A., Pattison, S. T., Pattison, S. L., et al. (2015). A first-time-in-human phase I clinical trial of bispecific antibody-targeted, paclitaxel-packaged bacterial minicells. PloS One 10, e0144559. doi: 10.1371/journal.pone.0144559

 Staedtke, V., Roberts, N. J., Bai, R.-Y., and Zhou, S. (2016). Clostridium novyi-NT in cancer therapy. Genes Dis. 3, 144–152. doi: 10.1016/j.gendis.2016.01.003

 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: A Cancer J. Clin. 71, 209–249. doi: 10.3322/caac.21660

 Theys, J., Landuyt, W., Nuyts, S., Van Mellaert, L., Bosmans, E., Rijnders, A., et al. (2001). Improvement of Clostridium tumour targeting vectors evaluated in rat rhabdomyosarcomas. FEMS Immunol. Med. Microbiol. 30, 37–41. doi: 10.1111/j.1574-695X.2001.tb01547.x

 Thornlow, D. N., Brackett, E. L., Gigas, J. M., Van Dessel, N., and Forbes, N. S. (2015). Persistent enhancement of bacterial motility increases tumor penetration. Biotechnol. Bioeng 112, 2397–2405. doi: 10.1002/bit.25645

 Tokmakov, A. A., Kurotani, A., Takagi, T., Toyama, M., Shirouzu, M., Fukami, Y., et al. (2012). Multiple post-translational modifications affect heterologous protein synthesis. J. Biol. Chem. 287, 27106–27116. doi: 10.1074/jbc.M112.366351

 Toley, B. J., and Forbes, N. S. (2012). Motility is critical for effective distribution and accumulation of bacteria in tumor tissue. Integr. Biol. (Camb) 4, 165–176. doi: 10.1039/c2ib00091a

 Toso, J. F., Gill, V. J., Hwu, P., Marincola, F. M., Restifo, N. P., Schwartzentruber, D. J., et al. (2002). Phase I study of the intravenous administration of attenuated Salmonella Typhimurium to patients with metastatic melanoma. J. Clin. Oncol. 20, 142–152. doi: 10.1200/JCO.2002.20.1.142

 Tran, E., Turcotte, S., Gros, A., Robbins, P. F., Lu, Y.-C., Dudley, M. E., et al. (2014). Cancer immunotherapy based on mutation-specific CD4+ T cells in a patient with epithelial cancer. Science 344, 641–645. doi: 10.1126/science.1251102

 Tsao, Y.-T., Kuo, C.-Y., Cheng, S.-P., and Lee, C.-H. (2018). Downregulations of AKT/mTOR signaling pathway for Salmonella-mediated suppression of matrix metalloproteinases-9 expression in mouse tumor models. Int. J. Mol. Sci. 19, E1630. doi: 10.3390/ijms19061630

 Tu, D.-G., Chang, W.-W., Lin, S.-T., Kuo, C.-Y., Tsao, Y.-T., and Lee, C.-H. (2016). Salmonella inhibits tumor angiogenesis by downregulation of vascular endothelial growth factor. Oncotarget 7, 37513–37523. doi: 10.18632/oncotarget.7038

 Vendrell, A., Mongini, C., Gravisaco, M. J., Canellada, A., Tesone, A. I., Goin, J. C., et al. (2016). An oral Salmonella-based vaccine inhibits liver metastases by promoting tumor-specific T-cell-mediated immunity in celiac and portal lymph nodes: A preclinical study. Front. Immunol. 7. doi: 10.3389/fimmu.2016.00072

 Vitiello, M., Evangelista, M., Di Lascio, N., Kusmic, C., Massa, A., Orso, F., et al. (2019). Antitumoral effects of attenuated Listeria monocytogenes in a genetically engineered mouse model of melanoma. Oncogene 38, 3756–3762. doi: 10.1038/s41388-019-0681-1

 Wang, W.-K., Chen, M.-C., Leong, H.-F., Kuo, Y.-L., Kuo, C.-Y., and Lee, C.-H. (2014). Connexin 43 suppresses tumor angiogenesis by down-regulation of vascular endothelial growth factor via hypoxic-induced factor-1α. Int. J. Mol. Sci. 16, 439–451. doi: 10.3390/ijms16010439

 Wang, S., Guo, J., Bai, Y., Sun, C., Wu, Y., Liu, Z., et al. (2022). Bacterial outer membrane vesicles as a candidate tumor vaccine platform. Front. Immunol. 13. doi: 10.3389/fimmu.2022.987419

 Wang, T., Huang, J., Vue, M., Alavian, M. R., Goel, H. L., Altieri, D. C., et al. (2019). αvβ3 integrin mediates radioresistance of prostate cancer cells through regulation of survivin. Mol. Cancer Res. 17, 398–408. doi: 10.1158/1541-7786.MCR-18-0544

 Wang, Y., Zhou, Z., Chen, W., Qin, M., Zhang, Z., Gong, T., et al. (2018). Potentiating bacterial cancer therapy using hydroxychloroquine liposomes. J. Control Release 280, 39–50. doi: 10.1016/j.jconrel.2018.04.046

 Wojtkowiak, J. W., Verduzco, D., Schramm, K. J., and Gillies, R. J. (2011). Drug resistance and cellular adaptation to tumor acidic pH microenvironment. Mol. Pharm. 8, 2032–2038. doi: 10.1021/mp200292c

 Wu, L.-H., Pangilinan, C. R., and Lee, C.-H. (2022). Downregulation of AKT/mTOR signaling pathway for Salmonella-mediated autophagy in human anaplastic thyroid cancer. J. Cancer 13, 3268–3279. doi: 10.7150/jca.75163

 Xiong, G., Husseiny, M. I., Song, L., Erdreich-Epstein, A., Shackleford, G. M., Seeger, R. C., et al. (2010). Novel cancer vaccine based on genes of Salmonella pathogenicity island 2. Int. J. Cancer 126, 2622–2634. doi: 10.1002/ijc.24957

 Xu, X., Hegazy, W. A. H., Guo, L., Gao, X., Courtney, A. N., Kurbanov, S., et al. (2014). Effective cancer vaccine platform based on attenuated Salmonella and a type III secretion system. Cancer Res. 74, 6260–6270. doi: 10.1158/0008-5472.CAN-14-1169

 Xu, H., Piao, L., Wu, Y., and Liu, X. (2022). IFN-γ enhances the antitumor activity of attenuated Salmonella-mediated cancer immunotherapy by increasing M1 macrophage and CD4 and CD8 T cell counts and decreasing neutrophil counts. Front. Bioeng Biotechnol. 10. doi: 10.3389/fbioe.2022.996055

 Yam, C., Zhao, M., Hayashi, K., Ma, H., Kishimoto, H., McElroy, M., et al. (2010). Monotherapy with a tumor-targeting mutant of S. Typhimurium inhibits liver metastasis in a mouse model of pancreatic cancer. J. Surg. Res. 164, 248–255. doi: 10.1016/j.jss.2009.02.023

 Yang, M., Xu, J., Wang, Q., Zhang, A.-Q., and Wang, K. (2018). An obligatory anaerobic Salmonella Typhimurium strain redirects M2 macrophages to the M1 phenotype. Oncol. Lett. 15, 3918–3922. doi: 10.3892/ol.2018.7742

 Yang, Y.-W., Zhang, C.-M., Huang, X.-J., Zhang, X.-X., Zhang, L.-K., Li, J.-H., et al. (2016). Tumor-targeted delivery of a C-terminally truncated FADD (N-FADD) significantly suppresses the B16F10 melanoma via enhancing apoptosis. Sci. Rep. 6, 34178. doi: 10.1038/srep34178

 Yang, N., Zhu, X., Chen, L., Li, S., and Ren, D. (2008). Oral administration of attenuated S. Typhimurium carrying shRNA-expressing vectors as a cancer therapeutic. Cancer Biol. Ther. 7, 145–151. doi: 10.4161/cbt.7.1.5195

 Yang, Z., Zou, L., Yue, B., and Hu, M. (2023). Salmonella Typhimurium may support cancer treatment: a review. Acta Biochim. Biophys. Sin. (Shanghai) 55, 331–342. doi: 10.3724/abbs.2023007

 Yen, W.-C., Li, Q.-Z., Wu, L.-H., Lee, W.-Y., Chang, W.-W., Chien, P.-J., et al. (2023). Salmonella inhibits tumor metastasis by downregulating epithelial cell adhesion molecules through the protein kinase-B/mammalian target of rapamycin signaling pathway. Int. J. Biol. Macromol 253, 126913. doi: 10.1016/j.ijbiomac.2023.126913

 Yi, X., Zhou, H., Chao, Y., Xiong, S., Zhong, J., Chai, Z., et al. (2020). Bacteria-triggered tumor-specific thrombosis to enable potent photothermal immunotherapy of cancer. Sci. Adv. 6, eaba3546. doi: 10.1126/sciadv.aba3546

 Yoon, W., Park, Y. C., Kim, J., Chae, Y. S., Byeon, J. H., Min, S.-H., et al. (2017). Application of genetically engineered Salmonella Typhimurium for interferon-gamma-induced therapy against melanoma. Eur. J. Cancer 70, 48–61. doi: 10.1016/j.ejca.2016.10.010

 Yoon, W., Yoo, Y., Chae, Y. S., Kee, S.-H., and Kim, B. M. (2018). Therapeutic advantage of genetically engineered Salmonella Typhimurium carrying short hairpin RNA against inhibin alpha subunit in cancer treatment. Ann. Oncol. 29, 2010–2017. doi: 10.1093/annonc/mdy240

 Yu, B., Yang, M., Shi, L., Yao, Y., Jiang, Q., Li, X., et al. (2012). Explicit hypoxia targeting with tumor suppression by creating an “obligate” anaerobic Salmonella Typhimurium strain. Sci. Rep. 2, 436. doi: 10.1038/srep00436

 Zargar, A., Chang, S., Kothari, A., Snijders, A. M., Mao, J.-H., Wang, J., et al. (2019). Overcoming the challenges of cancer drug resistance through bacterial-mediated therapy. Chronic Dis. Transl. Med. 5, 258–266. doi: 10.1016/j.cdtm.2019.11.001

 Zhang, X., Cheng, X., Lai, Y., Zhou, Y., Cao, W., and Hua, Z.-C. (2016). Salmonella VNP20009-mediated RNA interference of ABCB5 moderated chemoresistance of melanoma stem cell and suppressed tumor growth more potently. Oncotarget 7, 14940–14950. doi: 10.18632/oncotarget.7496

 Zhang, M., and Forbes, N. S. (2015). Trg-deficient Salmonella colonize quiescent tumor regions by exclusively penetrating or proliferating. J. Control Release 199, 180–189. doi: 10.1016/j.jconrel.2014.12.014

 Zhang, Y., Tan, W., Sultonova, R. D., Nguyen, D.-H., Zheng, J. H., You, S.-H., et al. (2023). Synergistic cancer immunotherapy utilizing programmed Salmonella Typhimurium secreting heterologous flagellin B conjugated to interleukin-15 proteins. Biomaterials 298, 122135. doi: 10.1016/j.biomaterials.2023.122135

 Zhao, T., Feng, Y., Guo, M., Zhang, C., Wu, Q., Chen, J., et al. (2020). Combination of attenuated Salmonella carrying PD-1 siRNA with nifuroxazide for colon cancer therapy. J. Cell Biochem. 121, 1973–1985. doi: 10.1002/jcb.29432

 Zhao, C., He, J., Cheng, H., Zhu, Z., and Xu, H. (2016). Enhanced therapeutic effect of an antiangiogenesis peptide on lung cancer in vivo combined with Salmonella VNP20009 carrying a Sox2 shRNA construct. J. Exp. Clin. Cancer Res. 35, 107. doi: 10.1186/s13046-016-0381-4

 Zhao, M., Yang, M., Li, X.-M., Jiang, P., Baranov, E., Li, S., et al. (2005). Tumor-targeting bacterial therapy with amino acid auxotrophs of GFP-expressing Salmonella Typhimurium. Proc. Natl. Acad. Sci. U.S.A. 102, 755–760. doi: 10.1073/pnas.0408422102

 Zhao, M., Yang, M., Ma, H., Li, X., Tan, X., Li, S., et al. (2006). Targeted therapy with a Salmonella Typhimurium leucine-arginine auxotroph cures orthotopic human breast tumors in nude mice. Cancer Res. 66, 7647–7652. doi: 10.1158/0008-5472.CAN-06-0716

 Zheng, J. H., and Min, J.-J. (2016). Targeted cancer therapy using engineered Salmonella Typhimurium. Chonnam. Med. J. 52, 173–184. doi: 10.4068/cmj.2016.52.3.173

 Zheng, J. H., Nguyen, V. H., Jiang, S.-N., Park, S.-H., Tan, W., Hong, S. H., et al. (2017). Two-step enhanced cancer immunotherapy with engineered Salmonella Typhimurium secreting heterologous flagellin. Sci. Transl. Med. 9, eaak9537. doi: 10.1126/scitranslmed.aak9537

 Zhou, S., Gravekamp, C., Bermudes, D., and Liu, K. (2018). Tumour-targeting bacteria engineered to fight cancer. Nat. Rev. Cancer 18, 727–743. doi: 10.1038/s41568-018-0070-z

 Zhou, S., Lin, Y., Zhao, Z., Lai, Y., Lu, M., Shao, Z., et al. (2023). Targeted deprivation of methionine with engineered Salmonella leads to oncolysis and suppression of metastasis in broad types of animal tumor models. Cell Rep. Med. 4, 101070. doi: 10.1016/j.xcrm.2023.101070

 Zhou, S., Zhao, Z., Lin, Y., Gong, S., Li, F., Pan, J., et al. (2016). Suppression of pancreatic ductal adenocarcinoma growth by intratumoral delivery of attenuated Salmonella Typhimurium using a dual fluorescent live tracking system. Cancer Biol. Ther. 17, 732–740. doi: 10.1080/15384047.2016.1177683

 Zhuang, Q., Xu, J., Deng, D., Chao, T., Li, J., Zhang, R., et al. (2021). Bacteria-derived membrane vesicles to advance targeted photothermal tumor ablation. Biomaterials 268, 120550. doi: 10.1016/j.biomaterials.2020.120550




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Pérez Jorge, Gontijo and Brocchi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-13-1293351-g001.jpg
Active Passive

Adoptive cell transfer

Vaccines

Cytokines

"f";f.;.;{:f“Necrotic region "~ Proliferating region

N
.Hypoxic region @/y ECM





OEBPS/Images/fcimb-13-1293351-g003.jpg
Cell death

Ferroptosis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Salmonella enterica and outer membrane vesicles are current and future options for cancer treatment

      

        		

          Introduction

        



        		

          2 Advantages of using Salmonella enteric over conventional therapies

        

          		

            2.1 Versatile genetic programmability

          



          		

            2.2 Ability to target tumor

          



          		

            2.3 Preferential growth in the tumor

          



          		

            2.4 Intratumoral penetration

          



        



        



        		

          3 Salmonella enterica tumor suppression mechanisms

        

          		

            3.1 Salmonella enterica induces the activation of the immune system

          



          		

            3.2 S. Typhimurium inhibits angiogenesis and delays metastasis

          



          		

            3.3 S. Typhimurium induces ferroptosis

          



        



        



        		

          4 S. Typhimurium as a vector to deliver anticancer agents

        

          		

            4.1 Delivery of genetic material

          



          		

            4.2 Delivery of cytotoxic agent

          



          		

            4.3 Delivery of immunomodulators

          



          		

            4.4 Delivery of prodrug-converting enzymes

          



        



        



        		

          5 Combination therapy

        



        		

          6 Salmonella outer membrane vesicles in cancer therapy

        

          		

            6.1 Production of Salmonella OMVs

          



          		

            6.2 Endotoxic effects of OMVs

          



          		

            6.3 Salmonella OMVs as antitumoral agents

          



        



        



        		

          7 Conclusions and future perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Trial Strain Cancer type utcome or study status

species (number
of patients)

Human 'VNP20009 25 Metastatic Increase of interleukin in circulation (IL-1B, TNF-0, IL-6, (Toso et al., 2002)
melanoma (24) and IL-12); tumor colonization in three patients; No
metastatic renal cell | supported tumor regression
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VNP20009 50 | Advanced Not yet recruiting (Guangzhou Sinogen
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%4550 22 metastatic increased circulating NK cells. no toxicity observed (Gniadek et al., 2020)
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(16) in 37% of patients.
Melanoma (11)
Carcinoma (5)
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