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Abstract: Oncolytic bacteria are a classification of bacteria with a natural ability to specifically target
solid tumors and, in the process, stimulate a potent immune response. Currently, these include
species of Klebsiella, Listeria, Mycobacteria, Streptococcus/Serratia (Coley’s Toxin), Proteus, Salmonella,
and Clostridium. Advancements in techniques and methodology, including genetic engineering, create
opportunities to “hijack” typical host–pathogen interactions and subsequently harness oncolytic
capacities. Engineering, sometimes termed “domestication”, of oncolytic bacterial species is espe-
cially beneficial when solid tumors are inaccessible or metastasize early in development. This review
examines reported oncolytic bacteria–host immune interactions and details the known mechanisms
of these interactions to the protein level. A synopsis of the presented membrane surface molecules
that elicit particularly promising oncolytic capacities is paired with the stimulated localized and
systemic immunogenic effects. In addition, oncolytic bacterial progression toward clinical transla-
tion through engineering efforts are discussed, with thorough attention given to strains that have
accomplished Phase III clinical trial initiation. In addition to therapeutic mitigation after the tumor
has formed, some bacterial species, referred to as “prophylactic”, may even be able to prevent or
“derail” tumor formation through anti-inflammatory capabilities. These promising species and their
particularly favorable characteristics are summarized as well. A complete understanding of the
bacteria–host interaction will likely be necessary to assess anti-cancer capacities and unlock the full
cancer therapeutic potential of oncolytic bacteria.

Keywords: oncolytic bacteria; bacterial-mediated cancer therapeutics; host–pathogen interaction;
immune response; synthetic biology; programmable medicine; oncology; engineered bacterial
therapeutics; tumor therapy; solid tumor; microbiome

1. Introduction and Background

A subset of bacteria have demonstrated an ability to specifically target and lyse cancer
cells, garnering the designation ‘oncolytic’, or cancer lysing [1]. Oncolytic bacteria offer
a more selectively targeted approach for cancer therapeutics, with fewer side effects than
current modalities, such as chemo- or radiotherapy, in addition to several novel advantages.
Currently, these include species of Klebsiella, Listeria, Mycobacteria, Streptococcus/Serratia
(Coley’s Toxin), Proteus, Salmonella, and Clostridium (Figure 1). Interest in oncolytic bacteria
initially dwindled due to an inability to effectively limit systemic toxicity inherent to
bacterial administration that often led to sepsis. Recent advances in cellular engineering,
directed evolution, and synthetic biology have generated a new wave of interest. With
the advent of new technologies, innate anti-cancer capacities of oncolytic bacteria can be
both harnessed and amplified through bioengineering, specifically through new genetic
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engineering methodology such as CRISPR/Cas systems. In theory, oncolytic bacteria could
expand or immunologically “hijack” the body’s immune response to elicit a tumorolytic
response [2].
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for consideration to add further anti-cancer capacities.

The characteristically harsh microenvironments of solid tumors present advantageous
niches for oncolytic bacteria localization and colonization, and thus subsequent tumor
destruction paired with potent immune restimulation. Solid tumors are typically defined as
neoplasms that arise from solid tissues such as bones, muscles, and organs [3]. According to
the World Health Organization (WHO), cancer is the second leading cause of death globally,
with approximately 50% of these deaths being due to solid tumors [4]—highlighting
the need for more effective and alternative treatments. Despite significant advances in
understanding solid tumors, the treatment of these harsh microenvironments continues
to pose unique challenges for canonical drug development [5]. This literature review
highlights potential strategies to harness the natural anti-cancer capacities of oncolytic
bacteria and discusses specific characteristics that will prove critical for clinical translation
as therapeutics (e.g., secretions, surface molecules, and host interactions). The purpose of
this manuscript is to provide a unique, unpublished perspective in that it specifically pairs
the literature detailing oncolytic bacteria surface characterization with the reported host–
immune bidirectional interactions in pathogenic contexts to develop novel oncotherapeutics
and live biologic therapies with the ultimate goal of clinical translation.

Surgery is often the first line of treatment for solid tumors and obviously involves
the physical removal of the cancerous tissue [5]. While surgery can be highly effective in
the treatment of early-stage cancers, its efficacy decreases with disease progression and
can be quite limited in advanced cancer stages [6]. Furthermore, many tumors are not
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accessible using modern surgical techniques, or have metastasized to multiple locations
prior to detection. Surgery with adjuvant or neoadjuvant radiation and/or chemother-
apy is currently the first line of treatment for solid tumors. Other biologic adjuvants are
also known to modulate the immune response by targeting neoplasms as reviewed else-
where [7,8]. Radiation therapy employs high-energy radiation to destroy tumor cells [9],
and is often administered in combination with other treatments, such as chemotherapy.
Chemotherapy administers drugs to destroy cancer cells. When administered intravenously
or orally, these therapeutics can have significant side effects (e.g., nausea, vomiting, hair
loss, and decreased immune function) [10]. Immunotherapy, or the technology behind
individualized or precision medicine, is becoming increasingly implemented—though
costly and time consuming to formulate. Immunotherapy modulates the immune response
to tumorigenic cells, intensifying the natural response [11]. While highly effective in some
patients, minimal effects have been observed for others (e.g., pancreatic cancer) [11]. The
efficacy of immunotherapy seems to vary widely and likely depends on intrinsic tumor
characteristics that do not affect oncolytic bacteria mediated treatments [11].

Oncolytic bacteria demonstrate several advantages over canonical therapeutics, in-
cluding overcoming drug resistance by targeting chemotherapy-resistant cancer stem
cells [12]. In addition, oncolytic bacteria are thought to reduce the risk of tumor recur-
rence by breaking down the physical and biological barriers that can shield cancerous
cells from chemotherapy and radiation penetration [13]. Oncolytic bacteria can stimulate
immunomodulation in addition to direct lytic effects by causing a targeted host immune
response directed at tumorigenic cells. The purpose of this review is to pair the published
literature regarding bacterial cell surface, metabolism, and interaction with the host in
pathogenic infections with developments that have been made in efforts toward clinical
translation. For each oncolytic bacterial species, a discussion of the basic microbiology
and genome characteristics is paired with important cell surface molecules, metabolism,
byproducts, and secretions to provide an adequate context for further development us-
ing modern techniques such as genetic engineering to harness these species as the next
generation of biologic therapeutics.

1.1. Essential Components of Host–Pathogen Interactions

The composition of the cell and spore surfaces of oncolytic bacteria is of critical impor-
tance to confer added oncolytic capacities, as is a fundamental knowledge of how these
species interact and respond to environmental context—particularly those that replicate
solid tumor microenvironments. It has been well detailed that microorganisms maintain a
cell membrane optimal fluidity, adjusting composition to allow for optimal viscosity and
ionic diffusion for enzymatic activity. These changes occur through altered membrane
constituent synthesis as governed by environmental context. Each constituent contributes
uniquely to the membrane composition, and thus minor alterations in composition may
have far reaching physiological consequences. This review pairs the literature regarding
the known surface proteins and cell secretions with their elicited immunogenic effects to
further the field of oncolytic bacteria-mediated cancer therapeutics. Thorough discussion,
including figures, is specifically focused on strains that have accomplished Phase III clinical
trial initiation (Klebsiella pneumoniae, Listeria monocytogenes, Salmonella typhimurium, and
Clostridium novyi-NT) as representatives of their respective species.

There are several essential components of the host–pathogen interaction that play a
critical role in the activation of the innate immune system worth noting prior to an in-depth
discussion of specific oncolytic species/strain characteristics. These molecular structures
are nearly ubiquitous, found in a wide range of pathogens, or are specific to a particular
group of microorganisms (e.g., Gram-positive vs. Gram-negative). Important among these
components for this discussion of harnessing the anti-cancer capacities of oncolytic bacteria
are pathogen-associated molecular patterns (PAMPs) [14], damage-associated molecular
patterns (DAMPs) [15], and neutrophil extracellular traps (NETs) [16].
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PAMPs and DAMPs are evolutionarily conserved protein motifs common enough to
be readily recognized by the host’s innate immune system [17]. PAMPs are expressed on
pathogenic microorganism membranes and when detected act as indicators of pathogen
presence [17]. DAMPs are endogenous motifs present on proteins released from damaged
cells [17]. The recognition of PAMPs and DAMPs triggers a series of events that ultimately
lead to the general production of pro-inflammatory cytokines, such as interleukin-8 (IL-8),
and stimulation of the adaptive immune response [17]. The innate immune responses are
crucial for routine pathogenic defenses and the maintenance of tissue homeostasis, but
excessive activation can lead to chronic inflammation and thus disease development.

Lipopolysaccharide (LPS) is a common PAMP located in the outer membrane of
Gram-negative bacteria [18]. LPS plays a significant role in the host–pathogen immune
response as a potent activator—typically through interactions with Toll-like receptor
4 (TLR-4), which is present on macrophage, dendritic cell, and B cell surfaces. Binding of
LPS to TLR-4 triggers a signal cascade of proinflammatory cytokines such as interleukin-1
(IL-1), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α) [19] (Figure 2). In turn,
elevated cytokine levels recruit immune cells to the site of infection, stimulate the pro-
duction of antimicrobial peptides, and promote the development of an adaptive immune
response. However, excessive or uncontrolled activation of the immune system by LPS
can also contribute to septic shock, a life-threatening condition characterized by systemic
inflammation and organ dysfunction [16,19].

Lipoteichoic acid (LTA) is a PAMP specific to the surface of Gram-positive bacte-
ria [20,21]. In a similar mechanism to LPS, LTA activates macrophages and dendritic cells to
produce the pro-inflammatory cytokines IL-1 and TNF-α [22] (Figure 2). LTA is recognized
and bound by TLR-2 which then undergoes a conformational change and heterodimeriza-
tion with other Toll-like receptors [23,24]. This triggers an intracellular signaling pathway
using various adaptor proteins to activate IL-1 and TNF receptor kinases [23,24]. These
kinases allow for NF-κB to be activated which results in activation of gene transcription for
cytokines that result in inflammation and immune cell chemotaxis to the tumor cells [23–25].
LTA can also induce the secretion of antimicrobial peptides and activate the complement
system [26], which plays a crucial role in the elimination of invading pathogens (Figure 2).
Moreover, LTA typically promotes the adaptive immune response by enhancing T cell
antigen presentation [27]. However, like LPS, excessive or uncontrolled activation of the
immune system by LTA leads to damaging inflammation and subsequent disease states [28],
including cardiovascular disease [29,30], atherosclerosis [31], and rheumatoid arthritis [32].

DAMPs include molecules such as HMGB1 (high-mobility group box 1 protein) [33],
S100 proteins [34], and ATP (adenosine triphosphate) [35], extracellular cold-inducible
RNA-binding proteins [36], histones [37], heat shock proteins [38], extracellular RNAs, and
cell-free DNA [39]. The release of DAMPs from damaged cells triggers an innate immune
response, leading to the activation of immune cells and the release of pro-inflammatory
cytokines. Pattern recognition receptors (PRRs), found on various innate immune cells, are
responsible for recognizing DAMPs [40] such as Toll-like receptors (TLRs) [41], NOD-like
receptors (NLRs), [42] and RIG-I-like receptors (RLRs) [43]. Upon DAMP recognition, recep-
tors activate signaling cascades that ultimately result in the production of pro-inflammatory
cytokines such as IL-6 and IL-8 and the recruitment of immune cells to the site of damage,
facilitating tissue repair and immune defense (Figure 2).

Neutrophil extracellular traps (NETs) are also important to consider for developing
oncolytic bacteria. NETs are web-like structures composed of DNA, histones, and antimi-
crobial peptides that are released by neutrophils to trap and kill pathogens [44]. NETs play
a crucial role in the host–pathogen immune response [45] and serve to physically entangle
and immobilize pathogens, preventing spread and enabling elimination via phagocyto-
sis [44,45]. Further, NETs contain antimicrobial proteins and enzymes that directly kill or
degrade invading microbes [46]. However, excessive or uncontrolled formation of NETs
can also contribute to tissue damage and inflammation in various diseases, including sepsis
and autoimmune disorders. Therefore, the regulation of NET formation is essential for
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a balanced and effective immune response and must be accounted for when considering
oncolytic bacteria application.
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The induction of Th1 cytokines and stimulation of a T cell response causes an increased
inflammatory response in the tumor microenvironment leading to a decrease in tumor
growth. TNF-α can increase the permeability of the vascular lining of tumor cells, allowing
drug permeation into tumor cells as well as infiltration of blood and immune cells leading
to hemorrhagic necrosis [47]. TNF-α leads to activation of a JNK signaling pathway that
contributes to tumor cell death [48,49] (Figure 2). Unfortunately, TNF-α can also inhibit
the anti-tumor response and decrease the visibility of tumor cells to surrounding immune
cells [48]. IL-6 acts through JAK-STAT signaling pathways, but the effects are dependent on
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the cells present and the specific context of the tumor microenvironment [50]. According to
some studies, IL-6 can have indirect anti-tumor activity through Bcl-2 and immunoglobulin
production, but also can stimulate cytokine secretion within the tumor and limit the
effectiveness of immunotherapy [50,51]. Nitric oxide can cause DNA damage through
production of damaging metabolites as well as causing cell cycle arrest leading to cellular
failure to repair DNA damage [52,53]. The damage caused by nitric oxide (NO), as well as
activation of signaling networks, can induce apoptosis of tumor cells by binding of death
ligands to cell surface receptors and release of cytochrome c [52–54]. However, production
of nitric oxide can also have pro-tumor effects through creating a hypoxic environment that
leads to tumor angiogenesis, so the use of nitric oxide alone to treat tumor cells must be
studied further [52,55].

Oncolytic bacteria are not exempt from canonical PAMP, DAMP, and NET pathway
stimulation, and these factors must be a consideration in development toward clinical
translation (Figure 2). However, the responses stimulated by oncolytic bacteria tumor
localization and colonization are thought to not only recruit the innate immune system
to target oncolytic bacteria, but in the process, to cause the release of tumor neoantigens
that effectively retrain localized immune responses (Figure 2). Ultimately, this creates an
environment that is hostile to cancer cells while promoting the activation of immune cells
that can attack the tumor as previously reviewed [56]. Clostridium novyi-NT, for example, is
theorized to utilize LPS to stimulate the innate immune response [57]. In this context, LPS is
hypothesized to trigger the release of pro-inflammatory cytokines, leading to the activation
of immune cells and the recruitment of immune cells to the site of the tumor, as previously
reviewed [57]. A detailed discussion on individual oncolytic bacterial species and their
interactions with the aforementioned components follows in their respective sections below.
The ability of oncolytic bacteria to utilize PAMPs, DAMPs, and NETs to stimulate the innate
immune system provides a promising new approach to the treatment of solid tumors.
These bacteria can selectively target and destroy cancer cells while promoting the activation
of immune cells that can attack solid tumors.

Gram-positive bacteria are thought to have five major types of surface proteins:
(1) proteins anchored to the cytoplasmic membrane by hydrophobic transmembrane do-
mains, (2) lipoproteins covalently attached by the N-terminus to long chain fatty acids of
the cytoplasmic membrane, (3) proteins binding to components of the cell wall, (4) proteins
attached to the cell surface by S-layer homology domains (SLH), and (5) proteins covalently
anchored to the cell wall possessing an LPXTG motif [58]. In contrast, Gram-negative
bacteria have two membranes that surface proteins must span to achieve extracellular
presentation [59]. This second membrane provides a layer of protection for single celled
organisms but can also inhibit nutrient and waste diffusion [59]. In this circumstance most
proteins that achieve export across the inner membrane utilize the general sec secretion
pathway or the twin arginase translocation (tat) pathway [58]. Once in the periplasm,
integral outer membrane proteins (OMPs) are either spontaneously inserted into the outer
envelope or require the use of specialized machinery [58]. Periplasmic precursor peptides
sometimes assemble into complex structures such as flagella, pili, or S-layers [58].

In addition to membrane surface protein presentation, a robust understanding of the
protein secretions of each oncolytic bacterial species is necessary to assess the anti-cancer
capacities that may be added to each species to build on innate abilities. Important de-
tails of a species protein secretion system includes knowledge regarding the preferred
length or composition (e.g., amino acids, motifs, or hydrophobicity) of exported mate-
rials. Gram-negative bacteria primarily accomplish protein translocation through the
cytoplasmic membrane corresponding to export into the periplasm, while Gram-positive
bacteria secrete proteins directly into the extracellular environment [60]. Gram-positive
bacteria have five main protein secretion systems/pathways: Sec (secretory) pathway,
Tat (twin arginine translocation) pathway, ABC (ATP binding cassette) transporters, FPE
(fimbrilin protein exporter) system, and ESAT-6/WXG100 (early secreted antigen target of
six kDa/proteins with a WXG motif of ~100 residues) secretion system [60]. It has been
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detailed that though Gram-negative bacteria, and likely Gram-positive as well, share many
genes corresponding to secretory systems, the secretion pathways present are species, and
even sometimes strain, specific [60]. The ABC transporter family of proteins is responsible
for many substrates. ABC transporters peptides have only been found in Gram-positive
bacteria, making it likely that this system is specific to Gram-positive bacteria [61]. The
mechanosensitive ion channel (MscL) permits the release of small proteins (e.g., thiore-
doxin) during osmotic downshifts [62]. To date, studies regarding the secretome of even the
longest studied oncolytic bacterial species, Clostridia, seem to indicate a wide range in the
amount of secreted proteins [60], indicating that this area of research continues to grow and
undergo refinement.

1.2. Decades of Efficacy and Safety: The BCG Vaccine

The Bacille Calmette-Guerin (BCG) vaccine against tuberculosis (TB) is commonly
administered to infants and young children in developing countries [63]. The vaccine is ef-
fective at preventing severe forms of TB, such as TB meningitis, by modulating the immune
system response. Specifically, the vaccine drives IFN-γ, IL-12, IL-2, and IL-6 production,
effectively inducing a T helper 1 (Th1)-polarized immune response [64]. This same BCG
vaccine successfully became an immunomodulatory cancer treatment [65]. Intravesically
administered BCG has been the gold standard therapeutic against intermediate and high-
risk non-muscle-invasive bladder cancer for almost eighty years [65]. The weakened form
of TB bacterium present in the vaccine likely stimulates the production of white blood cells
and antibodies capable of tumorigenic bladder cell recognition and destruction through
induction of IFN-γ, IL-12, IL-2, and IL-6. When the immune response to the BCG vaccine
was characterized, the results indicated live BCG significantly enhanced IFN-γ and IL-12
secretion, expanded CD3−CD56+ T cells, and increased non-MHC-restricted cytotoxicity
against bladder tumor cells compared to unstimulated controls [66]. Given the sustained,
successful application of BCG against bladder cancer without toxicity, this therapeutic
holds lessons for the translation of other oncolytic bacteria.

2. Indirect Oncolytic Bacteria
2.1. Klebsiella
2.1.1. Klebsiella Basic Microbiology

Klebsiella is a Gram-negative, non-sporulating bacteria with facultative anaerobic
capacity [67] (Figure 1). This bacterium is non-motile, and tests catalase positive [67]. The
average Klebsiella cell is 0.3 to 1.0 µm wide by 0.6–6.0 µm in length [67].

2.1.2. Klebsiella Genome

The median total length of the Klebsiella genome is 5.60 Mbp, with a median GC% of
57.2 [67] (Figure 1).

2.1.3. Klebsiella Background and History

Klebsiella is commonly found in non-pathogenic states in the human intestines and
stool and becomes an opportunistic pathogen in immunocompromised patients [68]. Thus
far, the only strain under investigation is Klebsiella pneumoniae [1,69]. Klebsiella pneumoniae is
the most common cause of hospital acquired pneumonia in the United States as it colonizes
mucosal surfaces [68].

2.1.4. Klebsiella Cell Surface

The oncolytic properties of Klebsiella are largely thought to be due to the activation
of Toll-like receptors (TLRs) caused by LPS embedded in its cell surface [70] (Figure 2).
Activation of the M1 pathway leads to activation of B and T cells in addition to produc-
tion of cytokines including TNF-α, IL-12, and IFN-γ. The cytokine production promotes
inflammation of tumor cells, apoptosis, and inhibition of angiogenesis in the immediate
proximity of the tumor [71–73]. Capsular polysaccharides (CPS) on the cell surface are



Pharmaceutics 2023, 15, 2004 8 of 63

also recognized by macrophage TLR-4 receptors and lead to production of TNF-α and
subsequent inhibition of angiogenesis, disrupting tumor growth [70,71] (Figure 3). TLR-4
activation on macrophages results in production of IL-1 leading to activation of NF-κB and
activation of T cells responding to tumor cells [23,25]. The CPS layer within the membrane
has also been shown to promote biofilm formation in addition to being a PAMP [1].
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Outer membrane proteins, specifically Outer membrane protein A (OmpA), allow for
adhesion of the bacterium to host cells and TLR-2 recognition [74] (Figure 3). OmpA is
recognized by TLR-2 on dendritic cells and results in inhibition of the M2 macrophage path-
way and activation of the M1 pathway [23,74]. OmpA proteins also serve as PAMPs [74],
thus activating the M1 pathway, causing activation of B and T cells and production of
TNF-α, IL-12, and IFN-γ. These cytokines promote further inflammation, apoptosis, and
inhibit angiogenesis [71–73].

Type 1 and 3 fimbriae expressed on the surface of Klebsiella promote adherence to host
cells and biofilm formation [75] (Figure 3A). Type 3 fimbriae promotes adherence of the
bacterium to the tumor cell forming a biofilm around it thereby disrupting the process
of metastasis [75,76] (Figure 3B). The expression of type 3 fimbriae by Klebsiella species is
indicated to promote biofilm formation and thus increased cell to cell contact [75]. Bacterial
biofilms are ubiquitous multicellular aggregates which are usually attached to biotic or
abiotic surfaces in which bacteria are embedded in a self-produced extracellular polymeric
matrix composed of mainly polysaccharides, proteins, lipids, and extracellular DNA [77].
Biofilm formation is a multistage process started by reversible bacterial adhesion followed
by an irreversible attachment with the formation of microcolonies [78]. This may represent
an exploitable characteristic for an oncolytic bacteria-mediated oncotherapeutic through
the disruption of metastasis by physically coating tumorigenic cells [76] and thus inhibition
of further tumor spread. However, biofilms also have the potential to inhibit immune cells
from reaching the tumor due to the mixture of polysaccharides, protein, and DNA [79].
Furthermore, the formation of a biofilm has been observed to contribute to antibiotic
resistance [76,79]. More studies serving to disentangle the advantages and disadvantages
of oncolytic bacterial biofilm formation will be necessary to fully explore the potential role
of biofilms in this context.
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2.1.5. Klebsiella Metabolism and Byproduct Secretion

Klebsiella pneumoniae secrete outer membrane vesicles (OMV) containing LPS (Figure 3A).
OMVs often detach from the surface, resulting in host immune activation [80,81]. OMVs
trigger caspase activation, ultimately leading to the production of IL-1β and IL-8, proin-
flammatory cytokines that result in inflammation of the tumor cells [80,81] (Figure 3B),
which constitutes a particularly promising attribute to exploit for therapeutic delivery.
Microcin E492 is a bacteriocin produced by Klebsiella pneumoniae observed to induce apop-
tosis in a range of human cell lines [76,82] (Figure 3A). This bacteriocin is secreted by an
ATP-binding cassette (ABC) transporter [83] and functions by inserting into the plasma
membrane of host cells to form a pore, thus disrupting cell barriers and ultimately leading
to lysis [83]. Microcin E492 has not yet been used as an oncolytic agent as future studies
need to be performed to ensure the efficacy and safety of the use of this bacteriocin, but it
has potential to be of benefit in future studies.

2.1.6. Klebsiella Host–Pathogen Interactions

In pathologic states, Klebsiella biofilms infect mucosal surfaces, and can invade cells [84].
Due to its encapsulation, there is increased uptake into the tumor microenvironment and
subsequently improved immune system protection [85,86]. As a result of local intracellular
invasion, Klebsiella can colonize other body surfaces, leading to a severe infection—though
this is mostly observed in immunosuppressed and hospitalized patients. Highly invasive,
community acquired Klebsiella pneumoniae strains typically overproduce capsular polysac-
charides, resulting in increased resistance to host clearance [87]. This resistance is not
fully understood, but thought to be partially due to hyper-mucoviscosity as a result of
increased polysaccharides expressed on the Klebsiella surface and secreted into the extra-
cellular environment [87,88]. However, in immunocompetent patients, the presence of
LPS and interaction between LPS and TLR-4 signals initiates dendritic cell migration and
ultimately T cell activation after antigen presentation [89].

2.1.7. Klebsiella Oncolytic Development

An attenuated strain of Klebsiella pneumoniae is currently under a Phase II clinical
trial for non-small cell lung cancer by Qu Biologics [90], making this oncolytic species a
front runner for accomplishing clinical translation. Other studies have used Klebsiella
in directed, in vivo infections with CBA/J mice, have triggered IL-12 production by
macrophages [72,91]. This exposure resulted in Natural Killer (NK) cell and T cell re-
cruitment, as well as IFN-γ production [72]. In vitro studies using human dendritic cells
from healthy, human volunteers, demonstrated K. pneumoniae fragments containing LPS
and outer membrane proteins, including OmpA, were capable of recruiting NK cells, can
led to IFN-γ production [72]. NK cells recruitment was driven by pattern recognition
receptors specific for OmpA, as well as through CCR-7 expression. CCR-7 responds to
CCL-19, a chemokine often found in lymph nodes [72]. Klebsiella, if applied as an oncolytic
therapeutic, is likely to trigger the immune system reaction in similar ways.

2.2. Listeria monocytogenes
2.2.1. Listeria Basic Microbiology

Listeria is a Gram-positive, non-sporulating bacillus of an average 0.5–4.0 × 0.5–2.0 µm
in size (Figure 1) [92]. While Listeria can express flagella, this expression and the subsequent
motility is temperature dependent and not usually physiologically relevant [92]. Therefore,
in the context of bacterial-mediated cancer therapeutics, Listeria is considered non-motile.
Listeria does exhibit catalase activity [92].

2.2.2. Listeria Genome

The median reported genome length of Listeria is 2.905 Mbp, with a GC content of
38.04% (Figure 1).
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2.2.3. Listeria Background and History

Listeria monocytogenes is the causative agent of listeriosis, a rare foodborne infectious
disease with a high and particularly severe incidence in immunocompromised individuals
and other risk groups, such as pregnant women, neonates, and the elderly [92]. During a
L. monocytogenes infection, the bacteria is able to survive in human hosts by invading and
multiplying within both phagocytic and non-phagocytic eukaryotic cells [93]. The actin
assembly-inducing surface protein (ActA) induces the ability of actin-based motility for
L. monocytogenes to spread from cell to cell [94], which becomes vitally important for the
bacteria to propagate through tissues and evade the host immune system. Listeriolysin
O (LLO) is expressed and secreted by L. monocytogenes as a cytolysin that disrupts the
phagosome and prevents its degradation in the phagolysosome [1] (Figure 4A). Due to its
adaptability and unique intracellular life cycle, L. monocytogenes has potent potential as a
model for oncolytic bacteria.
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2.2.4. Listeria Cell Surface

The surface proteins internalin A (InlA) and internalin B (InlB) have been identified as
the main bacterial factors involved in the invasion of non-phagocytic cells (Figure 4A) [93].
Studies detailing the mechanisms of InlA or InlB-dependent entry have been primarily
performed with the human epithelial or trophoblast cell lines [95]. Both internalins bind
to the eukaryotic cell membrane receptors E-cadherin and Met [96,97]. InIA interacts
with the host E-cadherin, which is present in several human barriers including intestinal,
fetoplacental, and the blood–brain barrier [98]. InIA subsequently induces cytoskeletal
rearrangement thereby inducing bacterial uptake through receptor-mediated endocytosis
(Figure 4B). InIB binds to cellular receptor Met, a tyrosine kinase expressed mainly by cells
of epithelial origin, promoting cell invasion and exhibits a much broader range of target
cells than InIA (Figure 4B) [97]. Normal hepatocyte growth factor signaling through the Met
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receptor induces tissue repair that restores tissue structure and prevents fibrosis formation
in the liver, kidney, heart, brain, and lung [99]. A fragment of the L. monocytogenes InIB was
found to have therapeutic potential like that of a full-length hepatocyte growth factor [97],
which indicates L. monocytogenes has promise for further oncolytic engineering as well as to
be harnessed as adjuvant therapy for tissue repair after treatment.

2.2.5. Listeria Metabolism, Byproducts and Secretions

Upon L. monocytogenes interaction with its host cell receptors, bacteria are engulfed
and internalized into a membrane-bound phagosome (Figure 4B). Listeriolysin O (LLO)
is expressed and secreted by L. monocytogenes as a cytolysin that disrupts the phagosome
membrane through generating small pores that uncouple pH and calcium gradients across
the membrane (Figure 4B) [1,100]. The optimal pH range of LLO overlaps with that
observed in the vacuole, suggesting that LLO may be adapted to function only within
the phagosome compartment, protecting infected cells from complete destruction once
L. monocytogenes is free within the cytosol [101]. This makes L. monocytogenes suitable to not
only survive but thrive in the acidic environment contained within a solid tumor. Further,
an acidic environment plays a key role in the L. monocytogenes life cycle as replication
and motility can occur in this context without triggering the host immune system [102],
intrinsically lowering its virulence.

LLO pore formations function to manipulate intracellular calcium levels, ultimately
leading to a continuous calcium concentration increase until homeostasis is disrupted [103].
LLO at sublytic concentrations induces a broad spectrum of Ca2+-dependent cellular
responses during infection, indicating L. monocytogenes can employ LLO as a kind of
remote control to manipulate the intracellular Ca2+ level without direct interaction with the
host cell [103,104]. Ca2+ fluctuation within the cell modulates cellular signaling and gene
expression thus providing a potential molecular basis for LLO to disrupt the abundant
Ca2+-dependent signaling events [103].

Additionally, LLO is necessary for the formation of spacious Listeria-containing phago-
somes (SLAP), a mechanism that promotes replication within vacuoles [100]. LLO is
hypothesized to mechanistically uncouple pH gradients across SLAP membranes, blocking
phagosome and auto-phagosome maturation [100]. The replication of L. monocytogenes was
found to be greatly reduced as compared with those replicating in the cytosol. Initially,
in mice with severe combined immunodeficiency (SCID), persistent L. monocytogenes in-
fection was thought to imply persistence as chronic infections depended on host immune
status [100]. Although LLO expression is required for SLAP formation, SLAPs have been
observed in bacterial populations that do not escape from the primary phagosome [100].
Therefore, bacteria within SLAPs may have reduced LLO expression or inefficient LLO
activity [100]. LLO in nucleated host cells can also induce cytokine release. In murine cells,
the inflammatory cytokines IL-1α, TNF-α, and IL-12—which appeared to be produced
mainly by macrophages—were released after L. monocytogenes exposure (Figure 4B) [105].
LLO also serves as an antigen recognized by cytotoxic T cells in the context of class I major
histocompatibility complex (MHC) molecules [106].

2.2.6. Listeria Host–Pathogen Interaction

The extracellular recognition of L. monocytogenes PAMPs is performed largely by
TLRs—specifically, TLR-2, which is expressed at the highest concentration on myeloid-
derived phagocytes (Figure 2) [105]. TLR-5 binds flagellin (Figure 2) [107], which L. mono-
cytogenes can possess, but most strains downregulate expression at 37 ◦C [108]. This
temperature sensitive expression could be exploited to gain further biocontainment and
thus additional safety for oncolytic therapy. Cytosolic L. monocytogenes is thought to be
most frequently sensed by NOD-1 and NOD-2 [109]. Sensing of cytosolic L. monocyto-
genes by either of these receptors activates NF-κB and causes increased transcription of
proinflammatory chemokines (e.g., CXCL-2) and cytokines (e.g., IL-6, TNF-α) [109].
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Intracellular host-sensing of L. monocytogenes microbial cell wall components and
surface proteins is accomplished through detection by Nod-like receptors (NLRs). Further,
because L. monocytogenes can gain access to the cytosol of most cell types, any proteins
secreted by the bacteria can potentially be processed and presented by the MHC-I ma-
chinery [110]. L. monocytogenes is therefore an ideal vector for the delivery of tumor
neoantigens to be processed and presented, restimulating the suppressed tumor immune
microenvironment [111]. Further, this mechanism allows for non-virulent proteins to act
as signaling molecules for the immune system, making administration safer—especially
when modifications are made to remove virulence factors. The cytotoxic destruction of
L. monocytogenes-infected cell occurs via one of three distinct pathways l: Fas-FasL-mediated
apoptosis [112], TNF-α-dependent apoptosis [113], and granule exocytosis [114]. Lysis of
an infected cell likely releases any remaining live intracellular bacteria, which can then be
phagocytized by neutrophils or activated macrophages and consequently killed [115].

2.2.7. Listeria Oncolytic Development

The unique life cycle of L. monocytogenes makes it an ideal candidate to deliver antigens
to the MHC I and II pathways, culminating in a tumor-lytic response [116]. Previous studies
investigating L. monocytogenes as a vector for tumor immunotherapy found antigens were
delivered more efficiently to protein processing and presentation machinery than those
encoded by other bacterial vectors [117]. Historically, infection with L. monocytogenes elicits
a strong, long-lasting immunological memory response with protection against future
pathogen exposure [118] which may constitute a potential disadvantage as the first exposure
may render future treatments non-viable as an anti-cancer therapeutic. When Listeria is
injected intratumorally, it stimulates the production of pro-inflammatory signals, including
reactive oxygen species through the activation of the NADPH-oxidase pathway [119,120].
L. monocytogenes has desirable, built in safety features since the flagella of most strains
downregulate their expression at 37 ◦C [108]. The ability to attenuate Listeria but retain
the potent immune-recruiting capacity is very intriguing and should be considered when
considering future developments of bacteria oncolytic therapy.

2.3. Mycobacterium
2.3.1. Mycobacterium Basic Microbiology

Mycobacteria are non-motile, catalase positive, obligate aerobes (Figure 1) [121].
Mycobacterium are considered Gram-positive, but in the context of oncolytic activity, they
are largely active as intracellular pathogens and thus difficult to Gram-stain [121]. However,
Mycobacteria stain acid fast due to the presence of mycolic acid in the cell wall and, while
variable in length, the average observed size is 0.3–0.5 µm [121]. Mycobacteria are not known
to form spores.

2.3.2. Mycobacterium Genome

The median total genome size of Mycobacteria is 5.48 Mbp, with a median GC% 67.1
(Figure 1) [121].

2.3.3. Mycobacterium Background and History

There are multiple species of Mycobacterium that can be harnessed for their oncolytic
properties including the well-known, flagship species Mycobacterium bovis (BCG), as well
as Mycobacterium pargordonae (Pmg), Mycobacterium indicus pranii (MIP), and recombinant
Mycobacterium smegmatis (rSmeg-hMIF-hIL-7) [122]. BCG therapy is used to treat urothelial
carcinoma of the bladder, a cancer that was often fatal even with chemotherapy [123]. The
application of BCG in this manner began in 1976 and gained its FDA approval in 1990 as
it had proven to be effective in decreasing tumor size and preventing recurrence [65,123].
BCG is internalized by local urothelium and inflammatory cells, triggering an inflammatory
reaction and cytokine response to the tumor cells [123]. BCG quickly became one of the most
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successful forms of early immunotherapy and paved the way to harness other bacterial
species for their respective oncolytic properties.

2.3.4. Mycobacterium Cell Surface

Mycobacterium species share several common characteristics that confer oncolytic
capacities, including the presence of lipoteichoic acid (LTA) in the cell wall and CpG
DNA which, through various mechanisms, lead to activation of the immune system
(Figure 2) [25]. In studies with BALB/c mice, CpG motifs within DNA can induce a
Th1 response which includes secretion of IL-12 and IFN-γ [124,125]. CpG-DNA is taken
up by an immune cell and subsequent recognized and bound by TLR-9 [126], resulting in
a signal transduction pathway that ultimately upregulates NF-κB and AP-1 transcription
factors within macrophages [126]. The use of synthetic oligodeoxynucleotides (ODN) con-
taining CpG motifs (CpG ODN) may be used as an adjuvant to other treatments to further
induce production of cytokines and destruction of the tumor microenvironment [124–126].
Mycobacterium species commonly produce fibronectin attachment protein (FAP), which
binds to host fibronectin and plays a critical role in invasion [127–129]. Overexpression
of fibronectin in the tumor microenvironment often leads to increased angiogenesis and
metastasis; this may therefore serve as a target for Mycobacterium expressing FAP and
can increase the immune system response due to the ability of the bacteria to infiltrate
cells [130,131].

Further, as will likely be of interest for engineering of other oncolytic bacterial
strains that are phagocytized prior to accomplishing tumor localization, Mycobacterium
species produce proline-glutamate or proline-proline-glutamate (PE/PPE) proteins to ei-
ther evade the host cell or stimulate B or T cells depending on the PE/PPE protein being
expressed [132,133]. PE/PPE proteins can be found in the outer membrane to function as
nutrient transporters, on the surface of cells, or secreted allowing the Mycobacterium cell
to interact with the host cell [132,133]. PE/PPE proteins were found to be secreted as a
heterodimer and their variable C terminal domains may be what determines the subgroup
they belong to and therefore their actions, though the large size has prevented the exact
protein structure from being easily identified [132,133]. For example, the PE-PGRS33 pro-
tein may assist in macrophagic uptake of Mycobacterium and interact with TLR2-promoting
dendritic cell activation [132,133]. Additionally, because PE/PPE proteins are expressed on
the surface, they serve as epitopes to upregulate the B cell humoral response leading to a
systemic response to bacteria [133] and potentially tumorigenic cells.

In addition to the common characteristics of Mycobacterium species, individual species
have been studied for their unique oncolytic properties and role in treating various tumors.
A brief discussion of each species has been included here:

Mycobacterium pargordonae (Pmg)

Pmg has been shown to enhance tumor reduction stemming from MC38 cells when
administered subcutaneously into nearby lymph nodes in combination with other anti-
cancer therapeutics (e.g., cisplatin) in studies on C57Bl/6 female mouse tumor xenograft
models [134]. This resulted in enhanced production of IL-12 from dendritic cells and an
immune response skewed towards Th1, the proinflammatory state. Pmg also enhances the
production TNF-α from CD4, CD8, and NK cells. TNF-α then causes necrosis of tissue,
destruction of vasculature, and an antitumor immune response [71].

Mycobacterium indicus pranii (MIP)

MIP has shown promising results through its use in immunocompetent mouse BALB/c
and C57BL/6 models with myelomas (Sp2/0) and thymomas (EL4), respectively [135,136]. In
contrast, when used in IFN-γ−/− C57BL/6 mice, a decrease in the production of anti-tumor
T cells in correlation with less reduction in tumor size were observed [135,136]. The use
of MIP also did not result in reduction in tumor growth in NOD CB17-Prkdcscid/NCrCrl
(non-obese diabetic severe combined immunodeficient) mice [136]. The reduction in tumor
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growth was partially due to increased IFN-γ from CD4+ T cells and IL-12p70 [136]. Produc-
tion of IFN-γ has widespread effects within the tumor, causing recruitment of immune cells
and induction of apoptosis through FAS ligand and Bcl2 pathways [136–138]. IL-12p70
has been known to be secreted early in the immune process to cause inflammation [73].
However, other studies in mouse models have shown that IL-12 also plays a key role in
the antitumor immune response through connecting the innate and adaptive response [73],
assisting in leukocyte recruitment [139], and inhibiting angiogenesis in tumors [140]. MIP
also resulted in an upregulation of CD8+ T cells leading to cell mediated killing of target
tumor cells [136,141]. A separate study on C57BL/6 IL-10−/− and MyD88−/− mice har-
vested peritoneal cells and cultured them with heat-killed MIP, live MIP, or BCG [142]. The
use of heat-killed MIP resulted in high levels of TNF-α, interleukin-12p40 (IL-12p40), IL-6,
and nitric oxide production from the stimulated macrophages [142].

Mycobacterium smegmatis

rSmeg-hMIF-hIL-7, a recombinant form of Mycobacterium smegmatis is exploited as a
delivery vehicle through incorporation of a fusion protein of human macrophage migration
inhibitory factor (MIF) and IL-7 into the cell surface. This altered surface protein expression
resulted in enhanced humoral and cell-mediated immune responses against the inflam-
matory cytokine MIF in female mouse models [143]. MIF is commonly overexpressed in
many cancers and, when inhibited, anti-human MIF immunoglobulins coreceptors CD74
and CD44 are also downregulated leading to a decrease in cancer cell proliferation and
migration [144].

2.3.5. Mycobacterium Metabolism and Byproduct Secretion

In contrast to using porin channels to take up nutrients from the surrounding environ-
ment, Mycobacterium utilize passive diffusion and have adapted to survive in areas of stress
and nutrient deprivation [145] such as would be found in a solid tumor microenvironment.

2.3.6. Mycobacterium Host–Pathogen Interactions

In pathologic contexts, Mycobacterium species can be inhaled from aerosols of water,
soil, or surface biofilms. Upon host entry, the bacterium binds to macrophages and pro-
liferates due to its ability to survive intracellularly [146,147]. Subsequently, macrophage
function and lymphocyte proliferation are inhibited until the mycobacterium antigens
present via MHC molecules to T lymphocytes. This MHC interaction then leads to a
systemic immune defense against Mycobacterium. Notably, in immunocompromised indi-
viduals such as those that may have received immunomodulatory drugs, Mycobacterium
can spread to the bloodstream and disseminate, causing systemic disease due to inhibition
of the production of IFN-γ and downregulated Bcl-2 products in healthy cells, which
induces apoptosis of macrophages [148]. Bcl-2 is typically anti-apoptotic, but in its absence,
cytochrome c leaks from the mitochondria of host cells and causes caspase activation,
degradation of cellular and nuclear proteins, and formation of apoptotic bodies [149].

2.3.7. Mycobacterium Oncolytic Development

In contrast, when harnessed for oncolytic capacities, Mycobacterium can be admin-
istered as a vaccine such as thoroughly demonstrated with the heat killed BCG [1]. In
oncolytic directed interactions, the host immune response is re-targeted towards the tumor
cells due to a unique intracellular colonization capacity, which recruits immune cells to infil-
trate tumor cells as well as tumor microenvironments [134]. Due to the intracellular growth
ability of Mycobacterium species, they are uniquely able to kill tumor cells through the
induction of the inner mitochondrial pathway apoptosis leading to spreading of antigens
and immune stimulation against other tumor cells [150,151].

Some Mycobacterium species, including Mycobacterium tuberculosis, are known to ex-
press the ESAT-6 antigen, which when administered as a vaccine intratumorally, demon-
strated a reduction in tumor growth thought to be due to activation of dendritic cells and
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an adaptive immune response against ESAT-6 [152,153]. Using C57BL/6 mice infected with
a B16F10 murine melanoma cell line CD8+ T lymphocytes were found to be increased in
nearby lymph nodes and serum levels of IFN-γ were elevated after anti-ESAT-6 bound
to ESAT-6 found on the surface of the infected melanoma cells [154]. The primary use
of the ESAT-6 antigen has been on tumors that do not present neoantigens as ESAT-6 is
recognized by the immune system upon binding to TLR-2 and major histocompatibility
complexes (MHCs) [155].

It is important to note immunosuppressed or immunomodulated patients may not
experience the same results when treated with oncolytic bacteria [2]. Use of MIP in immuno-
suppressed patients did not have the same efficacy in halting tumor growth, indicating
that an intact patient immune response is needed for the oncolytic properties to effectively
function [135]. This is likely due to a lack of mature dendritic cells, and subsequently a
failure to activate T cells, ultimately causing a lack of circulating cytotoxic T cells [135]. A
lack of dendritic cells results in the inability to recognize bacterial antigens, and subsequent
failure to activated downstream cytokine production pathways—thus the inflammatory
immune cells are not produced. Furthermore, in C57BL/6 and IFN-γ−/− mice, the absence
of IFN-γ gave rise to a lack of cytokine production [135].

2.4. Proteus mirabilis
2.4.1. Proteus mirabilis Basic Microbiology

Proteus is a Gram-negative, catalase positive bacillus (0.4–0.8 × 1.0–3.0 µm)
(Figure 1) [156]. This bacteria is non-sporulating, exhibits flagella-mediated motility, and is
a facultative anaerobe [156].

2.4.2. Proteus mirabilis Genome

The median total genome size of Proteus is 4.06 Mbp, with a median GC content of
38.88% (Figure 1) [121,157].

2.4.3. Proteus mirabilis Background and History

Proteus is predominantly isolated as a commensal bacterium of the gastrointestinal tract
of humans and animals but can cause a variety of infections—most commonly in the urinary
tract. The pathogenicity and immune response of P. mirabilis can therefore be derived from
reports describing the uropathogenic strains [158,159]. Proteus mirabilis specifically has
been reported to have indirect oncolytic and tumor-suppressive effects [156,160] due to
recruitment and reactivation of the host immune system elements. Initial reports indicated
P. mirabilis was isolated from pus resultant of tumor lysis [161]. P. mirabilis RMS-203 (Murata
strain) and P. mirabilis (Hauser) are currently under development [156,160]. P. mirabilis has
a sizable collection of virulence factors expressed on the cell surface or secreted during
infection [162]. Strategies employed therefore include adherence, toxin production, motility,
acquisition of metals, and immune evasion [162].

2.4.4. Proteus mirabilis Cell Surface

Flagellar motility is a fundamental feature of P. mirabilis. As with many bacteria,
P. mirabilis uses flagella to swim through liquids towards chemical gradients [163]. In liquid
cultures, P. mirabilis has a short rod shape. However, on rich solid media it differentiates
into very long, non-septate polyploid cells with hundreds to thousands of flagella [163].
This gives Proteus a signature “swarming” capacity [163]. In addition, antigenic variation
through flagellin gene rearrangement enables evasion of host immune response [164]. A
P. mirabilis mutant lacking cyclic AMP receptor protein (Crp) produced almost no flagella,
implying that Crp participates in the surface flagellin protein expression regulation and
thus can alter immunogenicity [164].

An assorted range of fimbriae are found on the cell surface of P. mirabilis that me-
diate adherence to surfaces like plastic urinary catheters and, more importantly in the
context of oncolytic bacteria, host epithelial cells [158]. The most studied fimbriae dis-



Pharmaceutics 2023, 15, 2004 16 of 63

played is the Mannose-resistant Proteus-like fimbriae (MR/P) that is capable of elicit-
ing a strong immune response and implicated in both auto-aggregation and biofilm
formation [158,159]. The auto-aggregation of P. mirabilis is unique in that it forms large
clusters that are composed of bacteria, cell debris, and mineral deposits—rendering it
well suited to the tumor microenvironment. Cluster formation is dependent on MR/P
and urease as in the absence of MR/P the bacteria were found to form small intracellular
groups [165]. When looking more specifically at localization of P. mirabilis within the
bladder, clusters primarily formed on the lumen of the organ wall and indirectly increased
the bacterial loads of other bacterial species during colonization. This suggests Proteus
clusters provide an additional bacterial niche for colonization [159,165,166]. Uroepithe-
lial cell adhesin (UCA) fimbriae facilitate binding to uroepithelial cells and bind to host
glycolipids: asialoGM, asialo-GM, lactosyl ceramide, and galectin-3 [167]. The common
carbohydrate sequence GalNAcβ1-4Gal commonly present in glycolipids such as those
listed is highly targeted by many pathogenic bacteria, making this a possible aspect for
future development of bacterial-mediated oncolytic therapy to help drive adherence [167].
Proteus mirabilis fimbriae (PMF) was initially studied and found to be important in the
localization and colonization of P. mirabilis in the bladder but not the kidney [168]. How-
ever, it was later identified that it was a necessary fimbriae for both the localization of
uropathogenic P. mirabilis to the bladder and kidney [169]. Ambient temperature fim-
briae (ATF) were observed to be expressed in a culture of Luria broth at 23 ◦C for 48 h.
There was no detection of the fimbriae in the same culture media at 42 ◦C [170]. ATF
does not play a role in colonization or infection, though it likely plays a role regarding P.
mirabilis survival in the external environment [171]. Harnessing this context-dependent
expression and applying this exquisite mechanism to other virulence factors could add
an on/off switch for other aspects of oncolytic bacteria, especially if co-administered with
exothermic adjuvants.

2.4.5. Proteus mirabilis Metabolism, Byproducts, and Secretions

P. mirabilis isolates generally possess two important metabolic features that make them
ideally suited to growth in human urine: the ability to utilize citrate as a sole carbon source,
and the ability to hydrolyze urea to produce an abundant nitrogen source [172]. Urease
is a cytoplasmic nickel metalloenzyme that acts by hydrolyzing urea into ammonia and
carbon dioxide [172]. The resulting ammonia is the preferred nitrogen source for P. mirabilis.
In the pathogenicity of a urinary tract infection, the ammonia alkalinizes the urine and
can lead to the precipitation of urinary salts to form stones [173]. This may prove useful
considering the acidic characteristic of tumor cells and the ability to lower the pH would
allow for treatments that were otherwise unsuited to the tumor microenvironment (TME).
Further, Proteus mirabilis has developed strategies to scavenge the host for micronutrients.
There are three distinct mechanisms to harvest iron: proteobactin (Pbt), a non-ribosomal
peptide synthesis system (Nrp), and α-keto acids [174–176].

Hemolysin is a secreted pore-forming toxin that inserts into eukaryotic cell membranes,
causing an efflux of sodium ions and cell damage [162]. HpmA is secreted during the mid-
exponential or late exponential phase of growth [177] and is the predominant hemolysin
secreted by P. mirabilis. HpmA was shown to lyse several types of cells including, human
bladder epithelial cells, human B-cell lymphoma cells, human monocytes, and African green
monkey kidney cells [178,179]. This virulence factor could be used to make hemolysin-
mediated pores to allow further entry into the TME. In contrast to hemolysin, Proteus-toxic
agglutinin (Pta), remains anchored at the bacterial surface and mediates autoagglutination
of bacteria and cellular toxicity [180]. Maximum activity of Pta is found at pH 8.5–9.0,
with implications regarding the efficiency of activity in the acidic TME [180]. Pta and
HpmA have an additive cytotoxicity effect in experimental UTI studies [181] that should
be considered in future oncolytic studies using P. mirabilis.

P. mirabilis produces ZapA, a metalloprotease with broad specificity. As the enzyme
exhibits minimal substrate or amino acid site specificity, it appears that the action of ZapA is
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limited to antimicrobial peptides as cleavage of IgA, IgG, complement proteins C1q and C3,
actin, fibronectin, collagen, laminin, casein, and gelatin have been reported [182–184]. ZapA
may therefore provide a figurative “weapon of mass destruction”, rather than a highly
focused approach, which ultimately may be disadvantageous for oncolytic applications as
reducing virulence to protect the host may greatly diminish intrinsic antitumor activity.

Bacterial biofilms are ubiquitous multicellular aggregates which are often attached
to surfaces with bacteria embedded in a self-produced extracellular polymeric matrix
composed of mainly polysaccharides, proteins, lipids, and extracellular DNA [184]. Biofilm
formation is a multistage process started by reversible bacterial adhesion followed by
an irreversible attachment with the formation of microcolonies [185]. The ability for
P. mirabilis to form a biofilm is dependent on a wide range of genes. If successfully exploited,
the ability to transfer or implant a biofilm of oncolytic bacteria to a solid tumor may
have application as a drug elution patch for targeted drug delivery, thereby limiting
systemic effects.

2.4.6. Proteus mirabilis Host–Pathogen Interactions

In a UTI mouse model, P. mirabilis elevated levels of CXCL1—a potent neutrophil
chemoattractant—and IL-10 [186]. P. mirabilis formed large clusters in the bladder lumen
that drew a massive infiltration of neutrophils [165]. These large clusters and the resulting
extracellular matrices ultimately served as protection from the influx of neutrophils [165].
Inflammasomes are protein complexes that form in response to a variety of stimuli and
act to induce inflammation [187]. The NLRP3 inflammasome has been specifically linked
to intestinal P. mirabilis, where a potent IL-1β-mediated pro-inflammatory response was
induced. In this setting, NLRP3 activation is dependent on the HpmA toxin [187].

Flagellin is another conserved structure recognized by the innate immune response,
specifically TLR-5 (Figure 2) [188]. In the intestine, the Lypd-8 protein, a component of the
host defense system that maintains gut homeostasis, prevents flagellated bacteria including
P. mirabilis from invading colonic epithelium and causing inflammation [188–190]. Installation
of purified P. mirabilis flagellin into the bladder elicits leukocyte infiltration, histological
changes in bladder tissue, and elevated CXCL-1, CXCL-10, and IL-6 [188–190]. Further,
studies have shown Gram-negative bacteria use their LPS core to bind with immune recep-
tors such as dendritic cell-specific intercellular adhesion molecule-e-grabbing non integrin
(also known as CD209), as well as human langerin (CD207) expressed by antigen present-
ing cells. P. mirabilis was found to utilize this mechanism to invade CD209-expressing
macrophages [191].

A recent study found Proteus to be more prevalent in stool and colonic biopsies of
patients with diagnosed Crohn’s disease, a disorder due to a dysregulated immune sys-
tem [192]. Of the isolates, a majority (22/24) of the strains, sequenced were closely related
to the uropathogenic strain of P. mirabilis [192]. Evidence suggesting P. mirabilis is capable
of triggering both intestinal and systemic inflammation in murine samples was observed as
assessed by colonic myeloperoxidase activity [192]. NOD-like receptor signaling, JAK-STAT
signaling, and MAPK signaling pathways were upregulated in response to P. mirabilis,
alongside NF-κB and TNF-α expression as well as IL-18 and IL-1α secretion [192]. How-
ever, Ki67-positive signals, a marker of cellular proliferation, were significantly reduced in
P. mirabilis inoculated mice [192]. Together, these effects culminate in the indirect oncolytic
activity of P. mirabilis as through activation of the immune system and modulation of
cellular proliferation [192].

2.4.7. Proteus mirabilis Oncolytic Development

The actual antitumor effects of P. mirabilis have been minimally studied. However, a
study investigating the mechanistic basis concluded oncolytic capacity is likely exerted by
lowering the expression of carbonic anhydrase IX and Hypoxia Inducible Factor-1α (HIF-
1α) proteins [160]. Hypoxia is a major challenge within the tumor microenvironment and
HIFs mediate the transcription of hundreds of genes that allow cells to adapt to hypoxic



Pharmaceutics 2023, 15, 2004 18 of 63

environments [193]. This study also observed the expression of NKp46, a cell surface
receptor for murine NK cell activation, and CD11c, a marker for dendritic cells—both
proteins responsible for priming the immune system—were significantly increased [194].
This elevated signaling may provide confirmation of P. mirabilis-induced host cell death
through inflammatory cell recruitment [194]. Further, large areas of tumor cell death and
inflammatory cell infiltration have been reported after P. mirabilis administration [160].
It has been reported that DCs can directly initiate NK cells activation without involving
specific cytokines, resulting in innate anti-tumor immune response in the mouse model.
This is likely the pathway observed in this study due to the lack of cytokine expression
compared to control models [160,195,196].

Proteus mirabilis has potential as an oncotherapeutic because it thrives in the harsh
environments of the urinary tract. In addition, many aspects from this bacterium have the
potential to advance the direction of oncolytic bacteria therapy. For example, the unique
ability to form extracellular clusters dependent on urease and the MR/P fimbriae could be
utilized as constant “green light” for immune system activation. Further, ATF fimbriae are
not expressed at body temperature, and have little understood function in pathophysiology
of a Proteus infection. Harnessing and applying this molecular signaling with exothermic
adjuvant therapy would allow for specific expression patterns of targeted protein secretions
or presentation. Hemolysin, the most common secreted toxin of P. mirabilis, can be used to
create pores in solid tumors to allow for further advancement of current therapeutics into
the TME. It is worth noting that one potential disadvantage lies within the non-specific
virulence factor ZapA, which likely would have to be properly balanced with anti-tumor
effects for safe administration. There is also the potential for P. mirabilis to effectively starve
the tumor as it has a strong ability to acquire metals.

2.5. Streptococcus/Serratia Mix
2.5.1. Streptococcus/Serratia Mix Background and History

A mix of Streptococcus pyogenes and Serratia marcescens, known as Coley’s toxins,
demonstrated tumor regression in patients with bone and soft-tissue sarcomas [197,198]
and NY-ESO-1 expressing tumors [199]. However, the ratio of bacteria in this mix is
unknown leading to mixed views regarding both purpose and efficacy. This unknown
administration ratio resulted from a combination of lack of patient follow up, variety
in toxin preparations, and changes in methods throughout use of the toxin [197,198].
Consequently, this error set back the entire field of oncolytic bacteria as there was a wide
range of toxin responses observed, causing mistrust amongst clinicians and the public.
Thus, the failure of Coley’s toxin represents a critical lesson for all oncolytic bacteria
progressing toward clinical translation.

Coley’s toxin was originally administered as an injection of heat killed bacteria directly
into the primary tumor of patients who were immunocompromised due to use of prior,
unsuccessful chemotherapy [197,200]. This simulated an infection within the tumor leading
to activation of the immune system and production of cytokines against the tumor without
a widespread systemic infection. Further studies of Coley’s toxin led to variable results
regarding immune responses against tumors—largely though to be due to frequent high
fevers, short treatment duration, and patient immunocompromised status [201]. Despite
this, each species expresses different virulence factors that have oncolytic properties of
interest for future investigation. The unique combination of these two bacterial species may
allow for various immunomodulating effects to target and lyse tumor cells.

2.5.2. Serratia marcescens
Serratia marcescens Basic Microbiology

Serratia are Gram-negative, bacillus of 0.5–0.8 µm, facultative anaerobic bacterium that
exhibits high motility via swimming and swarming (Figure 1) [202,203]. This species is
catalase positive, and non-sporulating [202,203].
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Serratia marcescens Genome

The observed median total genome length for Serratia is 5.23 Mbp, with a median GC
content of 59.7% (Figure 1) [204].

Serratia marcescens Cell Surface

LPS in the cell surface activates TLR-4 signaling pathways, which leads to production
of inflammatory cytokines that assist in controlling the tumor cell growth (Figure 2) [2,205].
Experiments with B cell lymphocytic leukemia (B-CLL) cells from humans showed that
serratamolide, a cyclic peptide within the cell wall, can be cytotoxic to B-CLL cells and
induce apoptosis through interfering with survival pathways [206–208].

Serratia marcescens Metabolism and Byproduct Secretion

The virulence factors responsible for oncolytic properties of Serratia marcescens are
largely prodigiosin, a secondary metabolite [209,210], and the LPS layer found in the outer
membrane of the bacterium [211]. Prodigiosin induces p53-dependent apoptosis in multiple
types of cancer cells [1,209]. Promoting apoptosis through a p53-dependent pathway is
advantageous because a large amount of tumors have p53 inactivating mutations, but it
also carries risks because it can affect healthy cells and prevent apoptosis from occurring
in cells with DNA damage [212]. Prodigiosin can cause arrest of the cell cycle at the G1/S
phase by inhibiting the expression of cyclin [210,213,214].

2.5.3. Streptococcus pyogenes
Streptococcus pyogenes Basic Microbiology

Streptococcus are Gram-positive, facultative aerobic cocci of 0.6–1.0 µm in size
(Figure 1) [215]. These bacteria are non-motile and non-spore forming, as well as catalase
negative [215].

Streptococcus pyogenes Genome

The Streptococcus genome has median total length 1.80 Mbp, with median GC% of 38.4
(Figure 1) [215].

Streptococcus pyogenes Cell Surface

Streptococcus pyogenes expresses LTA, a hyaluronic acid capsule, and M proteins—
which function as adhesins allowing microbial attachment to host cells, and subsequently
evading an immune response by resisting phagocytosis (Figure 2) [216,217]. LTA is an-
chored to the cell via its lipid domain and then forms a complex with other surface pro-
teins [216,217]. The hyaluronic acid capsule is the outer layer of the cell and may assist in
resistance to phagocytosis, but only when other virulence factors such as the M protein are
also present [217]. M protein is a surface antigen responsible for host cell protein interaction
allowing for colonization and, for select strains, to adhere to ECM components [218]. The
adherence to fibronectin on epithelial cells causes a conformational change, allowing for
interaction with integrins and subsequently internalization of the bacteria into the epithe-
lial cell [218]. When looking to develop novel cancer therapeutics, the presence of the M
protein ultimately allows for bacterial survival, presentation of the bacterial antigens to
immune cells, and production of cytokines against tumor cells [219]. M protein assists
in evasion of the immune system through binding complement inhibitory proteins, lim-
iting the complement pathway activation and thereby improving Streptococcus pyogenes
replication [218].

Streptococcus pyogenes Metabolism and Byproduct Secretion

Streptococcus pyogenes synthesizes Streptococcal pyrogenic toxins (SPE) [220]: SpeA,
SpeB, and SpeC—exotoxins that can bind MHC II and TCR, leading to CD4 lymphocyte
activation [221]. Activation of CD4 lymphocytes then leads to cytokine secretion and assists
CD8 lymphocytes in mediating the anti-tumor response [221]. Streptococcus pyogenes also
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produces streptokinase, an enzyme that causes plasmin to be released and through a series
of mechanisms, results in suppression of vessel formation within the tumor, limiting its
growth [222,223]. Streptokinase is also produced by other hemolytic Streptococci strains
and has been investigated as an adjuvant therapy as cancer cells can activate the clotting
cascade and rely on angiogenesis to further growth and spread [224,225].

Streptococcus pyogenes Host–Pathogen Interactions

In pathologic states, Streptococcus pyogenes infects the oropharyngeal mucosa leading
to pharyngitis or infects wounds after skin damage [218]. Some proteins produced by
Streptococcus pyogenes are known as superantigens known to be responsible for heightened
immune response that can lead to septic shock [1,218,220]. Serratia marcescens is largely
isolated clinically from immunocompromised hosts [202,226].

Streptococcus pyogenes Oncolytic Development

In directed infections, such as oncotherapeutics, a heat killed combination of Strepto-
coccus pyogenes and Serratia marcescens serves as a mixed bacterial vaccine and can result in
stimulation of an immune response [199]. Patients with NY-ESO-1 expressing solid tumors
were given subcutaneous injections of the mixed bacterial vaccine (Coley’s toxins) until
the maximum dose (547 EU) or maximum desired body temperature (38 ◦C to 39.5 ◦C)
was reached [199]. At this point, cytokine and IgG levels were measured to determine
the level of immune response stimulated [199]. The combination of a facultative anaerobe
with an anaerobe in Coley’s toxin may allow for improved tumor cell death. The obligate
anaerobe will replicate within the hypoxic tumor environment but will often stay distant
from blood vessels [227,228]. The facultative anaerobe will preferentially replicate in the
hypoxic environment but can also infiltrate other regions of the tumor including around
blood vessels [227,228].

3. Direct Oncolysis
3.1. Clostridia

Clostridial infections have been associated with cancer for centuries—anecdotal ob-
servations of tumor regression after a gas gangrenous infection with Clostridium perfrin-
gens [229] were recorded in 1813. As early as 1927, it was demonstrated that tumor
colonization by oncolytic Clostridia species could occur without collateral damage to non-
tumorigenic cells [230], making them promising novel cancer therapeutics or delivery
vehicles. Five species have since been studied for innate anti-cancer or cancer target-
ing capacities and remain the focus for further development: Clostridium acetobutylicum,
Clostridium histolyticium, Clostridium novyi, Clostridium sporogenes, and Clostridium tetani.

While these bacteria can be a cause of gas gangrene clinically, several techniques (both
physical and genetic) have been developed to mitigate, and, in most cases, negate these
effects. Most Clostridia species are Gram-positive, with a few considered Gram-variable as
modulation was consistently observed in vitro [231,232]—though the specific mechanism
of Gram-positive to Gram-negative cell membrane conversion remains an open question.
Due to flagellation, which allows for migration to and through even the harshest tumor
microenvironments that provide a physiological niche for anaerobic bacterial growth, these
five Clostridial species have particularly promising capacity for systemic (e.g., intravenous)
administration. This innate motility is paired with the capacity to sporulate, and for
the spore forms to be tolerant of oxygenated environments (e.g., the blood stream, non-
tumorigenic tissues), making Clostridial species a strong focus for developing further
anti-cancer activities. Further, many Clostridial species are capable of nitrogen fixation,
reducing local nitrogen into ammonia and then biosynthetically incorporation into other
metabolically relevant molecules [233].

A brief introduction to each of the five most promising Clostridia species has been
included for context, with the thorough history of the development of each species detailed
elsewhere [229,234]. Here, we discuss the known surface architecture, metabolism, secreted
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byproducts, and resulting inflammatory stimulation pathways relevant for anti-cancer
capacities or development of such capacities as well as highlight promising preliminary
data for each oncolytic strain. Extensive discussion of Clostridium novyi-NT, including
Figure 5, is featured as a representative of this species due to its recent advancement to
Phase III clinical trials [235].
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Figure 5. Clostridium novyi-Non Toxic (NT) (A) membrane components and proteins contributing to
oncolytic properties and (B) host immune response resulting in direct and indirect oncolysis. Dashed
arrows represent indirect, subsequent effects, solid arrows direct effects. * Indicates C. novyi-NT is
Gram-variable depending on culturing methodology. Membrane proteins are not thought to vary
significantly despite Gram-status or in the spore form.

3.1.1. Clostridium acetobutylicum
Clostridium acetobutylicum Basic Microbiology

C. acetobutylicum are 0.5–0.9 × 1.5–6 µm rod shaped bacteria with motility due to
peritrichous flagella, and Gram-variable [236]. These bacteria are sporulating, generating
oval and subterminal spores [236]. They are obligate anaerobes, and can only survive hours
in an oxygenated environment before sporulation is forced, with no catalase activity [236].

Clostridium acetobutylicum Genome

C. acetobutylicum has 4 Mbp genomic chromosomes with 11 ribosomal operons [237], a
~200 kb plasmid with pSOL1 (solventogenesis genes) [237]. The loss of pSOL1 leads to de-
generation [237], which has important implications for exogenous plasmid transformation
in this species. The average genomic GC content it 30.9% [237].

Clostridium acetobutylicum Background and History

C. acetobutylicum has several advantageous characteristics that suggest potential as an
oncolytic bacterium for further development. First, it is largely considered nontoxigenic
and nonpathogenic in both the spore and vegetative forms, lending an inherent level of
safety for use in a clinical setting [237]. Next, a wide range of methods have been optimized
and published in detail [238], allowing for ease of modification, and in addition, the entire
genome has been sequenced [236,239], along with a putative proteome and secretome [60],
allowing for the development of further genetic engineering techniques. Perhaps most
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uniquely, C. acetobutylicum has a characteristic extracellular cellulosome [60] that could be
exploited to contain exogenous enzymes, pro-drugs, or therapeutics. C. acetobutylicum, with
a robust body of literature in biofuel applications, is considered a model organism among
Clostridia [240] with a high proteomic percent identity to the other oncolytic Clostridia.
Importantly, while C. acetobutylicum has been found in the human colon, it is thought to be
entirely benign, and not typically detected in human microbiomes [241]. Due to its benign
nature, the only threat for this strain is if pathogenic, plasmid-encoded genes are acquired
from toxigenic Clostridium species. While this is extremely rare, and preventative clinical
strategies can be easily implemented, there have been documented incidences [242] that
cannot be ignored.

C. acetobutylicum has been widely applied in the field of biofuels due to its char-
acteristic solventogenesis where in mono-, di-, and even some polysaccharides (e.g.,
starch) are converted efficiently into acids and solvents, such as butanol [238]. Specifically,
C. acetobutylicum has demonstrated an advantageous capacity for production and secre-
tion of individual cellulosome components [238]. This body of literature can be used to
extrapolate C. acetobutylicum characteristics within the context of oncolysis as the same
characteristics make it an excellent candidate for development as consolidated bioprocess-
ing units, or when a microorganism strain conducts all major synthesis steps to product to
a commercial product [238] such as biofuel or pharmaceuticals. In large part because of
the substantial investment into biofuel development, several genetic modification methods
have been optimized and published in detail [238], including systems with replicative,
constitutive, and inducible promoters as well as whole gene knock-in/out systems.

Clostridium acetobutylicum Cell and Spore Surface

Using several available databases [60], many membrane-associated proteins were
identified via bioinformatic analysis of the C. acetobutylicum genome [236,239,243]. Briefly,
permeases, PTS components, enzymes (e.g., sortase and peptidases), signal transduction
systems, protein secretion system components, and adhesions were identified, as well as
many proteins that have not yet been annotated. At least three holin-like proteins were
found, all without detectable N-terminal signal peptides [60]. Holins are involved in the
secretion and activation of enzymes with muralytic activities that appear to hydrolyze
the cell wall prior to cell lysis with a primary role in the transport of specific lytic en-
zymes (largely those lacking N-terminal signal sequences) [60,244] that likely play a role in
oncolytic activity.

Further, ten ESAT-6-like proteins [245] have been reported in C. acetobutylicum [60,236], all
with conserved WXG motifs but no putative function—though the WXG motif implies a role
in bacterial virulence [60]. ESAT-6 family genes encode small proteins known to be potent
T cell antigens fundamentally important to bacterial virulence secreted extracellularly [246].
Many Clostridial species have demonstrated the secretion of hydrolytic enzymes and toxins,
such as collagenase [247], which could be used to anchor engineered proteins to confer
added oncolytic capacities.

Surprisingly, but perhaps advantageously for development of anti-cancer capacities,
the expression of a non-cellulolytic cellulosome of >665 kDa has been implied [60]. Ad-
ditionally, some evidence of both pili biogenesis genes and transporter pathways were
indicated. While the role of fimbriae is reported to have a virulence role in pathogenic
Clostridia, their role has yet to be elucidated in C. acetobutylicum [60]. Similarly, while flagel-
lar assembly has been thoroughly detailed in Gram-negative bacteria, it is just beginning
to be characterized in detail for Gram-positive bacteria such as Clostridia [248,249]. It is
worth noting that when C. acetobutylicum is exposed to butanol, the lipid concentration
of the membrane is altered, increasing acyl residue content and subsequently shifting
the membrane to be more rigid to compensate for the disruptive effects of butanol [250].
Hypothetically, similar environmental contexts would be encountered when administered
as a cancer therapeutic.
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Clostridium acetobutylicum Metabolism, Byproducts, and Secretions

Optimal growth of C. acetobutylicum occurs at 37 ◦C, and requires biotin and
4-aminobenzoate as growth factors [251]. C. acetobutylicum can use several carbohydrates
found within the tumor microenvironment to generate energy, and has demonstrated that
molecular attractants include butyric acid and sugar [252]. Unsurprisingly, C. acetobutylicum
motility is deterred by acetone, butanol, and ethanol as this would generate movement
away from metabolic byproducts towards nutrient sources [252].

Notably, different growth phases of C. acetobutylicum produce different byproducts [233]
which has implications for the potential secretion of oncolytic therapeutics. This metabolic
transition is an adaptive process that results from the effects of acid toxicity that would
presumably also result from the acidic tumor microenvironment. Further, as the motility of
C. acetobutylicum has been demonstrated to be a chemotactic response [252], common char-
acteristics of the tumor microenvironment [250] are likely to influence migration capacities
as well. Spore formation in C. acetobutylicum, in contrast to the canonical endospore forma-
tion of Bacillus subtilis—which is initiated when nutrients become limited—is initiated due
to aerobic conditions [253]. Germination can then be induced by the reverse environmental
conditions [253].

Bioinformatic analysis of the C. acetobutylicum genome [60,236,243] identified proteins
necessary for the FPE and ESAT-6/WXG100, but not those for the Tat protein secretion
pathway. This is perhaps unsurprising since the Tat pathway was absent in C. tetani [254]
as well, and thus its absence is hypothesized to be a genus feature [60]. Further, the major
proteins known to be ABC transporters were not identified in C. acetobutylicum, though
a single ABS transporter was identified as a member of the lipoprotein translocase (LTP)
family [60], perhaps due to the Gram-variable nature of this particular species.

Several proteins known to be responsible for peptide export belonging to the Pep1E
(peptide-1 exporter), Pep2E (peptide-2 exporter), Pep4E (peptide-4 exporter), Pep5E
(3-component peptide-5 exporter), and bETE (b-Exotoxin I Exporter) families were iden-
tified [60]. While no homologue for MscL (mechanosensitive ion channel) was identified
by this study, sequences corresponding to a Sec system, flagella export apparatus (FEA),
fimbral protein expore (FPE), tight adherence (Tad) system, several holins, and an ESAT-
6/WXG100 secretion system were found [60]. This study seems to imply that a number
of virulence factors, including phospholipase C, virulence factor MviN, hemolysins, and
adhesins, are secreted by these systems [60], which is particularly surprising since C. ace-
tobutylicum is largely considered non-pathogenic. Finally, a number of proteins with cell
adhesion domains were observed, as was the presence of a Tad system [60]. Together, these
components are likely to play critical roles during colonization as well as pathogenesis [60].

As in biofuel production, oncolytic C. acetobutylicum mainly secretes butanol, though
also notably ethanol, acetate, and hydrogen [60]. Butanol can be toxic if produced in high
enough quantities, though the necessary quantity would be extremely high [255], as it
causes cellular membrane permeability to protons and subsequently intracellular ions
increase, proton dynamics dissipate, and energy conduction fails [60]. The intracellular pH
control is in turn suppressed, which leads to penetration of intracellular macromolecules
(e.g., RNA phospholipids and proteins—making it possible that this capacity could be
harnessed to deliver gene therapy components. It is important to note that the toxicity
of butanol is not selective to cell type, and many studies have encountered self-toxicity.
Intriguingly, associations have been indicated between motility and sporulation with
solvent production (e.g., non-motile mutants do not produce solvent) [249,252,256] that
could prove advantageous for further development as well as to address presumed safety
issues, perhaps even in a way that is translatable to other pathogenic Clostridial species.

Biofilm capacity has been indicated for C. acetobutylicum under a particular growth
context [77]; however, these contexts are unlikely to occur within tumors. Intriguingly, a
C. acetobutylicum biofilm produces extracellular polymeric substances rich in heteropolysac-
charides (e.g., glucose, mannose, aminoglucose) and cytoplasmic proteins [77], as well as
many non-classically secreted proteins acting as non-canonical adhesins (GroEL, rubrery-
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thrin). Continuous mode operation of a C. acetobutylicum biofilm significantly increased
productivity with the biofilm capable of acting as an enzyme reservoir for external process-
ing of substrates [77]. Most proteins localized to this biofilm, such as molecular chaperons
and stress proteins, are not typically related to physiological processes with many thought
to be intracellular (e.g., GAPDH, TPI, pyruvate-ferredoxin oxidoreductase, electron transfer
flavoprotein, and alcohol dehydrogenase) [77]. The capacity for C. acetobutylicum to con-
duct non-classical secretion [77], when paired with the expanding methodology for genetic
engineering could prove particularly advantageous for anti-cancer capacity development.
Further, when continuously grown in a biofilm, C. acetobutylicum indicated a decreased
ability to initiate sporulation [77]. This lack of sporulation could be exploited to overcome
some of the purported safety hurdles regarding off-target localization and environmental
impact on the journey toward clinical translation.

Clostridium acetobutylicum Host–Pathogen Interactions

Beyond canonical Gram-variable host–pathogen stimuli (e.g., PAMPs, LTA, LPS)
previously discussed, C. acetobutylicum is considered non-pathogenic and non-toxigenic in
both the vegetative and spore form [60].

Clostridium acetobutylicum Oncolytic Development

While C. acetobutylicum does not have innate direct oncolytic activity, the robust
methodology of genetic engineering from the biofuel literature has given rise to strains
capable of producing enzymes to activate pro-drugs with extremely specific localization to
the anaerobic environment within solid tumors [257]. C. acetobutylicum was engineered by
the introduction of recombinant plasmids to exogenously produce mouse tumor necrosis
factor alpha (mTNF-α) at significant levels while retaining bioactivity—notably in both cell
lysates and secretions [258]. Thus, this study elegantly plotted a course forward for the
engineering of Clostridial species with additional oncolytic capacities.

Further, C. acetobutylicum strains have been modified to induce oncolytic activity
through stimulation and modification of the immune system. The strain DSM792 has
been engineered to produce rat interleukin-2 (rIL-2) with therapeutic efficacy [259]. IL-2, a
pluripotent cytokine known to non-specifically enhance immune response (e.g., natural
killer and lymphokine-activated killer cell activation) and major histocompatibility complex
(MHC) restricted T cell responses that result in clearance of neoplastic cells, has been
successfully used to treat metastatic melanoma and renal cell cancer, although at high
systemic doses [259]. High systemic doses of IL-2 demonstrate several severe and serious
side effects [259], yet it is still used clinically in specific cases. However, these side effects
were avoided through direct delivery to the tumor site by exploiting the physiological
niche contained within to attract C. acetobutylicum [259].

3.1.2. Hathewaya histolytica, Formerly Known as Clostridium histolyticum
Hathewaya histolytica Basic Microbiology

H. histolytic forms Gram-positive 3–5 µm × 0.5–0.7 µm rods, clumped in pairs or short
chains with motility due to rich flagellation [260]. These bacteria are sporulating, with
asacchrolytic, proteolytic endospore formation [260]. H. histolytic is catalase positive [260].

Hathewaya histolytica Genome

H. histolytic is reported to have a 2.7 Mbp genome and is currently undergoing charac-
terization [261].

Hathewaya histolytica Background and History

Clostridium histolyticum has been recently (2016) reclassified as Hathewaya histolytica.
However, since this reclassification was relatively recent, most of the published literature
referenced within this review used the former Clostridial designation. Further, many modern
publications, particularly regarding commercial collagenases isolated from Hathewaya
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histolytica (Xiaflex), continue to use the name Clostridium histolyticum. Given the nature
of this review, we have chosen to keep Hathewaya histolytica within the Clostridial section
due to the high level of similarity in both genome and proteome. These characteristics
have profound impact on oncolytic characteristics and how to confer additional anti-cancer
capacities. To maintain transparency from the historical literature and in case of future
classification alterations, we will use the classification originally published within this
section’s sources.

The first peer-reviewed, documented evidence of Clostridial spores anti-cancer capacity
was demonstrated in 1947 when C. histolyticum was injected into murine sarcomas [260].
Subsequently, lifespans were extended by as much as twenty days beyond untreated con-
trol mice [260]. Unfortunately, none of the tumors were completely destroyed and after a
penicillin treatment to eradicate remaining C. histolyticum, large sarcomas developed from
the remaining tumor margins [260]. Intriguingly, in the same study, isolated secreted toxins
from C. histolyticum culture (presumably exotoxins) resulted in marked tumor regression
when injected locally and repeatedly [260]. However, the required therapeutic dosage
proved to be near lethal [260]—perhaps due to the thin line between exploiting inflam-
matory immune reactions for tumor mitigation versus over stimulation of immune cells
initiating septic cascades. This study importantly determined that for this Clostridia species,
tumor regression was due to the production and secretion of proteolytic enzymes [260].

Hathewaya histolytica is considered a toxigenic species due to a potent secretion of
exotoxins with both proteolytic and necrotizing capacities capable of instigating severe
localized necrosis [262,263]. Yet, intriguingly, reports of human infections are extremely
rare [264]. It should be noted that the infrequency of documented infections could be in
part due to inherent difficulty in clinically isolating anaerobic bacteria, though H. histolytica
is not thought to be a strict anaerobe. H. histolytica can cause gas gangrene with symptoms
of pain, fever, muscle necrosis, and massive edema that can ultimately results in sepsis,
multiorgan failure, and death if not treated [262]. Escalation of this infection can progress
rapidly, becoming life-threatening within hours of exposure [262].

H. histolytica, in most cases, can be treated with clindamycin, penicillin, metronidazole,
imipenem, as well as a cocktail of antimicrobials commonly used clinically to target mixed
species necrotizing infections [262]. It is of utmost importance to maintain awareness of the
‘normal’ clinical risks associated with oncolytic bacteria, as missteps such as those resulting
in outbreak or conferring antibiotic resistance would have widespread impact, potentially
not only stagnating the field, but contributing to decades of clinical and public resistance to
the general idea of live biologic therapeutics.

Hathewaya histolytica Cell and Spore Surface

A single electron microscopy study has been conducted on C. histolyticum sporulation
and germination processes, indicating no architectural or procedural differences from that
observed for Clostridial species [265]. This study observed an outer spore coat composed of
three layers, with at least architectural similarity to other Clostridial spores. Beyond this
single, eighty-year-old reference, we were unable to find any other publications regarding
the C. histolyticum cell or spore surface proteins or putative proteomes. C. histolyticum
does not appear to have had a full genome sequence published or made widely avail-
able, though the colH gene sequence has been reported [266] in early efforts to isolate C.
histolyticum collagenase. Hathewaya histolytica was reported to a single entry in the NIH
GenBank under BioProject number PRJEB18332 in 2019, alongside data that this genome
has a 34% GC content level, and the genome is thought to be around 2.8 Mbp [267]. A
UniProt database entry regarding the H. histolytica exists [261], though with an ‘Unreviewed’
designation from the database, and largely without peer-reviewed analysis as well as low
annotation scores.
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Hathewaya histolytica Metabolism, Byproducts, and Secretions

C. histolyticum secretes a mixture of collagenases, proteolytic enzymes, and exotoxins
with a unique efficiency for converting tissue proteins into amino acids and peptides [263].
Unusually, at least in relation to other Clostridial species, C. histolyticum is not known to
metabolically produce isoacids such as isobutyric or isocaproic acids, but rather seems to
have a preference for acetic acid [263]. C. histolyticum has demonstrated an ability to digest
casein, gelatin, hemoglobin, albumin, collagen, and elastin [263], through secretion of at
least five toxins: alpha, beta, gamma, delta, epsilon. Further, these enzymes are capable of
not only digesting tissue, but soft parts of bone as well [263], indicating potential efficacy
against tumors found in bone should adequate safety be achieved.

Alpha-Toxin

Strains of C. histolyticum that produce high levels of alpha-toxin have been recorded to
cause death in animal models within 24hr of inoculation [263]. Similar to C. novyi, when
alpha-toxin is absent no toxemia is observed, however, tissue destruction still occurs and is
thought to be the result of secreted collagenolytic and proteolytic toxins [263]. Alpha-toxin
is considered necrotizing but not hemolytic, and can be neutralized by antisera [263]. It is
possible that this neutralization capacity may be of value for future oncolytic development
as well as translating to other species with similar secretomes. Further, not all isolated
strains of C. histolyticum produce alpha-toxin in culture, and the functional structure seems
to be rather unstable and readily inactivated by proteolytic enzymes [263].

Beta-Toxin

Beta-toxin, in contrast to alpha-toxin, has been identified as a family of seven colla-
genases [263]. Generally, collagenase is a zinc metalloprotease responsible for cleavage of
native triple helix collagen as well as gelatin into small fragments. These seven collagenases
have both Class I and Class II collagenase activities hypothesized to give rise to synergistic
digestion [263]. Beta-toxin is capable of inducing hemorrhage and edema even when
purified away from the other exotoxins secreted by C. histolyticum [263]. It is worth noting
that collagen remodeling often accompanies solid tumor formation, and the impact of this
remodeling on cancer progression and metastasis is currently being studied. Preclinical
studies are beginning to observe the behavior of C. histolyticum collagenase (CHC, com-
mercially known as Xiaflex) within the context of breast cancer, though published efforts
remain extremely preliminary [268]. When directly injected, CHC can degrade collagen
structures [269].

Gamma-, Delta-, and Epsilon Toxins

As a thiol-activated proteinase, gamma-toxin can digest hide powder, azocoll, gelatin,
and casein but demonstrates no activity against collagen [263]. Like alpha-toxin, delta-toxin
has proteolytic activity, but with specificity for elastase [263]. Further, this toxin is readily
inactivated by reducing agents, but not chelating agents [263]. Epsilon-toxin is an oxygen-
liable hemolysin with intriguing similarity to hemolysins produced by other Clostridium
species.

Other proteases have also been reported to be secreted by C. histolyticum, such as
clostripain, lethal toxin, and high-potassium-sensitive toxin—all considered to be cyto-
toxic [270]. Clostripain is a heterodimeric cysteine endopeptidase with strict specificity
for Arg-Xaa peptidyl bonds [271]. When this gene was expressed in E. coli, the enzyme
retained capacity to hydrolyze clostripain substrates [271]. Overall, it seems the enzyme
activity observed largely depends on which strain of C. histolyticum is present as well as the
environmental context of the infection [270]. Interestingly, combination of C. histolyticum
secreted toxins with common protease inhibitors may have increased cytotoxicity towards
in vitro HeLa cells rather than inhibiting or blocking action [270].
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Hathewaya histolytica Host–Pathogen Interactions

Beyond the direct implications of the C. histolyticum toxic secretions, details of host–
pathogen interactions have not been reported. This may in part be due to safety issues
regarding experimentation with this species, as well as the short-time frame that has been
observed between C. histolyticum exposure and death [263].

Hathewaya histolytica Oncolytic Development

Very little modification, genetic or otherwise, has been reported to either C. histolyticum
or H. histolytica. There is likely, and understandably, hesitation to experiment with this
species due to the safety implications of its potent exotoxin secretions.

3.1.3. Clostridium novyi
Clostridium novyi Basic Microbiology

C. novyi is considered Gram-variable, being Gram-positive in young cultures but
Gram-negative as the culture ages (Figure 1) [231]. These bacteria are rod-shaped
(7–10 mm), catalase negative, bacteria with the capacity to form spore of 2–5 µm in size.
C. novyi are ultra-strict anaerobes, with motility due to peritrichous flagella on the vegeta-
tive cells [231] as well as spores [272] (Figure 5).

Clostridium novyi Genome

The C. novyi genome is 2.55 Mbp (Figure 1), with the toxin responsible for sepsis, α-
toxin, contained on separate phage-DNA plasmid [273], which has important implications
for safety [231] and exogenous plasmid transformation in this species. The average genomic
GC content is reported to be 28.9% [273].

Clostridium novyi Background and History

In 2001, twenty-six strains of anaerobic bacteria were probed for their capacity to grow
and spread within the solid tumor microenvironment specifically to exploit these bacteria
for their diagnostic and therapeutic capacities [231]. C. novyi, along with C. sordellii, was
not only able to survive the harsh tumor microenvironment but to spread throughout the
tumor, including poorly vascularized regions when intratumorally injected into a subcu-
taneous B16 mouse model. Further, upon intravenous injection, C. novyi accomplished
tumor-specific localization, germination, and subsequent colonization within 16hrs of inoc-
ulation [231]. Due to the characteristic exquisite sensitivity to oxygenated environments,
C. novyi colonization of a tumor is halted at the oxygenated margins [274], which provides
an extra layer of control and subsequent safety [274]. However, 16–18 hrs post-treatment,
all of the mice died from suspected lethal toxins released by C. novyi germinating in the
tumor microenvironment [231]—which is common in anaerobic bacterial infections. Thus,
to mitigate systemic toxicity, the toxin responsible was removed to achieve safety alongside
efficacy [231]. While C. sordellii had a similar tumor growth capacity, C. sordellii has two
homologous toxin genes, but the C. novyi lethal toxin, α-toxin, is contained within a phage
episome [231]. Thus, C. novyi α-toxin can be removed via a simple heat treatment [231] to
permeabilize the cell membrane, and subsequent work both validated and added efficacy
to the originally reported method [275]. This new modified strain retained the capacity to
localize to tumors upon IV administration and germinated selectively within the microen-
vironment, but did so in a non-toxic manner, earning the designation Clostridium novyi-Non
Toxic (NT) [231].

A subsequent study in immunocompetent mouse models found more than thirty
percent of mice treated with C. novyi-NT were considered cured, despite the oxygenated
tumor margins remaining post-germination [274]. In contrast to what was reported for
combinatorial treatment with current chemotherapies in an immunodeficient model (nude
mice), animals treated with C. novyi-NT spores exhibited complete tumor regression inde-
pendently [274]. This result was supported by similar results in a rabbit VX2 tumor model,
wherein a cure rate of 30.4% was observed [274].
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Clostridium novyi Cell and Spore Surface

Relatively few studies have been conducted regarding the chemical composition of any
spore coat, but a study was conducted on C. novyi-NT spores using atomic force microscopy
(AFM) and ultrathin transmission electron microscopy [272]. Briefly, C. novyi-NT spores
consist of (from the outside inward) a sacculus, an amorphous shell with intertwined honey-
comb layers, often a honeycomb layer attached to the coat, approximately three to six coat
layers, undercoat, cortex, germ cell wall, and the spore core [272]. Occasionally, via AFM, a
spore outer membrane was detected beneath the undercoat with an inner spore membrane
also sometimes found below the germ cell wall [272]. Typically, the amorphous shell formed
by retained mother cell cytoplasm remains present after sporulation [272]—though likely
varies with the isolation methodology employed. Notably, evidence of an exosporium layer
covering the amorphous shell was not detected [272], though, again, this could be due to
processing prior to imaging.

While this study reports a complex, multilayer architecture with several significant
landmarks [272] for reference, it was not capable of determining composition beyond broad
generalization. Bacterial spore coat assembly is largely thought to be a self-assembly process
similar to crystallization and thereby influenced by conditions such as salt concentration,
pH, and environmental impurities rather than merely biochemical pathways leading to
spore coat protein production [272]. In turn, the minute alterations in the coat could
influence spore resilience, persistence, and germination capacity among other characteris-
tics [272]. The proteins forming C. novyi-NT spore coat layers demonstrated characteristics
that make them unlikely to be globular and are thought instead to be stretched peptides
protruding from the layers [272]. When this structure is observed elsewhere (e.g., paraf-
fin, fat crystals) it results in a biomaterial with relatively strong, hydrophobic interaction
between long neighboring units but relatively weak interactions between the layers [272].

Further, as this type of packing involves hydrophobic interactions, a high proportion of
the peptide components likely contain hydrophobic amino acids [272]. This hydrophobicity
may be responsible for the difficulty in dissolving spore coat proteins [272] and should be
noted for those looking to modify the spore surface. Layers seem to be ‘pinned’ together by
screw dislocations, which serve to make the spore coat a cohesive entity woven together
rather than separate layers merely deposited on top of each other [272]. In situ spore coat
degradation is likely facilitated by germination activated lytic enzymes, which can be found
readily in the genome [273]. Further detailed knowledge of spore coat composition would
undoubtedly help determine future genetic modifications of C. novyi-NT.

Clostridium novyi Metabolism, Byproducts, and Secretions

As C. novyi is anaerobic, it does not use oxygen to break down nutrients but rather
produces fatty acids and other organic compounds. Genomic analysis indicates that
C. novyi is not highly related to any of the five Clostridial species (C. acetobutylicum [236],
C. botulinum [276], C. difficile [277], C. perfringens [278], and C. tetani [254]) that have previ-
ously undergone genomic analysis. Of the 1255 coding sequences found in the C. novyi-NT
genome, 551 are unique to C. novyi-NT, including 139 with no known prokaryotic ho-
mologs [279]. Despite this, 153 of the proteins that were putatively identified are predicted
to be at the cell-surface or secreted, with many identified as potentially cytolytic with an
ability to degrade lipids or proteins [279]. This includes a homolog with a high percent
identity to a C. perfringens phospholipase C (NT01CX0979), known to possess activities
such as hemolysis and arachidonic acid cascade activation, which subsequently initiate a
series of inflammatory responses in the host [273]. While lipases are usually not considered
cytolytic, one C. novyi lipase (NT01CX2047) has demonstrated an additional ability to
alter lipid bilayers, change membrane permeability and thereby potentiate cytotoxicity
(Figure 5B) [280]. It is highly likely that the C. novyi phospholipase C contributes to both
direct and indirect tumor destruction through induction of inflammatory cascades, which
is supported by high expression both in vitro C. novyi-NT cultures as well as C. novyi-NT
isolated from tumors and thus in an infectious state (Figure 5B) [273].
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Spores have been generally thought to be metabolically dormant, including the absence
of mRNA. Surprisingly, C. novyi-NT spores have been shown to contain mRNA [273].
However, rRNA was not only found within C. novyi-NT spores rigorously purified on a
Percoll gradient, but the rRNA species of spores were found to be different from that of the
vegetative cells [273]. Further, a number of transcripts in C. novyi-NT spores were found to
be significantly different from that of vegetative cells—though the role of these transcripts
remains unclear [273]. Some of the transcripts are enriched for enzymes known to mitigate
reactive oxygen species, as would be required for successful germination. Interestingly, the
most abundant mRNA species found in C. novyi-NT spores have no known homologs [273].

Finally, C. novyi insertion sequence elements (ISE) seem to represent a novel form of
transposition termed “crucitrons” [273]. In contrast to canonical transposition, C. novyi ISE
involves an endonuclease activity that recognizes and cleaves a stem-loop structure formed
at palindromic sequences [273]. Subsequent C. novyi ISEs then insert specifically into these
cruciform structures [273]. This adaptation represents a particularly advantageous form of
gene insertion as it does not disrupt the transcriptional termination site, which are instead
perfectly duplicated during transpositions, avoiding disruption of an essential gene [273].
C. novyi-NT has a relatively small genome when compared to its Clostridia cousins [273],
making this a particular challenge for synthetic genetic modification. Crucitrons therefor
may represent a rather unique mechanism for transposition that poses no threat to the host,
and isn’t subsequently influenced by host transcription [273].

Clostridium novyi Host–Pathogen Interactions

After C. novyi-NT colonization of subcutaneous CT26 tumors in immunocompetent
BALB/c mice, serum cytokines indicated the presence of IL-6, MIP-2, G-CSF, TIMP-1, and
KC [274]—all polypeptides associated with neutrophil chemotaxis and activation. Further
experimentation indicated an accumulation of inflammatory cells at the margins of tumors
colonized by C. novyi-NT largely composed of neutrophils [274,281]. Seventy-two hours
after treatment, the ring of inflammation included monocytes and lymphocytes alongside
neutrophils [274]. Further, to establish whether the inflammatory response to C. novyi-NT
had given rise to an immune response against the tumor, mice were re-challenged with
CT26 cells in the opposite flank [274]. Surprisingly, 80% of the mice were resistant and
rejected tumor implantation [274]. This unique property may have application for tumor
microenvironments that are considered to be particularly immunologically “cold”. Previous
attempts at immunotherapy in relatively large tumors has been challenging [282]. These
results were supported by further experimentation in a VX2 rabbit tumor model, where
in animals cured of a liver tumor by C. novyi-NT treatment were re-challenged with an
intramuscular tumorigenic cell injection that failed in all subjects [274].

To further probe C. novyi-NT immune stimulation, tumor bearing mice were treated
with either surgical excision to reduce the tumor burden without large-scale immune
stimulation, or C. novyi-NT spores [274]. When mice were considered “cured” of the
original tumor (1–3 months post-treatment), mice were rechallenged with a subcutaneous
CT26 tumor [274]. Of the surgically cured mice, 83% developed tumors, but a mere 20%
of the C. novyi-NT treated mice developed tumors, supporting the hypothesis that C.
novyi-NT infection has an adjuvant-like effect to stimulate an immune-mediated antitumor
response [283]. This hypothesis garnered further support when the results were repeated
in a second subcutaneous tumor model using RENCA tumorigenic cells where 33% of the
mice were cured, and all cured mice demonstrated complete resistance to a second tumor
challenge [274]. Intriguingly, when C. novyi-NT treated mice cured of RENCA tumors were
rechallenged simultaneously with both a RENCA cells in the right flank and CT26 cells in
the left flank, the RENCA tumors failed to establish but the CT26 tumors developed at the
same rate as in a naïve mouse [274]. Adoptive transfer of CD8+ cells from mice previously
cured of their tumors via C. novyi-NT treatment prevented tumor establishment for all
naïve mice subjected to a CT26 tumor challenge without being exposed to C. novyi-NT
themselves [274]. However, adoptive transfer of CD4+ cells from previously C. novyi-NT
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cured animals did not prevent tumor establishment [274]. Further, this systemic immunity
appears to be long-lasting as up to 11-months after initial treatment rabbits cured by
C. novyi-NT treatment retained the capacity to reject subsequent tumor challenges [274].

While these pre-clinical data are encouraging, it is difficult to predict if the immunos-
timulatory results will recapitulate in human studies as human tumors display an array
of inherent immunogenicity, protective capacities, and resistance mechanisms. However,
given that C. novyi-NT has demonstrated germination in mice, rabbits, canines, and prelim-
inary human studies as well as in human xenografts within nude mice (notably deficient in
T cell-mediated immunity) [274], this attribute of C. novyi-NT mediated oncotherapeutics is
particularly valuable to address the climbing cancer incidence and death rates.

Clostridium novyi Oncolytic Development

Early studies probed the efficacy of C. novyi-NT when combined with conventional
chemo [284] and radiotherapeutic agents to treat the tumor from both its core and the
tumor margins. Xenograft tumors of several tumorigenic cells were conducted in nude
mice [231,284]. Flavone acetic acid and microtubule-binding agents (i.e., vinblastine, vin-
cristine, colchicine, combretastatin A-4, D10) were administered in combination with
C. novyi-NT, with D10 producing the most pronounced effects [231,284]. Indeed, the anti-
tumor effects of combinatorial treatment, or COBALT (combination bacteriolytic therapy),
proved to be quite dramatic, with targeted hemorrhagic necrosis evident within twenty-four
hours and shrinkage occurring within 2–4 weeks [231,284]. Many necrotic masses were fully
mitigated, leaving mice tumor-free with limited deaths due to toxicity reported [231,274].
These combinatorial results were rarely observed in this model when C. novyi-NT spores
were administered alone; however, it is worth noting that this tumor model used immun-
odeficient nude mice that lack adaptive immunity. Later studies, as discussed previously,
indicated that the adaptive immune response(s) stimulated by C. novyi-NT targeted infec-
tion are critical for mitigating tumorigenic cells within the oxygenated margins as well as
conferring life-long renewed tumor surveillance [274].

Recent studies have pioneered using modern genetic engineering (e.g., CRISPR/Cas
mediated genetic engineering) to modify the spore surface of C. novyi-NT to overcome
premature clearance [275]. It is worth noting that many studies are underway to elegantly
harness the exquisite intrinsic sensitivity of C. novyi-NT in novel tumor imaging strategies
as well [285,286], though these studies are beyond the scope of this review.

3.1.4. Clostridium sporogenes
Clostridium sporogenes Basic Microbiology

C. sporogenes is a Gram-positive, catalase positive, rod shaped bacteria of
0.3–1.4 × 1.3–16.0 µm [287]. This anaerobic bacteria is capable of both sporulation and
flagellar motility [287].

Clostridium sporogenes Genome

The typical C. sporogenes genome is 4.1 Mbp with a 27.8% GC content as well as an
additional 16.3 kb plasmid [287], which has important implications for exogenous plasmid
introduction. Intriguingly 16S rRNA displays 99.7% sequence similarity to C. botulinum
strain A, with additional 2016 orthologs [287].

Clostridium sporogenes Background and History

C. sporogenes was first isolated from soil and classified as the non-pathogenic Clostrid-
ium butyricum M55, then renamed Clostridium oncolyticum, and is now known as Clostridium
sporogenes. Due to the non-pathogenicity of this strain, early studies hypothesized that
this strain would retain the advantageously specific tumor localization of its cousins, but
without the high levels of toxicity [288]. Indeed, as predicted, C. sporogenes localized
and germinated specifically in a solid Ehrlich tumor model [288]. This localization and
subsequent colonization generated extensive but specific lysis—at the time termed “liq-
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uefaction” [288]. Though not all the mice survived the extensive oncolysis, this study
is an important landmark because tumor destruction occurred without damage to local
normal cells, which would have been especially impressive given the alternative treatments
at the time [288]. Unfortunately, tumors eventually regrew from the remaining tumor
margins [288].

Unsurprisingly given the large body of literature with detailed studies, C. sporogenes
was the first Clostridia strain to be reported to undergo genetic engineering [289]. The
introduction of a gene encoding a E. coli bacteriocin with oncostatic capacity, Colicin E3,
was reported, though with heavily nuanced and complicated results [289]. Ultimately,
it was discovered that C. sporogenes did not have favorable characteristics for genetic
modification methods of the time [289]. Like most Clostridia species, transformation and
thus genetic editing is difficult but possible, and it is critical a well-suited, customized
system be employed specific to the context of the desired outcome.

Clostridium sporogenes Cell and Spore Surface

Typically, C. sporogenes presents in long chain-like clusters of cells with a cell wall
composed of a thick peptidoglycan layer displaying protrusions of other components, such
as LTA and extracellular proteins, giving it a more rigid structure [287]. While there is signif-
icant similarity to C. botulinum, C. sporogenes does not produce botulinum neurotoxins [287]
and thus is considered relatively safe. However, C. sporogenes has been reported to cause
hemorrhage in rabbits specifically, and the highly proteolytic nature may act as an adjuvant
for opportunistic pathogens [232]. It is currently hypothesized that the toxins responsible
for hemorrhage in rabbits cause either an increase in the permeability of the blood capillary
wall or otherwise directly act up endothelial cells to cause destruction [232]. Given that
the hemorrhage was localized exclusively to the outermost organ surfaces, the toxin does
not easily penetrate serosal membranes nor into blood circulation [232]. Intriguingly, this
hemorrhagic capacity is not demonstrated in humans or other laboratory animals [232].

Clostridium sporogenes Metabolism, Byproducts, and Secretions

As obligate anaerobes, like the strains discussed above, C. sporogenes conducts Stick-
land fermentation, or the fermentation of amino acids, avoiding the use of hydrogen ions
as electron acceptors [290]. Glucose fermentation is possible, but considered to be a sec-
ondary source of nutrition [290]. Notably, with applications for oncolytic development,
C. sporogenes is an acidophile with a preferred pH environment of 6.0–7.6 [290]. Some
strains have indicated an ability to produce bacteriocin-like secretions capable of inhibiting
other C. sporogenes strains [291], and possibly other Clostridia as well. When found in the
human gut microbiome, C. sporogenes converts tryptophan into the potent antioxidant
indole-3-propionic acid (IPA) [292,293]. IPA is currently under investigation as a novel
therapeutic for neurodegenerative disease [294] as well as cancer [295].

Some studies seem to have indicated that even heat-treated C. sporogenes can retain its
natural cytotoxicity [296] while adding further safety attributes as the bacteria are ‘dead’.
When monolayer cultures of the colorectal cancer cell lines CT26 and HCT16 were exposed
to heat-inactivated C. sporogenes, significant reduction in the cancer cell proliferation and vi-
ability rates were observed [296]. Further, administration of media that had been previously
cultured with C. sporogenes and therefore presumably contains exotoxins but not the bacteria
itself (“conditioned” media) correlated the results of the heat-treated bacterial study [296].
However, monolayer cell culture has limited translatability to in vivo models, and thus
further testing explored heat-treated C. sporogenes and conditioned media against 3D tumor
spheroids [296]. After just 72 h spheroids exposed to inactivated bacteria or conditioned
media were observed to be smaller than control, untreated spheroids—including an overall
regression of size as well as altered morphology indicative of tumor cell death [296]. While
extracellular matrix breakdown was observed paired with morphological integrity loss of
spheroid cultures [296], neither the proteins responsible nor the mechanism of this activity
has been elucidated. Nonetheless, this study has very interesting implications for added
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levels of safety for the development of C. sporogenes as well as other Clostridial species that
secrete exotoxins.

Clostridium sporogenes Host–Pathogen Interactions

The hemorrhagic capacity of C. sporogenes has been studied in mice, rats, guinea-pigs,
rabbits, and in many monolayer and three-dimensional cell culture models by purifying the
toxin responsible [232]. Only rabbits were observed to have a macroscopic accumulation of
blood and fluid in the peritoneum and, though to a lesser extent, the pleural cavities [232].
Notably, even much higher dose-administration of the purified hemorrhagic toxin failed to
cause observable pathological changes. However, details regarding the mechanism of these
effects or the protein responsible have not yet been studied.

Clostridium sporogenes Oncolytic Development

The results of the first C. sporogenes studies were overshadowed by the researchers’
decision to demonstrate lack of pathogenicity by self-injection, luckily without harmful
effects [288]. With this “evidence” of safety, five neoplastic patients were admitted to the
first documented clinical trial of intravenously administered oncolytic bacteria in 1964.
Three of these patients indicated oncolysis in the largest of their tumors, but not in metas-
tases or surrounding tissues [288]. In 1978, a second clinical trial was conducted, with
administration occurring via intracarotid injection for glioblastoma patients [297]. Within a
week, most patients were observed to have complete oncolysis with the conversion of the
tumors into abscesses, which were then operated on to mitigate harmful side effects [297].
Side effects of low-grade fevers only occasionally required supportive care of fluid admin-
istration and antibiotic treatment [297]. Ultimately, though this study demonstrated both
safety and efficacy, an overall lack of clinical benefit was declared due to regrowth from
the well-vascularized, tumorigenic rim of cells that remained after treatment [297]. The
incomplete mitigation of tumors alongside off-target inflammation leading to sepsis became
a common theme leading up to the 1980s, when researchers began to attempt combination
therapy, or combining the administration of Clostridial spores with other therapeutics to
create varying degrees of synergistic effects [234]. However, promising results from these
initial studies were further complicated by a purportedly significant difference in response
depending on which animal model was used [289]—though this might be explained by the
immune state of the model rather than species, especially as complexities of the immune
system were just beginning to be elucidated.

Several C. sporogenes strains have been genetically modified to incorporate therapeutic
proteins with a specific focus on enzymes that sensitize the tumor to specific chemothera-
peutic agents with thorough reviews found elsewhere in the literature [229,257,298,299], as
has their progress toward clinical translation [57]. This allows for both specific targeting
to tumor cells exclusively, as well as potent ‘bystander’ effects as nearby tumor cells are
also exposed to the therapeutic drug [300]. Collectively these strategies have been called
directed-enzyme-prodrug therapy, or DEPT [300]. Antibody or gene incorporation into this
strategy has then been referred to as ADEPT and GDEPT, respectively [300], though this
terminology has not been widely implemented in the field. Indeed, a lack of standardized
language and therefore search terms to refer to oncolytic bacteria therapeutics may be
hindering progress toward clinical translation.

3.1.5. Clostridium tetani
Clostridium tetani Basic Microbiology

C. tetani are rod shaped (0.5 µm × 2.5 µm), Gram-positive bacteria with motility due to
flagellation [254]. These strict anaerobes grows best 33–37 ◦C, have the capacity to sporulate
and are catalase negative [254].
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Clostridium tetani Genome

The median C. tetani genome is 2.8 Mbp with a 75 kbp pE88 plasmid that encodes
tetX and its direct transcriptional regulator, TetR [254]. The median GC content 24.5% [254].
Intriguingly, 82% of the predicted ORFs observed are transcribed in the same direction as
DNA replication [254] which is atypical for common pathogens. Further, very few mobile
elements (16 transposases) were detected [254]. Lack of GC content fluctuation indicated
that lateral gene transfer events accomplishing gene acquisition have not occurred in recent
evolutionary events, which means that the C. tetani genome is more stable than typically
observed for enteropathogenic genomes [254].

Clostridium tetani Background and History

The first peer-reviewed studies probing oncolytic capacity of C. tetani is often con-
sidered the biggest setback for the oncolytic bacterial field. When spores were adminis-
tered intravenously in a mouse tumor model, all treated animals died of tetanus within
48hrs [301]. Intriguingly, despite the widespread lethality, microscopic examination of
tissues in subjects indicated germination of C. tetani occurred exclusively in cancerous
tissues, with the vegetative, antigenic form remaining within tumors [301].

Clostridium tetani Cell and Spore Surface

In contrast to C. perfringens, the C. tetani genome analysis indicated an array of surface
layer proteins. Several homologues (19) to the C. difficile adhesin Cwp66 were observed, all
with multiple copies of the putative cell wall-binding domain PF04122 [254]. At least two
proteins with multiple leucine-rich repeat domains similar to Internalin A, a L. monocyto-
genes protein known to mediate host epithelial cell binding, were detected [254]. Interest-
ingly, at least 11 surface layer putative proteins were identified that lack homologues in
any other sequenced Clostridial genome, but indicate percent identity with characterized
surface protein domains such as bacterial Ig-like domains [254]. Further, the sequences of
these proteins include a leader peptide thought to indicate extracellular exportation [254].
Surface layer protein genes were noted to be clustered near each other in the genome,
which may be of interest for future genomic modification to add safety [254].

Clostridium tetani Metabolism, Byproducts, and Secretions

A general, thorough C. tetani metabolic network can be found in another review [302],
but certain attributes are worth highlighting within the context of oncolytic therapeutic
development. When the genome of C. tetani was compared to C. perfingens and C. aceto-
butylicum, it was discovered that C. tetani can uniquely rely on an extensive sodium ion
bioenergetic pathway [254]. Twenty-seven peptidases were discovered via genetic analysis,
many constituting putative zinc-metalloproteases [254]. Seven of these peptidases are
known to facilitate lipid degradation, fifteen for ethanoloamine utilization, and twenty-one
for amino acid decomposition [254]. Combined with a lack of the typical genes responsi-
ble for metabolizing sugar, the presence of these genes culminates in an intriguing and
unique ability among Clostridial species to use amino acids as an energy source [302]. While
C. tetani can process many amino acids, it lacks biosynthetic pathways for at least pheny-
lalanine, histidine, isoleucine, lysine, leucine, methionine, tryptophan, and valine, causing
amino acid auxotrophy [302]. This attribute is not uncommon for pathogenic bacteria,
particularly those with relatively small genomes as their host typically readily provides
these amino acids [302]. Furthering this unique nature, C. tetani does not have the genes
for the F0F1-type ATPase present in C. acetobutylicum and C. perfringens, but rather a type
V ATPase is used to synthesize ATP during fermentative metabolism [254]. The sodium
ion membrane motive force created by this mechanism is important to note during efforts
toward oncolytic development because at least 6 multidrug resistance exporters are driven
by sodium ion intrusion [254].

A Sec-dependent secretory mechanism signal peptide was detected to be included in
419 putative C. tetani proteins [254]. At least 101 of these observed proteins indicate involve-
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ment in transport, though 160 strongly hydrophobic proteins have no known function [254].
N-terminal signal peptides are predicted for virulence and surface proteins, peptidases,
sporulation-specific proteins and sensory proteins responsible for chemotaxis among other
processes [254]. It is therefore likely that the well-characterized Sec-system is the major
mechanism of protein translocation in C. tetani [254]. Evidence of a signal-recognition
particle-like pathway known to be responsible for mammalian protein translocation was
also observed [254]. This system likely plays a role essential for both protein translocation
and protein insertion into membranes [254], both important processes to understand when
developing additional oncolytic capacities.

Clostridium tetani Host–Pathogen Interactions

C. tetani is well known to be the cause of tetanus, which manifests as spastic paral-
ysis [254]. Tetanus is caused by the tetanus toxin released by C. tetani with a very low
lethal dose of about 1 ng/kg [254]. C. tetani is commonly found in soil, and therefore often
in animal intestinal tracts as well [254]. The nearly ubiquitous nature of this pathogen
necessitated the development of a vaccine that constitutes part of the common immuniza-
tion schedule for most developed countries [254]. Regardless, more than four hundred
thousand cases of tetanus were recorded in 2003, with most occurring in neonatal patients
too young for vaccination [254]. In tetanus disease, the tetanus toxin (TeTx) blocks the
release of neurotransmitters from presynaptic membranes of inhibitory neurons of the
spinal cord and brainstem, thus catalyzing the cleavage of the synaptic vesicle protein,
synaptobrevin [254,303]. TeTx thereby elicits the canonical muscle contractions, including
“lockjaw” that characterizes tetanus disease [254,303].

The same plasmid, pE88, that encodes the genes for Tetx also encodes a collagenase
virulence factor, CoIT [254]. This enzyme plays a critical role in pathogenesis as a direct
agent of host tissue integrity destruction [254]. pE88 further encodes seven regulatory
proteins known to govern the tetanus toxin formation with some notable similarity to
TxeR toxin regulation in C. difficile [254]. In addition to the virulence factors encoded in
pE88, genes encoding tetanolysin O, hemolysin, and fibronectin-binding proteins were
found [254]. Full details of all the virulence genes discovered in a genetic study of the
C. tetani genome have been elegantly summarized elsewhere in the literature [254].

It is worth noting that C. tetani is industrially grown to produce the common vaccine
against tetanus disease [302,304]. However, when media variations occurred, particularly
in the casein digest components, batch-to-batch variability in the toxin titers has been
demonstrated [304]. A loss of sporulation capacity was also observed [304]. This vari-
ability has been largely overcome with stringent, chemically defined media recipes [302].
Both the hurdle and method to overcome this challenge towards clinical translation have
been previously reviewed [56] with applications to C. tetani development as well as other
oncolytic bacteria.

Clostridium tetani Oncolytic Development

A single study of the oncolytic capacity of C. tetani occurred in 1955 [301]. In this
study, intravenous administration of C. tetani spores in CSH/He mouse models of breast
cancer (CSHBA) fibrosarcoma (HE 8971) and hepatoma (98/15) [301]. Two female BALB/c
mice bearing spontaneous mammary tumors were also inoculated. This treatment resulted
in the death of all subjects within 48 h, regardless of tumor size, type, or dosage [301].
However, intriguingly, non-tumor control mice survived without displaying symptoms of
tetanus [301]. It is therefore likely that spore germination followed by the production of the
tetanus toxin occurred exclusively in cancer tissue [301]. This hypothesis was supported by
microscopic examination of tumor and normal tissue sections [301]. The high and quick
lethality observed in this study has led to stagnation in the development of this particular
Clostridial species for its oncolytic effects.
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3.2. Salmonella
3.2.1. Salmonella Basic Microbiology

Salmonella enterica serotype typhimurium is a Gram-negative, flagellated facultative
anaerobic bacilli that is characterized by serological positive H, O, and Vi antigens and
whose only known reservoir is the human body (Figure 1) [305–307].

3.2.2. Salmonella Genome

The typical S. typhimurium genome is 5 Mbp encoding around 4000 genes, more than
200 of which are functionally inactive (Figure 1) [308].

3.2.3. Salmonella Background and History

Several Salmonella strains have demonstrated potential for use as a bacteria-mediated
cancer therapy, but perhaps the most promising is S. typhimurium [309]. S. typhimurium has
many advantages over other oncolytic bacteria including: high tumor specificity, native
cytotoxicity, ability to readily modify the bacteria’s gene profile, deep TME penetration,
and favorable safety profiles with attenuation [310]. Salmonella is known to colonize solid
tumors where they can proliferate and cause direct oncolysis as well as stimulate an im-
mune response in a difficult to penetrate environment. S. typhimurium in particular has
been engineered for use in cancer targeted therapies [311]. Despite the characteristically
low oxygen saturation of the TME, this harsh environment provides a unique niche for
Salmonella, abundant with nutrients that are released from apoptotic cells [309,312]. Fur-
ther this environment has immunosuppressive conditions with chemokine signaling that
promotes growth and colonization in tumor tissues for specific salmonella strains [313].
S. typhimurium infections have also demonstrated an inhibitory effect on VEGF expression
of, which is known to stimulate the formation of blood vessels [150,310,313], thus providing
vasculature to deliver canonical oncotherapeutics. Noticeable benefits have been shown via
the use of engineered/attenuated strains for the treatment of solid tumors, some of which
have been granted FDA approval for early-phase clinical trials [311].

VNP20009, a strain of S. Typhimurium, is the most studied strain capable of target-
ing solid tumors in part due to its characteristically excellent safety profile [314]. Safety
mechanisms of this strain include attenuation of virulence via a deletion in the pur1 gene,
decreased potential septic shock via a deletion in msbB gene and antibiotic susceptibility
above that demonstrated by the unattenuated VNP20009 strain [314]. These genes are nec-
essary for Lipid A and adenine synthesis [314]. VNP20009 is the only Salmonella strain to be
evaluated in a phase 1 clinical trial for treatment of nonresponsive metastatic melanoma or
renal cell carcinoma in humans [315]. However, the S. typhimurium VNP20009 was unable
to colonize tumors at a substantial enough level to elicit antitumor effects potentially due
to over attenuation [316].

3.2.4. Salmonella Cell Surface

Targeted Salmonella infections have demonstrated upregulation of connexin 43 expres-
sion, a molecule responsible for promotion of the gap junction formation between tumor
cells and adjacent dendritic cells. Such gap junctions allow for free passage of preprocessed
tumor proteins to dendritic cells for presentation via MHC class I favoring CD8+ anti-tumor
lymphocytes. Moreover, gap junctions also are required for differentiation of B and T Cells,
antibody section via B cells, dendritic cell activation and T-regulator cell activity [317].
Thus, connexin 43 upregulation aids in activation of B and T cell lymphocytes [318].

3.2.5. Salmonella Metabolism, Byproducts, and Secretions

S. typhimurium A1-R was developed specifically to grow in xenograft tumors by treat-
ing S. typhimurium with nitroguanidine (NTG). The addition of NTG induces amino-acid-
auxotrophic attenuated mutations for leucine and arginine, giving rise to selective growth
in environments rich in these amino acids, which includes tumor xenografts [319,320].
Auxotrophs are organisms that have lost the ability to synthesize certain substances re-



Pharmaceutics 2023, 15, 2004 36 of 63

quired for growth due to the presence of mutations [321]. Exposure to the A1R strain
resulted in high tumor targeting efficacy and limited proliferation in normal tissue—largely
thought to be due to these mutations [319,322,323]. A1-R has demonstrated inhibitory
effects on a wide variety of patient-derived xenograft (PDX) murine cancer models includ-
ing: prostate, pancreatic, breast, lung, ovarian, cervical, stomach, melanoma, gliomas, and
sarcomas [316,319,322–338].

The attenuated S. typhimurium ∆ppGpp is a strain that has been modified to re-
moved ppGpp (SL) synthesis demonstrated selective proliferation and colonization in
solid tumors while showing a significant increase in lethality as compared to its wild type
strain [339–342]. When this strain was further engineered to express Cytolysin A (ClyA), it
decreased pancreatic tumor size in athymic Nude mice with both subcutaneous xenografts
as well as orthotopic tumors (Figure 6A) [343]. ClyA is a native bacterial toxin produced
by S. typhimurium that importantly exhibits oncolytic activity between tumor tissue and
stromal cells via a pore forming mechanism [341,344]. This pore forming toxin permeates
the neutrophilic barrier as well as the proliferating areas of the tumor, ultimately reducing
the tumor growth [310]. In the presence of L-arabinose, the ClyA protein was specifically
found in tumor tissues harboring the SLlux/ClyA, confirming that expression of ClyA was
specific to pancreatic cancer tissues. SLlux/Cly expression of ClyA is only noted during the
presence of L-arabinose, and thus is absent without this addition [343].
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3.2.6. Salmonella Host–Pathogen Interactions

The typical host–pathogen response to a S. typhimurium infection begins with TLRs
recognition of PAMPs typical of Gram-negative bacteria as has been discussed previously
(Figure 2). The antitumor activity exerted by S. typhimurium is mainly induced by TLR4
activation while the role of TLR5 role remains auxiliary (Figure 6B) [345,346]. Salmonella
infections elicit a large cytokine and chemokine storm that can ultimately lead to an immune
cell influx into the TME, but can also result in severe toxicity [347]. It has been observed
that ∆ppGpp S. Typhimurium can attract immune cells using specific markers, such as
CD45+ for leukocytes, CD11c+ MHCII+ for dendritic cells, CD11b+ F4/80+ or CD68+ for
macrophages, CD3+ CD8+ for CD8+ T cells, CD11b+ Gr1+ or Ly-6G/LY6C+ for neutrophils
and B220/CD45R+ MHCII+ for B cell (Figure 6B) [339]. Analogous to viruses, Salmonella
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has demonstrated anti-tumor capacities by intrinsic oncolytic properties such as the SopE2,
SseB and SseD exotoxin secretion (Figure 6A) [348]. Salmonella accumulation in solid
tumors further deprives the tumor cells of extracellular nutrients, thus promoting tumor
cell apoptosis [309,312]. Upregulation of TNF-α is often observed, ultimately leading to
hemorrhage and eventually the inhibition of tumor angiogenesis [349]. Tumoral vessel
destruction is augmented by high tumor vascularity due to Salmonella exotoxin activity [326].
Moreover, Salmonella has also demonstrated inhibition of tumor angiogenesis through
suppressing levels of VEGF and HIF-1α in the AKT/mTOR pathway (Figure 6B) [350].

Immunomodulatory activity is also demonstrated by S. typhimurium, with adaptive
immune response also playing a strong role [310]. Antitumor activity is driven by two
main pathways: (1) upregulation of immunostimulatory factors such as IL-1β, IFN-γ,
and (2) inhibition of immunosuppressive factors by arginase-1, IL-4, TGF-β, and VEGF
(Figure 6B) [339,340,346,351]. Migration of innate immune cells including macrophages,
dendritic cells, and neutrophils are enhanced by expression of pro-inflammatory cytokines
such as TNF-α, IL-1β, and IL-18 to result in overall tumor regression [310]. Release of
these cytokines amplifies both the local and systemic immune response [352–355]. TNF-α
upregulation due to S. typhimurium tumor colonization increases permeability of tumoral
blood vessels, and can cause hemorrhage, enhancing the influx of immune cells and
increasing the anti-tumor effects [349,356]. Resulting tumor cell damage then causes ATP
release, which in turn activates inflammasomes, specifically NLRP3, which elicits further
increase the circulating level of pro-inflammatory cytokines [342]. Two mechanisms have
demonstrated inflammasome activation in targeted S. typhimurium infection: (1) direct
activation via TLR-4 (LPS) and/or (2) activation via ATP being released by the damaged
tumor cells (Figure 6B) [342]. It is important to note these mechanisms are not mutually
exclusive, and have been observed to act in tandem [310]. Activation is therefore ultimately
achieved through ATP binding of the P2 × 7 receptor on inflammasome macrophages [342].

S. typhimurium has a demonstrated capacity for intracellular survival and replication—
particularly in macrophages, dendritic cells, phagocytes, and neutrophils [357,358]. Ex-
posure to S. typhimurium induces host metabolism changes, some of which promote
S. typhimurium proliferation. First, glucose levels decrease when glycolysis is upregulated
glycolysis to increase bacterial uptake of carbon sources such as 2 and 3-phosphoglycerate
and phosphoenolpyruvate, thus accumulating glycolytic intermediates [358]. This is ob-
served alongside a decrease in serine levels, the effects of which are mediated by SopE2, a
bacterial protein that leads to the accumulation of carbon sources needed for replication
and proliferation [358]. Secondly, an increase in pyruvate and lactate levels leads to stimu-
lation of SPI-2, which is known to encode virulence factors for S. typhimurium [358]. Such
virulence factors from SPI-2 include, SseB and SseD which are filament and pore forming
components of the secretion apparatus for S. typhimurium (Figure 6A) [359]. Migration
via the immune system allows for systemic translocation, most commonly to the liver,
spleen, and bone marrow [360]. Researchers have noted after infection, S. typhimurium
initially colonized the spleen and liver, but three days post IV inoculation, colonization
and proliferation began to preferentially invade the tumor environment in the presence of
L-arabinose [341,345].

3.2.7. Salmonella Oncolytic Development

Tumorigenic cells have been characterized to accomplish metastasis more readily
when in the G0/G1 phase as DNA is tightly packed away and therefore unavailable to the
mechanistic damage caused by most chemo- and radiotherapies [332]. Thus, tumorigenic
cells in the G0/G1 phase could be protected from cytotoxicity, which in part leads to
developing resistance to these therapeutics [332]. Previous research has shown that 90% of
the total cancer cells in the center and 80% of established solid tumors are in the G0/G1
phase as cells are either not dividing (G0), or are preparing to divide (G1) [332]. Intriguingly,
S. typhimurium A1-R demonstrated an ability to alter cell cycle stages from G0/G1 into
S/G2/M, generating sensitivity to chemotherapeutic agents due to the renewed availability
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of DNA [332,361]. This suggests A1-R is able to maintain antitumor activity without
eliciting toxicity to other host tissue due to its high affinity for cell in the G0/G1 phase [322].

Observations in xenografts of the human pancreatic ductal adenocarcinoma cell line,
AsPC-1, in BALB/c athymic nu−/nu− (nude) mice indicated colonization rates of tumors
were significantly higher than in the liver and spleen [343]. Tumoral stroma plays a large
role in metastasis, invasion, and prognosis of solid tumors—but especially pancreatic ductal
adenocarcinoma. Therefore, the ability to penetrate and destroy this stroma represents an
advantage over current therapeutics [310]. Further, Matrix metalloproteinase 9 (MMP-9)
induced in tumor microenvironments contribute to tumor progression and metastases.
S. typhimurium can inhibit the expression of MMP-9 in TME’s via the downregulation of
the AKT/mTOR pathway preventing epithelium to mesenchymal transition [362].

4. Prophylactic Bacteria

In addition to oncolytic bacteria that have demonstrated direct or indirect activity
against tumors as described above, a growing body of literature reports another group of
bacteria with anti-cancer capacities that does not fit into either of these categories. These
bacteria include species commonly employed as probiotics for gastrointestinal health and
other microbiome alterations. Bifidobacterium, Caulobacter, and Lactobacillus have displayed
an ability to mitigate the inflammation and signaling contexts thought precede solid tumor
initiation, potentially “derailing” tumor formation. In this context, these bacterial species
could be considered prophylactic, and in much the same ways as described previously,
could be engineered. These prophylactic, or cancer-preventing species, represent another
promising avenue for implementing bacteria as therapeutics and thus have been included
in this review.

4.1. Bifidobacterium
4.1.1. Bifidobacterium Basic Microbiology

Bifidobacterium are Gram-positive, rod shaped anaerobes (Figure 7A) [363]. This species
is non-spore forming, non-motile, and catalase-negative [363].

4.1.2. Bifidobacterium Genome

The median total length reported for the Bifidobacterium genome is 1.98 Mbp, with
median GC content of 67.9% (Figure 7A) [364].

4.1.3. Bifidobacterium Background and History

Bifidobacterium species are naturally present in the human intestinal
microbiota [363,365–367], and commonly found in probiotic and dairy products, like milk
and yogurt [363]. Like most oncolytic bacteria, Bifidobacterium has a demonstrated, innate
ability for tumor localization and thrives within the hypoxic and immunosuppressive mi-
croenvironment of a solid tumor. Bifidobacterium has a unique ability that differs from other
oncolytic bacterial species in that it activates the immune system while having low to almost
no toxicity, and is therefore generally regarded as “safe” (GRAS) by the FDA [368,369]. For
example, B. infantis had no observable cytotoxicity when cultured in vitro with erythrocytic,
healthy hepatocytic (LO2), or lung (BEAS-2B) cell lines [368]. Further, when injected into
BALB/c models, no significant effect on biochemical parameters or functions of the heart,
liver, spleen, lung, or kidney were detected [368].

Bifidobacterium has demonstrated what could be considered a probiotic, protective
role against pathogens and gastrointestinal diseases by maintaining the integrity of the
intestinal barrier and permeability of tight junctions between intestinal epithelial cells [366].
In vitro studies exposing human Caco-2 monolayer cells to LPS resulted in a decrease
in the tight junction proteins occluden, claudin-3, and ZO-1, and therefore increased
disorganized tight junction protein structure and damage [366]. However, treatment of the
damaged cells with Bifidobacterium restored protein expression to within the range of healthy
controls, decreasing the permeability of the tight junctions [366]. This restorative activity
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was confirmed in neonatal necrotizing enterocolitis mouse models, where Bifidobacterium
repeated its attenuation of the damage from necrotizing enterocolitis [366]. Further, analysis
of human gut microbiota revealed that those positive for Helicobacter pylori infection, a
known cause of gastric and duodenal cancer [367], had significantly lower abundance
of B. longum, B. adolescentis, and B. bifidum [367]. These results imply a greater presence
of Bifidobacterium in the gut can be protective against a known carcinogenic pathogen,
H. pylori [367], and demonstrates the biocompatibility of Bifidobacterium for further clinical
application.
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4.1.4. Bifidobacterium Cell Surface

Several strains of Bifidobacterium have been investigated for various modalities of
cancer treatment, but of specific interest for the scope of this review is B. breve, with
characteristic expression of the cell surface localized exopolysaccharide (EPS) with a known
immunomodulatory role (Figure 7B) [365,365]. Expression of EPS forms has been shown
to allow B. breve to colonize and persist in mice through reduction in proinflammatory
cytokine levels, thereby impairing both innate and adaptive cell responses [365]. Immune
cells interact with EPS via TLR-4, resulting in inhibition of MAPK and NF-κB pathways to
attenuate the host immune response (Figure 2) [370]. EPS may be able “mask” other surface
antigens, allowing for evasion of antibody recognition. The polysaccharide immunogens of
EPS evaded the complement cascade and immune cells, decreasing cytokine stimulation
to prevent a humoral immune response [365]. In mouse models, a EPS+ B. breve strain
did not result in a detectable host immune response, but the EPS− strain elicited a strong
response and was quickly cleared [365]. Further, serum antibody titers from the EPS−

B. breve demonstrated stronger antigen-specific total Ig response [365], while subjects
exposed to the EPS+ strain had significantly increased IFN-γ, TNF-α, and IL-12+ T and
B cells.

It has been determined that EPS gene clusters are highly variable in genetic composi-
tion among Bifidobacterium species [371]. The functional diversity of this variability results
in strain-specific attributes such as the antimicrobial activity of B. longum BCRC 1464 to
defend against pathogens, or the ability of B. longum subsp. longum 35,624 (previously
B. longum subsp. infantalis) to stimulate T regulatory cells in the human intestine and
increase circulating Fox3+ lymphocytes, thus preventing inflammation [371]. It is worth
noting that horizontal gene transfer is likely the original B. breve acquisition source for the
EPS gene [365], raising important questions regarding further horizontal gene transfer to
other species. Targeted synthesis of EPS on the surface of other oncolytic bacterial species,
however, may give rise to phagocytosis evasion and thus allow the modified microbes to
travel to the tumor at higher rates.

4.1.5. Bifidobacterium Metabolism and Byproduct Secretion

In general, fermenters, use a “bifid shunt” pathway to metabolize hexose [363]. In
the presence of inorganic phosphate, this saccharolytic pathway degrades fructose-6-
phosphoketolase into fructose-6-phosphate [363].

4.1.6. Bifidobacterium Host Interaction

When intravenously treated with a cocktail of B. bifidum, B. longum, B. lactis, and B. breve
in tandem with an anti-CD47 immunotherapy in mouse models of colon adenocarcinoma
(MC38) and T cell lymphoma (EG7) cell lines, Bifidobacterium localized within the tumor
environment and utilized the STING (stimulator interferon genes) pathway to regulate
type I IFN signaling. This resulted in elevated IFN-β and promotion of cross-priming in
tumor dendritic cells [372], enabling both innate and adaptive antitumor responses within
the tumor microenvironment [372]. Elucidating mechanistic details of this pathway will
likely extend to modification of other oncolytic species to result in similarly improved
antitumor effects.

In a landmark study for oncolytic bacteria, the engineered B. longum strain AOS001F/5-
FC strain carries a plasmid that demonstrated increased cytosine deaminase activity, re-
sulting in generation and accumulation of the chemotherapeutic 5-fluorouracil (5-FU)
specifically within the tumor microenvironment (Figure 7B) [373]. In colorectal cancer
(CT26) BALB/c models, combination of the AOS001F/5-FC with anti-PD-1 therapy re-
sulted in both an elevated CD4+ T cells at the tumor site and an increased the CD8/T reg
ratio [373]. The combination of these effects resulted in suppression of tumor development
and ultimately longer subject survival [373]. Notably, rejection of a subsequent tumor
challenge was observed when mice were inoculated with dose of tumor cells five times
larger than the initial implantation, demonstrating that adaptive anti-tumor memory was
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successfully developed [373]. Without combination with anti-PD-1 treatment, engineered
B. longum strain APS001F/5-FC was able to suppress tumor growth; however, without
an overall increase observed in survival time [373]. This direct delivery of treatment pen-
etrating into the harsh microenvironment of a solid tumor gives Bifidobacterium a stark
advantage over current therapeutics. Further investigation is warranted to identify what is
causing this modified B. longum to induce a memory T cell response specific to the CT26
tumor cells. Elucidating the details of this mechanism will help identify which molecules
are associated with the antitumor memory immune response so that they can be harnessed
for further clinical application.

4.1.7. Bifidobacterium Oncolytic Development

In addition to prophylactic capacities, Bifidobacterium strains have undergone engineer-
ing to deliver therapeutic agents directly to the tumor core, elegantly navigating around the
difficulty of canonical drug delivery in this harsh microenvironment. B. infantis was linked
to a nanoparticle carrier of adriamycin (DOX), a chemotherapeutic agent [368]. Because
bacteria are innately inclined to forage for proteins, the DOX-NPs directly bound to the
B. infantis cell surface when incubated together in suspension, creating a biohybrid known
as Bif@DOX-NP [368]. Solid tumors expressing Secreted Protein Acidic and Rich in Cys-
teine, or SPARC, have a natural affinity for binding albumin present in composition of
the biohybrid chemotherapeutic Bif@DOX-NP (Figure 7B). This affinity was exploited
to enhance tumor specific delivery through binding of gp60 receptors on the surface of
tumorigenic cells to initiate the release of DOX-nanoparticles within the tumor [368]. After
intravenous administration in a mammary carcinoma (4T1) BALB/c models, this biohybrid-
conjugated treatment modality resulted in higher intra-tumoral DOX levels when compared
to treatments of B. infantis alone or DOX-NPs without B. infantis [368]. Overall, Bif@DOX-
NP treatment slowed tumor growth, but also inhibited tumor cell migration, as well as
tumor regression, indicating the potential and flexibility inherent to this type of oncothera-
peutic [368]. This methodology is worth imitating in other oncolytic bacteria because of its
ability to harness bacteria’s inclination to directly bind protein-coated therapeutics which,
in turn, interact with tumor cells of the various cancers that feature SPARC expression.

Similarly, B. longum has been engineered to carry the sonosensitizer, hematoporphyrin
monomethyl ether (HMME) (Figure 7B). In this study, a simple electrostatic charge was
used to bind cationic polyethyleneimine (PEI) to the negatively charged phosphate and
carboxyl groups naturally present on the B. longum cell surface, thus adding reactive pri-
mary amines [369]. The PEI was then conjugated to the carboxyl groups on the HMME
to complete the final engineered Bifidobacterium cells, HMME@Bif [369]. Colorectal cancer
(CT26) BALB/c mouse models were treated with intravenous HMME@Bif and SR717, a
STING-agonist, and then ultrasound irradiation was used to activate the sono-sensitive
HMME, thus generating reactive oxygen species thought to be responsible for the destruc-
tion of tumor cells. This destruction releases tumor antigens and increases concentrations
of IL-6, TNF-α, and IFN-γ, stimulating dendritic cell maturation, NK cell activation, and
T cell response promotion [369]. This oncolytic bacteria-mediated therapeutic modality
succeeded in activating the host antitumor immune response, ultimately inhibiting both pri-
mary and metastatic tumors. This methodology of engineering bacteria as a sonosensitizer
carrier takes advantage of the inherently negatively charged components of bacteria cell
walls to bind the HMME. Further, applying ultrasound to activate the accumulated HMME
delivered by the bacteria provides a minimally invasive modality to physically obliterate
solid tumors. When relying on electrostatic charge to engineer bacteria as a sonosensitizer
carrier, certain factors should be considered to reduce the potential for inadvertently dis-
rupting the interaction between the charged groups, such as the surrounding pH or the
type of substances within the treatment solvent or in vivo.
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4.2. Caulobacter
4.2.1. Caulobacter Basic Microbiology

Caulobacter is a Gram-negative aerobe with a polar flagellum or stalk giving rise to
motility (Figure 7A) [374]. These curved rod shaped bacteria have no catalase activity [374].

4.2.2. Caulobacter Genome

The median genome length reported for Caulobacter is 4.25 Mbp, with a median GC
content of 67.9% [375].

4.2.3. Caulobacter Background and History

Caulobacter is a stalked, Gram-negative bacteria naturally found in soil and aquatic
environments, including tap water, rivers, and freshwater lakes [374,376–378]. Under wet
mounts, the cells present in a rosette formation [374]. Interestingly, Caulobacter undergoes
asymmetric cell division in which the daughter cell has a polar flagella that is eventually
lost, and a stalk develops in its place [374]. While is not typically found as part of the
human microbiota, it is considered non-pathogenic [376–378]. Caulobacter is determined to
be a generally safe option for biotherapy development because it cannot proliferate within
a human host [376] and a unique lipid A structure is much less immunogenic than the LPS
of enteric bacteria [378].

4.2.4. Caulobacter Cell Surface

Caulobacter has an S-layer, composed of RsaA monomers organized in a hexagonal
pattern on the cell surface (Figure 7B) [377]. The S-layer forms a crystalline coating of
protein anchored to the cell surface by lipopolysaccharide (LPS) [376]. Electroporation was
employed to introduce plasmids into the C. crescentus genome capable of expressing foreign
peptides on the S-layer without disturbing function [377]. For example, the C. crescentus
JS4022 strain was elegantly engineered (Figure 7B) [377] to express and display both protein
G and CD4 in the S-layer [377]. Ultimately, antibody capture was not affected, and HIV
neutralization was enhanced by CD4 binding [377]. The success of engineering the S-layer
to display foreign peptides that maintain function makes C. crescentus a promising option
for further prophylactic development as there is profound potential to express and display
chemotherapeutic agents or other tumor-specific antibodies for targeted, specific delivery.

Another structure unique to the C. crescentus cell surface is the lipid A within the outer
membrane LPS (Figure 7B) [378]. Lipid A lacks phosphates, and has an unusual DAG
backbone as well as uncommon fatty acids [378]. C. crescentus has been shown to be much
less toxic than other Gram-negative bacteria with a canonically highly immunogenic LPS,
which is thought to be due to this unique lipid A endotoxin [378]. Lipid A endotoxin activity
demonstrated a significantly weaker immunogenicity level in vitro than a recombinant
LPS isolated from E. coli [378]. Further studies have demonstrated even very high doses
of Caulobacter fail to induce a severe inflammatory response [378]. Notably, even with
this characteristically low toxicity, Caulobacter remains capable of stimulating an innate
immune response, supporting its potential as an adjuvant [378]. LPS has been shown to
activate the complement system to increase C5a as well as interact with immune cells via
TLR-4 [19,26], both stimulating the NF-κB pathway [379] to release inflammatory cytokines
such as IL-1, IL-6, IL-8, TNF-α, and IFN-γ, and to recruit immune cells for an adaptive
immune response (Figure 2). Safety is a crucial aspect in developing oncolytic bacteria
for clinical application, which, particularly when paired with the homogenous nature of
the S-layer, makes C. crescentus an excellent candidate for engineering to generate further
prophylactic capacities.

It must be mentioned that a single study isolated a hospital-acquired strain of Caulobac-
ter from immunocompromised patients who had developed infections and compared it to
environmental Caulobacter strains [380]. The clinical isolate, C. mirare, was and compared
with environmental C. crescentus and C. segnis to assess potential for virulence using Gal-
leria mellonella, the greater wax moth—a model used for evaluating infection potential of
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bacteria due to this host’s ability to visibly produce melanin that can be monitored as the
immune system responds [380]. Quantitative evaluation of health span assays determined
the clinical and environmental species of Caulobacter had similar degrees of pathogenicity
inducing an immune response in G. mellonella, compared to no immune response when
injected with nonpathogenic E. coli MG1655 [380]. The results demonstrated that both
the clinical and environmental strains shared a feature that allowed them to infect the
host [380]. While no strains have had pathogenicity islands, virulence factors, or host eva-
sion mechanisms observed, the LPS composition of Caulobacter can result in opportunistic
infections, particularly in immunocompromised patients [380]. Studies in other models
with higher translatability for human research have shown Caulobacter to be safely utilized
in oncotherapy research [376,377], but the immunocompromised status of patients cannot
be ignored when evaluating to which patient populations a Caulobacter-augmented treat-
ment should be administered. Of note, infection that may arise from Caulobacter-mediated
oncotherapy is easily resolved with antibiotics and have a favorable profile of side-effects
in preliminary studies, especially compared to many current therapeutics.

4.2.5. Caulobacter Metabolism and Byproduct Secretion

C. crescentus secretes bacteriocin-like proteins, CdzC and CdzD, capable of toxicity to
cells lacking Cdz immunity (Figure 7B) [381]. The contact-dependent inhibition by glycine
zipper proteins (Cdz) system secretes these proteins via a type I secretion system [381].
However, CdzC and CdzD accumulate on the surface as cell-associated aggregates rather
than following conventional extracellular secretion of bacteriocins [381]. Both proteins
are required because they require direct contact to form pores in the inner membrane of a
neighboring cell, disrupting its cell envelope integrity [381]. The Cdz system is upregulated
during stationary phase as a mechanism for intracellular competition when nutrients are
scarce, and can be important for outcompeting pathogens [381].

4.2.6. Caulobacter Oncolytic Development

The antitumor activity of C. crescentus was probed in murine models of lung cancer,
breast cancer, and leukemia [376]. These studies unanimously resulted in longer survival
and decreased tumor size, indicating efficacy across multiple types of solid tumors [376].
C. crescentus was unable to proliferate in vivo, and was cleared from the subjects by
10 days post-injection [376]. Intriguing, C. crescentus colonization within the tumors was
not observed, seeming to indicate the antitumor effects were generated by the host immune
response thought to be activated by the LPS-anchored S-layer [376]. Another study seems
to confirm C. crescentus-presented LPS initiates host immune response, recording evidence
of NK cell stimulated release of IFN-γ [382]. Intraperitoneal injection of C. crescentus in
breast cancer mouse models resulted in smaller tumors as well as extended survival [382].

Intraperitoneal injections of C. crescentus were administered before and after subcuta-
neous tumor implantation (EL4 or B16 cells) in C57BL/6 mice, Jα18−/− mice (lacking type
I NKT cells), and CD1d−/− mice (lacking CD1d-restricted NKT cells) [383]. C. crescentus
treatment in WT mice significantly slowed EL4 tumor growth compared to PBS controls but
had no observable impact on B16 tumor growth. B16 cells are known to lack expression of
CD1d [383]. There was also no tumor growth inhibition observed in CD1d−/− mice, indicat-
ing that NKT cells are necessary for controlling tumor development [383]. In Jα18−/− mice,
C. crescentus treatment significantly slowed both EL4 and B16 tumor growth compared to
WT, suggesting type I NKT cells have an immunomodulatory role against CD1d-restricted
NKT cells that prevents antitumor activity [383]. When Jα18−/− bone marrow derived DCs
were plated in vitro with C. crescentus, lower levels of IL-10 and higher levels of IL-12p70
were produced. IL-12p70 is a cytokine known to shift T cells towards a Th1 phenotype
and is also thought to be involved in antitumor immunity [383]. CD40, CD86, CD80, and
IL-12 expressions were also elevated, suggesting these DCs stimulated by C. crescentus may
enhance activation of antigen-specific T cells and NK cells [383]. While largely considered
non-pathogenic, C. crescentus is capable of instigating a strong T cell response [383]. There-
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fore, it is proposed that C. crescentus triggers the innate immune response, stimulates CD1d
recognition and presentation of tumor associated antigens by DCs, activating NKT cells to
produce IFN and resulting in immunosurveillance that responds to tumor cells expressing
CD1d [383]. Further research to identify what specific molecules or antigens of C. crescentus
are responsible for initiating the type II NKT cell immune response would be of great value
to harness and improve antitumor effects.

4.3. Lactobacilli
4.3.1. Lactobacilli Basic Microbiology

Lactobacilli are Gram-positive Facultative anaerobic that do not form spores
(Figure 7A) [384]. These rod shape bacteria are catalase negative [384].

4.3.2. Lactobacilli Genome

The median length reported for Lactobacilli is 1.76 Mbp, with a median GC content of
38.8% (Figure 7A) [385].

4.3.3. Lactobacilli Background and History

Lactobacilli are commonly found inhabiting the human microbiota [386,387] in the
mouth, gastrointestinal tract, and vagina [384]. Lactobacilli are critical for the production
of many dairy products (e.g., cheese, yogurt), fermented foods (e.g., pickles, olives) [384]
and supplements because of its probiotic capabilities [386]. Studies have investigated the
effects both as a prophylactic capable of preventing cancer development and as a treatment
for cancer. The antitumor effects of Lactobacillus have made it a topic of particular interest
for its potential as an immunoadjuvant or drug delivery system.

4.3.4. Lactobacilli Cell Surface

Some Lactobacillus strains, such as L. acidophilus, have been characterized to express
lipoteichoic acid (LTA) in the cell surface [387] capable of triggering cytokine release and
dendritic cell stimulation (Figure 7B) [387]. LTA has been shown to interact with immune
cells via TLR-2 [22,26,387] and also activates the complement system to increase C5a, [26]
promoting the NF-kB pathway [379] to release pro-inflammatory cytokines and induc-
ing an enhanced host immune response [26,379,387] (Figure 2). Colon polyp (TS4Cre ×
APClox468) murine models treated with the L. acidophilus LTA+ strain, NCK56, exhibited
an immune response. In contrast, those given the LTA− strain, NCK2025, had levels of
intrapolyp mast cells, reduced T regs, and decreased dendritic cells levels like those of
healthy mice. Cumulatively, treatment with the NCK2025 LTA− strain downregulated in-
flammation, resulting in a “reset” immune environment that protected against the potential
development of colon cancer [387]. Taking advantage of LTA’s ability to regulate the host
immune system could be a simple tool to exploit the characteristic immunogenicity of LTA
to attract and target the immune response. Conversely, removal of LTA, could allow Lacto-
bacillus or other LTA-expressing bacteria localized more efficiently without stimulating an
immune response.

Another protein found on many species of Lactobacillus is the S-protein, which is the
main component of the cell surface S-layer (Figure 7B) [388]. The S-layer allows Lactobacillus
to strongly adhere to enterocytes, providing protection in the form of a physical barrier over
the cells of the intestine and inhibiting pathogen adherence [388]. Strains of L. salivarius,
L. reuteri, and L. johnsonii have undergone in vitro evaluation with intestinal epithelial cell
(Caco-2) cultures. Some strains, such as L. reuteri JN981858 and JN981, indicated high
levels of adhesive ability [388]. In contrast, L. salivarius ZJ614, L. reuteri ZJ616, L. reuteri
ZJ617, L. reuteri ZJ621, and L. reuteri ZJ616 were all strong inhibitors of E. coli K88 and
S. enteritidis 50,335 adhesion to intestinal epithelial cells. Removal of the S-layer reduced
this ability [388]. These species-specific nuances indicate other factors likely influence
these interactions.



Pharmaceutics 2023, 15, 2004 45 of 63

4.3.5. Lactobacilli Metabolism and Byproduct Secretion

Optimal growth of Lactobaccili generally occurs under microaerophilic conditions
and because the primarily are carbohydrate fermenters, produces lactic acid [384]. A
metabolite isolated from L. acidophilus, cb-EPS, has indicated antitumor effects (Figure 7B).
In human colorectal cancer (HT-29) cell cultures, cb-EPS treatment significantly affected
cell morphology, but intriguingly not the cell cycle, and showed both dose-dependent
and temporal-dependent action inhibiting cell proliferation [389]. cb-EPS may induce
tumor cell autophagy via regulation apoptotic factors since Bcl-2 expression decreased but
Bak increased [389]. Beclin-1, an inducer of autophagy factor expression, and GRP78, a
protein involved in cell processes such as endoplasmic reticulum stress, both had increased
expression after cb-EPS treatment, indicating that cb-EPS may regulate these signaling
molecules through mechanisms of ER stress to ultimately promote autophagy in cancer
cells [389]. L. acidophilus produced cb-EPS has the potential to be harnessed as an onco-
therapeutic agent, but in vivo studies are needed for further investigation.

4.3.6. Lactobacilli Oncolytic Development

L. casei has been studied for its prophylactic effects in BALB/c models [390,391].
When administered orally prior to the introduction of colon carcinoma (CT26) tumor cells,
L. casei treatment resulted in persistent elevated IFN-γ and IL-12 within the TME, attracting
cytotoxic T cells and NK cells to the tumor. Ultimately, this treatment could inhibit tumor
growth by stimulating Th1 immune response and promoting cytotoxic T cell migration to
the tumor site [390], generating an immunomodulatory effect with notable potential for
further development as an oncotherapeutic adjuvant.

Different routes of administration of L. casei have also been studied, with intriguingly
different outcomes. In lung cancer (TC-1) C57BL/6 models, intranasal administration
resulted in reduced tumor onset [386]. When administered subcutaneously, L. casei reduced
tumor size, but not protect against tumor onset [386]. Both subcutaneous and intranasal
administration of L. casei demonstrated increased IL-2 levels—recruiting lymphocytes and
NK cells to initiate the host anti-tumor response [386]. The intranasal treatment showed a
negative correlation between tumor size and CD3+, CD8+, NK cell abundance, and Foxp3+,
indicating a systemic immune response [386]. Understanding and determining the best
route of administering L. casei, and oncolytic bacterial in general, will prove critical for
clinical translation.

The specific migration and accumulation of L. casei to the tumor microenvironment
has also been studied in ddY mice with sarcoma (S-180) cells and BALB/c mice with colon
adenocarcinoma (C26) cells [391]. In this case, vascular mediators were administered prior
to treatment with L. casei to enhance delivery through leaky vasculature characteristic of
tumors [391]. Nitroglycerin, a common and well-studied medication, significantly increased
bacteria delivery, and improved the antitumor effects of L. casei resulting in a prolonged
survival rate [391]. Enalapril, an ACE inhibitor, also increased delivery and accumulation
of the bacteria, but interestingly, not as drastically [391]. After intravenous administration,
L. casei was quickly cleared from normal tissue but accumulated specifically within tumor
tissue [391]. Levels of Inflammatory cytokines such as IL-6, MCP-1, and TNF-α were
altered in serum, but increased TNF-α and NOS in tumor tissues was observed, even more
so when augmented with nitroglycerin [391]. This study demonstrates the potential for
L. casei as a carrier for targeted drug delivery to tumor cells without harmful or pathogenic
effects on other tissues. Further, the application of vascular mediators to increase tumor
permeability and enhance delivery of bacteria to the tumor site is not specific for use with
L. casei and could be used with other anaerobic bacteria as well.

5. Future Perspective

Oncolytic bacteria are a rapidly progressing and expanding field of study that is just
beginning to see clinical translation. The oncolytic capabilities of these bacteria stem from
surface proteins, secreted proteins, and metabolic capabilities. A greater understanding of



Pharmaceutics 2023, 15, 2004 46 of 63

these characteristics should be at the forefront of current research to better comprehend anti-
cancer capacities and immune modulation. While usually incredibly selective and specific,
it is possible for these bacteria to secrete harmful toxins or trigger immune responses that
are destructive to normal, healthy cells. Genetic engineering and directed evolution can be
used to not only address safety issues, but to expand the oncolytic capability of bacteria and
improve effectiveness in different types of tumors through harnessing unique components.

Significant challenges face these developing fields of oncolytic and prophylactic bac-
teria in order to ensure their safety and reproducibility. Additionally, both the cost and
availability of these bacteria should be considered. Given the intrinsic capacity for repli-
cation, live biologic therapeutics could serve to address socioeconomic issues intrinsic to
health care. This field cannot forget how the dysregulation and improper implementation
of Coley’s toxin led to both negative patient outcomes and ultimately widespread mistrust
from patients, clinicians, and the general public. Current studies must prove these bacteria
can not only be effective, implemented safely and with widespread reproducibility. Careful,
well-verified modification of these oncolytic and prophylactic bacteria can and will lead to
treatment options capable of ‘hijacking’ the host immune response, harnessing it to mitigate
solid tumors.

6. Conclusions

Oncolytic bacteria offer many promising avenues for novel cancer therapeutics by
providing a more targeted, effective approach for either bacterial-mediated anti-cancer
activities or bacterial-mediated drug delivery. Recent advances in bioengineering, directed
evolution, and synthetic biology have allowed for the amplification and/or addition of
further anti-cancer capacities intrinsic to these bacterial species, even extending as far
as prophylactic anti-cancer treatments preventing the formation of solid tumors. Solid
tumors provide unique microenvironments that while challenging to canonical therapeutics,
represent an advantageous physiological niche for the colonization and subsequent lysis of
cancer cells by these oncolytic bacteria. While surgery, radiation, and chemotherapy remain
mainstays for treating solid tumors, oncolytic bacteria offer several potent advantages
over these modalities—including the potential to overcome drug resistance and reduce the
risk of tumor recurrence. The creativity, flexibility, and innovation demonstrated by these
growing fields are encouraging, lending to the belief that the question of if cancer can be
cured will soon shift to when it will be cured. Technological advancement and the use of
oncolytic bacteria development is expected to herald a new era in pharmaceutical research
and development of cancer treatments.
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Abbreviations

ABC transporters ATP Binding cassette transporters
ActA Actin assembly-inducing surface protein
ADEPT Antibody directed-enzyme-prodrug therapy
AFM Atomic force microscopy
ATF Ambient temperature fimbriae
ATP Adenosine triphosphate
B-CLL B cell lymphocytic leukemia
BCG Bacille Calmette-Guerin
bETE b-Exotoxin I exporter
C. novyi-NT Clostridium novyi-Non Toxic
CCL-19 Chemokine ligand 19
CCR-7 Chemokine receptor 7
ClyA Cytolysin A
COBALT Combination bacteriolytic therapy
CPS Capsular polysaccharides
Crp Cyclic AMP receptor protein
CXCL-10 Chemokine ligand 10
CXCL-2 Chemokine ligand 2
DAMPs Damage-associated molecular patterns
DEPT Directed-enzyme-prodrug therapy
EPS Exopolysaccaride
FAP Fibronectin attachment protein
FEA Flagella export apparatus
FPE Fimbrilin Protein Exporter
GDEPT Gene directed-enzyme-prodrug therapy
HIF-1α Hypoxia Inducible Factor-1α
HMGB1 High-mobility group box 1 protein
HMME Hematoprophyrin monomethyl ether
IFN-γ Interferon gamma
InlA Internalin A
InlB Internalin B
IPA Indole-3-propionic acid
ISE Insertion sequence elements
LLO Listeriolysin O
LPS Lipopolysaccharide
LTA Lipoteichoic acid
LTP Lipoprotein translocase
MHC Major histocompatibility complex
MIF Migration inhibitor factor
MIP Mycobacterium indicus pranii
MMP-9 Metalloproteinase 9
MR/P Mannose-resistant Proteus-like fimbriae
MscL Mechanosensitive ion channel
mTNF-α Mouse tumor necrosis factor alpha
NETs Neutrophil extracellular traps
NK cell Natural Killer cell
NLRs NOD-like receptors
NO Nitric Oxide
Nrp Non-ribosomal peptide
NTG Nitroguanidine
ODN Oligodexoynucleotides
OmpA Outer membrane protein A
OMPs Outer membrane proteins
OMV Outer membrane vesicles
PAMPs Pathogen-associated molecular patterns
Pbt Proteobactin



Pharmaceutics 2023, 15, 2004 48 of 63

PDX Patient-derived xenograft
PE/PPE Proline-glutamate or Proline-proline Glutamate
PEI Polyethyleneimine
Pep1E Peptide-1 exporter
Pep2E Peptide-2 exporter
Pep4E Peptide-4 exporter
Pep5E Peptide-5 exporter
PMF Proteus mirabilis fimbriae
Pmg Mycobacterium pargordonae
PRRs Pattern recognition receptors
Pta Proteus-toxic agglutinin
rIL-2 Rat interleukin-2
RLRs RIG-I-like receptors
SCID Severe combined immunodeficiency
Sec Secretory pathway
SLAP Spacious Listeria-containing phagosomes
SLH S-layer Homology domains
SPE Streptococcal pyrogenic toxins
STING pathway Stimulator interferon genes
Tad system Tight adherence system
tat Twin arginine translocation pathway
TB Tuberculosis
TeTx Tetanus toxin
TME Tumor microenvironment
TNF-α Tumor necrosis factor-alpha
UCA Uroepithelial cell adhesin
UTI Urinary tract infection
WHO World Health Organization
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The Role of IL-6 in Cancer Cell Invasiveness and Metastasis—Overview and Therapeutic Opportunities. Cells 2022, 11, 3698.
[CrossRef]

52. Khan, F.H.; Dervan, E.; Bhattacharyya, D.D.; McAuliffe, J.D.; Miranda, K.M.; Glynn, S.A. The Role of Nitric Oxide in Cancer:
Master Regulator or NOt? Int. J. Mol. Sci. 2020, 21, 9393. [CrossRef]

53. Nakanishi, M.; Shimada, M.; Niida, H. Genetic instability in cancer cells by impaired cell cycle checkpoints. Cancer Sci. 2006, 97,
984–989. [CrossRef] [PubMed]

54. Ow, Y.-L.P.; Green, D.R.; Hao, Z.; Mak, T.W. Cytochrome c: Functions beyond respiration. Nat. Rev. Mol. Cell Biol. 2008, 9, 532–542.
[CrossRef] [PubMed]

55. Morbidelli, L.; Donnini, S.; Ziche, M. Role of Nitric Oxide in the Modulation of Angiogenesis. Curr. Pharm. Des. 2023, 9, 521–530.
[CrossRef]

56. Dailey, K.M.; Allgood, J.E.; Johnson, P.R.; Ostlie, M.A.; Schaner, K.C.; Brooks, B.D.; Brooks, A.E. The next frontier of oncotherapy:
Accomplishing clinical translation of oncolytic bacteria through genetic engineering. Future Microbiol 2021, 16, 341–368. [CrossRef]

57. Pierce, K.M.; Miklavcic, W.R.; Cook, K.P.; Hennen, M.S.; Bayles, K.W.; Hollingsworth, M.A.; Brooks, A.E.; Pullan, J.E.; Dailey, K.M.
The Evolution and Future of Targeted Cancer Therapy: From Nanoparticles, Oncolytic Viruses, and Oncolytic Bacteria to the
Treatment of Solid Tumors. Nanomaterials 2021, 11, 3018. [CrossRef] [PubMed]

58. Sára, M.; Sleytr, U.B. S-Layer Proteins. J. Bacteriol. 2000, 182, 859–868. [CrossRef]
59. Rutherford, N.; Mourez, M. Surface display of proteins by Gram-negative bacterial autotransporters. Microb. Cell Factories 2006,

5, 22. [CrossRef]
60. Genomic Analysis of the Protein Secretion Systems in Clostridium Acetobutylicum ATCC 824—ScienceDirect. Available online:

https://www.sciencedirect.com/science/article/pii/S0167488905000777 (accessed on 25 January 2023).
61. Dassa, E.; Bouige, P. The ABC of ABCs: A phylogenetic and functional classification of ABC systems in living organisms. Res.

Microbiol. 2001, 152, 211–229. [CrossRef] [PubMed]
62. Pivetti, C.D.; Yen, M.-R.; Miller, S.; Busch, W.; Tseng, Y.-H.; Booth, I.R.; Saier, J.M.H. Two Families of Mechanosensitive Channel

Proteins|Microbiology and Molecular Biology Reviews. Available online: https://journals.asm.org/doi/full/10.1128/MMBR.67
.1.66-85.2003 (accessed on 26 January 2023).

63. Lange, C.; Aaby, P.; Behr, M.A.; Donald, P.R.; Kaufmann, S.H.E.; Netea, M.G.; Mandalakas, A.M. 100 years of Mycobacterium
bovis bacille Calmette-Guérin. Lancet Infect. Dis. 2022, 22, e2–e12. [CrossRef] [PubMed]

64. Kativhu, C.L.; Libraty, D.H. A Model to Explain How the Bacille Calmette Guérin (BCG) Vaccine Drives Interleukin-12 Production
in Neonates. PLoS ONE 2016, 11, e0162148. [CrossRef] [PubMed]

65. Elkabani, M.; Greene, J.N.; Vincent, A.L.; Vanhook, S.; Sandin, R.L. Disseminated Mycobacterium Bovis after Intravesicular
Bacillus Calmette-Guérin Treatments for Bladder Cancer. Cancer Control 2000, 7, 476–481. [CrossRef]

66. Zlotta, A.R.; Van Vooren, J.P.; Denis, O.; Drowart, A.; Daffé, M.; Lefèvre, P.; Schandene, L.; De Cock, M.; De Bruyn, J.; Vanden-
bussche, P.; et al. What are the immunologically active components of bacille Calmette-Guérin in therapy of superficial bladder
cancer? Int. J. Cancer 2000, 87, 844–852. [CrossRef]

67. Klebsiella Pneumoniae (ID 815)—Genome—NCBI. Available online: https://www.ncbi.nlm.nih.gov/genome/?term=Klebsiella%
20pneumoniae%5BOrganism%5D&cmd=DetailsSearch (accessed on 19 March 2023).

68. Ashurst, J.V.; Dawson, A. Klebsiella Pneumonia. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.
69. Bazett, M.; Costa, A.M.; Bosiljcic, M.; Anderson, R.M.; Alexander, M.P.; Wong, S.W.Y.; Dhanji, S.; Chen, J.M.; Pankovich, J.; Lam,

S.; et al. Harnessing innate lung anti-cancer effector functions with a novel bacterial-derived immunotherapy. Oncoimmunology
2017, 7, e1398875. [CrossRef]

https://doi.org/10.3389/fimmu.2022.1049340
https://doi.org/10.1016/j.phymed.2019.152925
https://doi.org/10.1038/s41577-020-0288-3
https://doi.org/10.3389/fimmu.2020.01749
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1042/BST20190629
https://doi.org/10.1634/theoncologist.11-4-397
https://www.ncbi.nlm.nih.gov/pubmed/16614236
https://doi.org/10.3389/fimmu.2019.01818
https://www.ncbi.nlm.nih.gov/pubmed/31417576
https://doi.org/10.1111/j.1745-7254.2008.00889.x
https://doi.org/10.1093/intimm/dxaa078
https://www.ncbi.nlm.nih.gov/pubmed/33337480
https://doi.org/10.3390/cells11223698
https://doi.org/10.3390/ijms21249393
https://doi.org/10.1111/j.1349-7006.2006.00289.x
https://www.ncbi.nlm.nih.gov/pubmed/16925578
https://doi.org/10.1038/nrm2434
https://www.ncbi.nlm.nih.gov/pubmed/18568041
https://doi.org/10.2174/1381612033391405
https://doi.org/10.2217/fmb-2020-0245
https://doi.org/10.3390/nano11113018
https://www.ncbi.nlm.nih.gov/pubmed/34835785
https://doi.org/10.1128/JB.182.4.859-868.2000
https://doi.org/10.1186/1475-2859-5-22
https://www.sciencedirect.com/science/article/pii/S0167488905000777
https://doi.org/10.1016/S0923-2508(01)01194-9
https://www.ncbi.nlm.nih.gov/pubmed/11421270
https://journals.asm.org/doi/full/10.1128/MMBR.67.1.66-85.2003
https://journals.asm.org/doi/full/10.1128/MMBR.67.1.66-85.2003
https://doi.org/10.1016/S1473-3099(21)00403-5
https://www.ncbi.nlm.nih.gov/pubmed/34506734
https://doi.org/10.1371/journal.pone.0162148
https://www.ncbi.nlm.nih.gov/pubmed/27571272
https://doi.org/10.1177/107327480000700512
https://doi.org/10.1002/1097-0215(20000915)87:6&lt;844::AID-IJC14&gt;3.0.CO;2-5
https://www.ncbi.nlm.nih.gov/genome/?term=Klebsiella%20pneumoniae%5BOrganism%5D&cmd=DetailsSearch
https://www.ncbi.nlm.nih.gov/genome/?term=Klebsiella%20pneumoniae%5BOrganism%5D&cmd=DetailsSearch
https://doi.org/10.1080/2162402X.2017.1398875


Pharmaceutics 2023, 15, 2004 51 of 63

70. Wieland, C.W.; van Lieshout, M.H.P.; Hoogendijk, A.J.; van der Poll, T. Host defence during Klebsiella pneumonia relies on
haematopoietic-expressed Toll-like receptors 4 and 2. Eur. Respir. J. 2011, 37, 848–857. [CrossRef]

71. Josephs, S.F.; Ichim, T.E.; Prince, S.M.; Kesari, S.; Marincola, F.M.; Escobedo, A.R.; Jafri, A. Unleashing endogenous TNF-alpha as
a cancer immunotherapeutic. J. Transl. Med. 2018, 16, 242. [CrossRef] [PubMed]

72. Van Elssen, C.H.M.J.; Vanderlocht, J.; Frings, P.W.H.; Senden-Gijsbers, B.L.M.G.; Schnijderberg, M.C.A.; van Gelder, M.; Meek,
B.; Libon, C.; Ferlazzo, G.; Germeraad, W.T.V.; et al. Klebsiella pneumoniae-triggered DC recruit human NK cells in a CCR5-
dependent manner leading to increased CCL19-responsiveness and activation of NK cells. Eur. J. Immunol. 2010, 40, 3138–3149.
[CrossRef] [PubMed]

73. Tugues, S.; Burkhard, S.H.; Ohs, I.; Vrohlings, M.; Nussbaum, K.; vom Berg, J.; Kulig, P.; Becher, B. New insights into IL-12-
mediated tumor suppression. Cell Death Differ. 2015, 22, 237–246. [CrossRef]

74. Llobet, E.; March, C.; Giménez, P.; Bengoechea, J.A. Klebsiella pneumoniae OmpA Confers Resistance to Antimicrobial Peptides.
Antimicrob. Agents Chemother. 2009, 53, 298–302. [CrossRef]

75. Schroll, C.; Barken, K.B.; Krogfelt, K.A.; Struve, C. Role of type 1 and type 3 fimbriae in Klebsiella pneumoniae biofilm formation.
BMC Microbiol. 2010, 10, 179. [CrossRef]

76. Song, S.; Vuai, M.S.; Zhong, M. The role of bacteria in cancer therapy—Enemies in the past, but allies at present. Infect. Agents
Cancer 2018, 13, 9. [CrossRef] [PubMed]

77. Liu, D.; Yang, Z.; Chen, Y.; Zhuang, W.; Niu, H.; Wu, J.; Ying, H. Clostridium acetobutylicum grows vegetatively in a biofilm rich in
heteropolysaccharides and cytoplasmic proteins. Biotechnol. Biofuels 2018, 11, 315. [CrossRef] [PubMed]

78. Dunne, W.M. Bacterial Adhesion: Seen Any Good Biofilms Lately? Clin. Microbiol. Rev. 2002, 15, 155–166. [CrossRef]
79. Mirzaei, R.; Sabokroo, N.; Ahmadyousefi, Y.; Motamedi, H.; Karampoor, S. Immunometabolism in biofilm infection: Lessons

from cancer. Mol. Med. 2022, 28, 10. [CrossRef] [PubMed]
80. Yang, J.; Hwang, I.; Lee, E.; Shin, S.J.; Lee, E.-J.; Rhee, J.H.; Yu, J.-W. Bacterial Outer Membrane Vesicle-Mediated Cytosolic

Delivery of Flagellin Triggers Host NLRC4 Canonical Inflammasome Signaling. Front. Immunol. 2020, 11, 581165. [CrossRef]
[PubMed]

81. Lee, J.C.; Lee, E.J.; Lee, J.H.; Jun, S.H.; Choi, C.W.; Kim, S.I.; Kang, S.S.; Hyun, S. Klebsiella pneumoniae secretes outer membrane
vesicles that induce the innate immune response. FEMS Microbiol. Lett. 2012, 331, 17–24. [CrossRef]

82. Hetz, C.; Bono, M.R.; Barros, L.F.; Lagos, R. Microcin E492, a channel-forming bacteriocin from Klebsiella pneumoniae, induces
apoptosis in some human cell lines. Proc. Natl. Acad. Sci. USA 2002, 99, 2696–2701. [CrossRef]

83. Darbandi, A.; Asadi, A.; Ari, M.M.; Ohadi, E.; Talebi, M.; Zadeh, M.H.; Emamie, A.D.; Ghanavati, R.; Kakanj, M. Bacteriocins:
Properties and potential use as antimicrobials. J. Clin. Lab. Anal. 2022, 36, e24093. [CrossRef]

84. Paczosa, M.K.; Mecsas, J. Klebsiella pneumoniae: Going on the Offense with a Strong Defense. Microbiol. Mol. Biol. Rev. 2016, 80,
629–661. [CrossRef]

85. Harimoto, T.; Hahn, J.; Chen, Y.-Y.; Im, J.; Zhang, J.; Hou, N.; Li, F.; Coker, C.; Gray, K.; Harr, N.; et al. A programmable
encapsulation system improves delivery of therapeutic bacteria in mice. Nat. Biotechnol. 2022, 40, 1259–1269. [CrossRef] [PubMed]

86. Chen, Q.-W.; Qiao, J.-Y.; Liu, X.-H.; Zhang, C.; Zhang, X.-Z. Customized materials-assisted microorganisms in tumor therapeutics.
Chem. Soc. Rev. 2021, 50, 12576–12615. [CrossRef]

87. Feldman, M.F.; Bridwell, A.E.M.; Scott, N.E.; Vinogradov, E.; McKee, S.R.; Chavez, S.M.; Twentyman, J.; Stallings, C.L.; Rosen,
D.A.; Harding, C.M. A promising bioconjugate vaccine against hypervirulent Klebsiella pneumoniae. Proc. Natl. Acad. Sci. USA
2019, 116, 18655–18663. [CrossRef]

88. Fang, C.-T.; Chuang, Y.-P.; Shun, C.-T.; Chang, S.-C.; Wang, J.-T. A Novel Virulence Gene in Klebsiella pneumoniae Strains
Causing Primary Liver Abscess and Septic Metastatic Complications. J. Exp. Med. 2004, 199, 697–705. [CrossRef]

89. Gröbner, S.; Lukowski, R.; Autenrieth, I.B.; Ruth, P. Lipopolysaccharide induces cell volume increase and migration of dendritic
cells. Microbiol. Immunol. 2014, 58, 61–67. [CrossRef]

90. Qu Biologics Inc. Open Label, Single Arm, Exploratory Study to Evaluate the Safety, Tolerability, Compliance and MOA, of
QBKPN SSI in Subjects with 2 or More Second Primary Pre-invasive/Invasive Adenocarcinoma Following Surgical Resection of
Stage I NSCLC; clinicaltrials.gov. 2016. Available online: https://classic.clinicaltrials.gov/ct2/show/NCT02256852 (accessed on
17 July 2023).

91. Greenberger, M.J.; Kunkel, S.L.; Strieter, R.M.; Lukacs, N.W.; Bramson, J.; Gauldie, J.; Graham, F.L.; Hitt, M.; Danforth, J.M.;
Standiford, T.J. IL-12 gene therapy protects mice in lethal Klebsiella pneumonia. J. Immunol. 1996, 157, 3006–3012. [CrossRef]

92. Vázquez-Boland, J.A.; Kuhn, M.; Berche, P.; Chakraborty, T.; Domínguez-Bernal, G.; Goebel, W.; González-Zorn, B.; Wehland, J.;
Kreft, J. Listeria Pathogenesis and Molecular Virulence Determinants. Clin. Microbiol. Rev. 2001, 14, 584–640. [CrossRef] [PubMed]

93. Gaillard, J.L.; Berche, P.; Frehel, C.; Gouin, E.; Cossart, P. Entry of L. monocytogenes into cells is mediated by internalin, a repeat
protein reminiscent of surface antigens from gram-positive cocci. Cell 1991, 65, 1127–1141. [CrossRef]

94. Domann, E.; Wehland, J.; Rohde, M.; Pistor, S.; Hartl, M.; Goebel, W.; Leimeister-Wächter, M.; Wuenscher, M.; Chakraborty, T. A
novel bacterial virulence gene in Listeria monocytogenes required for host cell microfilament interaction with homology to the
proline-rich region of vinculin. EMBO J. 1992, 11, 1981–1990. [CrossRef]

95. Ireton, K.; Mortuza, R.; Gyanwali, G.C.; Gianfelice, A.; Hussain, M. Role of internalin proteins in the pathogenesis of Listeria
monocytogenes. Mol. Microbiol. 2021, 116, 1407–1419. [CrossRef] [PubMed]

https://doi.org/10.1183/09031936.00076510
https://doi.org/10.1186/s12967-018-1611-7
https://www.ncbi.nlm.nih.gov/pubmed/30170620
https://doi.org/10.1002/eji.201040496
https://www.ncbi.nlm.nih.gov/pubmed/20865789
https://doi.org/10.1038/cdd.2014.134
https://doi.org/10.1128/AAC.00657-08
https://doi.org/10.1186/1471-2180-10-179
https://doi.org/10.1186/s13027-018-0180-y
https://www.ncbi.nlm.nih.gov/pubmed/29568324
https://doi.org/10.1186/s13068-018-1316-4
https://www.ncbi.nlm.nih.gov/pubmed/30479660
https://doi.org/10.1128/CMR.15.2.155-166.2002
https://doi.org/10.1186/s10020-022-00435-2
https://www.ncbi.nlm.nih.gov/pubmed/35093033
https://doi.org/10.3389/fimmu.2020.581165
https://www.ncbi.nlm.nih.gov/pubmed/33312172
https://doi.org/10.1111/j.1574-6968.2012.02549.x
https://doi.org/10.1073/pnas.052709699
https://doi.org/10.1002/jcla.24093
https://doi.org/10.1128/MMBR.00078-15
https://doi.org/10.1038/s41587-022-01244-y
https://www.ncbi.nlm.nih.gov/pubmed/35301496
https://doi.org/10.1039/D0CS01571G
https://doi.org/10.1073/pnas.1907833116
https://doi.org/10.1084/jem.20030857
https://doi.org/10.1111/1348-0421.12116
https://classic.clinicaltrials.gov/ct2/show/NCT02256852
https://doi.org/10.4049/jimmunol.157.7.3006
https://doi.org/10.1128/CMR.14.3.584-640.2001
https://www.ncbi.nlm.nih.gov/pubmed/11432815
https://doi.org/10.1016/0092-8674(91)90009-N
https://doi.org/10.1002/j.1460-2075.1992.tb05252.x
https://doi.org/10.1111/mmi.14836
https://www.ncbi.nlm.nih.gov/pubmed/34704304


Pharmaceutics 2023, 15, 2004 52 of 63

96. Mengaud, J.; Ohayon, H.; Gounon, P.; Mege, R.-M.; Cossart, P. E-cadherin is the receptor for internalin, a surface protein required
for entry of L. monocytogenes into epithelial cells. Cell 1996, 84, 923–932. [CrossRef] [PubMed]

97. Shen, Y.; Naujokas, M.; Park, M.; Ireton, K. InIB-dependent internalization of Listeria is mediated by the Met receptor tyrosine
kinase. Cell 2000, 103, 501–510. [CrossRef]

98. Lecuit, M. Understanding how Listeria monocytogenes targets and crosses host barriers. Clin. Microbiol. Infect. 2005, 11, 430–436.
[CrossRef]

99. Mungunsukh, O.; Lee, Y.H.; Marquez, A.P.; Cecchi, F.; Bottaro, D.P.; Day, R.M. A tandem repeat of a fragment of Listeria
monocytogenes internalin B protein induces cell survival and proliferation. Am. J. Physiol. Lung Cell Mol. Physiol. 2010, 299,
L905–L914. [CrossRef] [PubMed]

100. Birmingham, C.L.; Canadien, V.; Kaniuk, N.A.; Steinberg, B.E.; Higgins, D.E.; Brumell, J.H. Listeriolysin O allows Listeria
monocytogenes replication in macrophage vacuoles. Nature 2008, 451, 350–354. [CrossRef]

101. Glomski, I.J.; Decatur, A.L.; Portnoy, D.A. Listeria monocytogenes mutants that fail to compartmentalize listerolysin O activity
are cytotoxic, avirulent, and unable to evade host extracellular defenses. Infect. Immun. 2003, 71, 6754–6765. [CrossRef]

102. Quereda, J.J.; Morón-García, A.; Palacios-Gorba, C.; Dessaux, C.; García-Del Portillo, F.; Pucciarelli, M.G.; Ortega, A.D. Pathogenic-
ity and virulence of Listeria monocytogenes: A trip from environmental to medical microbiology. Virulence 2021, 12, 2509–2545.
[CrossRef]

103. Repp, H.; Pamukci, Z.; Koschinski, A.; Domann, E.; Darji, A.; Birringer, J.; Brockmeier, D.; Chakraborty, T.; Dreyer, F. Listeriolysin
of Listeria monocytogenes forms Ca2+-permeable pores leading to intracellular Ca2+ oscillations. Cell. Microbiol. 2002, 4, 483–491.
[CrossRef]

104. Föller, M.; Shumilina, E.; Lam, R.; Mohamed, W.; Kasinathan, R.; Huber, S.; Chakraborty, T.; Lang, F. Induction of suicidal
erythrocyte death by listeriolysin from Listeria monocytogenes. Cell. Physiol. Biochem. 2007, 20, 1051–1060. [CrossRef] [PubMed]

105. Kohda, C.; Kawamura, I.; Baba, H.; Nomura, T.; Ito, Y.; Kimoto, T.; Watanabe, I.; Mitsuyama, M. Dissociated linkage of cytokine-
inducing activity and cytotoxicity to different domains of listeriolysin O from Listeria monocytogenes. Infect. Immun. 2002, 70,
1334–1341. [CrossRef]

106. Pamer, E.G.; Harty, J.T.; Bevan, M.J. Precise prediction of a dominant class I MHC-restricted epitope of Listeria monocytogenes.
Nature 1991, 353, 852–855. [CrossRef] [PubMed]

107. Hayashi, F.; Smith, K.D.; Ozinsky, A.; Hawn, T.R.; Yi, E.C.; Goodlett, D.R.; Eng, J.K.; Akira, S.; Underhill, D.M.; Aderem, A.
The innate immune response to bacterial flagellin is mediated by Toll-like receptor 5. Nature 2001, 410, 1099–1103. [CrossRef]
[PubMed]

108. Way, S.S.; Thompson, L.J.; Lopes, J.E.; Hajjar, A.M.; Kollmann, T.R.; Freitag, N.E.; Wilson, C.B. Characterization of flagellin
expression and its role in Listeria monocytogenes infection and immunity. Cell. Microbiol. 2004, 6, 235–242. [CrossRef] [PubMed]

109. Girardin, S.E.; Travassos, L.H.; Hervé, M.; Blanot, D.; Boneca, I.G.; Philpott, D.J.; Sansonetti, P.J.; Mengin-Lecreulx, D.; Bouma, B.;
Kroon-Batenburg, L.M.J.; et al. Peptidoglycan molecular requirements allowing detection by Nod1 and Nod2. J. Biol. Chem. 2003,
278, 41702–41708. [CrossRef]

110. Safley, S.A.; Jensen, P.E.; Reay, P.A.; Ziegler, H.K. Mechanisms of T cell epitope immunodominance analyzed in murine listeriosis.
J. Immunol. 1995, 155, 4355–4366. [CrossRef]

111. Oladejo, M.; Paterson, Y.; Wood, L.M. Clinical Experience and Recent Advances in the Development of Listeria-Based Tumor
Immunotherapies. Front. Immunol. 2021, 12, 642316. [CrossRef] [PubMed]

112. Jensen, E.R.; Glass, A.A.; Clark, W.R.; Wing, E.J.; Miller, J.F.; Gregory, S.H. Fas (CD95)-dependent cell-mediated immunity to
Listeria monocytogenes. Infect. Immun. 1998, 66, 4143–4150. [CrossRef] [PubMed]

113. White, D.W.; Harty, J.T. Perforin-deficient CD8+ T cells provide immunity to Listeria monocytogenes by a mechanism that is
independent of CD95 and IFN-gamma but requires TNF-alpha. J. Immunol. 1998, 160, 898–905. [CrossRef]

114. Kägi, D.; Ledermann, B.; Bürki, K.; Hengartner, H.; Zinkernagel, R.M. CD8+ T cell-mediated protection against an intracellular
bacterium by perforin-dependent cytotoxicity. Eur. J. Immunol. 1994, 24, 3068–3072. [CrossRef]

115. Barbuddhe, S.; Chakraborty, T. Biotechnological applications of Listeria’s sophisticated infection strategies. Microb. Biotechnol.
2008, 1, 361–372. [CrossRef]

116. Brunt, L.M.; Portnoy, D.A.; Unanue, E.R. Presentation of Listeria monocytogenes to CD8+ T cells requires secretion of hemolysin
and intracellular bacterial growth. J. Immunol. 1990, 145, 3540–3546. [CrossRef]

117. Stark, F.C.; Sad, S.; Krishnan, L. Intracellular bacterial vectors that induce CD8+ T cells with similar cytolytic abilities but disparate
memory phenotypes provide contrasting tumor protection. Cancer Res. 2009, 69, 4327–4334. [CrossRef] [PubMed]

118. Orme, I.M. Active and memory immunity to Listeria monocytogenes infection in mice is mediated by phenotypically distinct
T-cell populations. Immunology 1989, 68, 93–95. [PubMed]

119. Makino, M.; Kawai, M.; Kawamura, I.; Fujita, M.; Gejo, F.; Mitsuyama, M. Involvement of Reactive Oxygen Intermediate in
the Enhanced Expression of Virulence-Associated Genes of Listeria monocytogenes inside Activated Macrophages. Microbiol.
Immunol. 2005, 49, 805–811. [CrossRef]

120. Kim, S.H.; Castro, F.; Paterson, Y.; Gravekamp, C. High efficacy of a Listeria-based vaccine against metastatic breast cancer reveals
a dual mode of action. Cancer Res. 2009, 69, 5860–5866. [CrossRef]

121. Mycobacterium (ID 13563)—Genome—NCBI. Available online: https://www.ncbi.nlm.nih.gov/genome/13563 (accessed on
19 March 2023).

https://doi.org/10.1016/S0092-8674(00)81070-3
https://www.ncbi.nlm.nih.gov/pubmed/8601315
https://doi.org/10.1016/S0092-8674(00)00141-0
https://doi.org/10.1111/j.1469-0691.2005.01146.x
https://doi.org/10.1152/ajplung.00094.2010
https://www.ncbi.nlm.nih.gov/pubmed/20889677
https://doi.org/10.1038/nature06479
https://doi.org/10.1128/IAI.71.12.6754-6765.2003
https://doi.org/10.1080/21505594.2021.1975526
https://doi.org/10.1046/j.1462-5822.2002.00207.x
https://doi.org/10.1159/000110715
https://www.ncbi.nlm.nih.gov/pubmed/17975307
https://doi.org/10.1128/IAI.70.3.1334-1341.2002
https://doi.org/10.1038/353852a0
https://www.ncbi.nlm.nih.gov/pubmed/1719425
https://doi.org/10.1038/35074106
https://www.ncbi.nlm.nih.gov/pubmed/11323673
https://doi.org/10.1046/j.1462-5822.2004.00360.x
https://www.ncbi.nlm.nih.gov/pubmed/14764107
https://doi.org/10.1074/jbc.M307198200
https://doi.org/10.4049/jimmunol.155.9.4355
https://doi.org/10.3389/fimmu.2021.642316
https://www.ncbi.nlm.nih.gov/pubmed/33936058
https://doi.org/10.1128/IAI.66.9.4143-4150.1998
https://www.ncbi.nlm.nih.gov/pubmed/9712760
https://doi.org/10.4049/jimmunol.160.2.898
https://doi.org/10.1002/eji.1830241223
https://doi.org/10.1111/j.1751-7915.2008.00037.x
https://doi.org/10.4049/jimmunol.145.11.3540
https://doi.org/10.1158/0008-5472.CAN-08-3160
https://www.ncbi.nlm.nih.gov/pubmed/19435919
https://www.ncbi.nlm.nih.gov/pubmed/2509327
https://doi.org/10.1111/j.1348-0421.2005.tb03661.x
https://doi.org/10.1158/0008-5472.CAN-08-4855
https://www.ncbi.nlm.nih.gov/genome/13563


Pharmaceutics 2023, 15, 2004 53 of 63

122. Harimoto, T.; Danino, T. Engineering bacteria for cancer therapy. Emerg. Top. Life Sci. 2019, 3, 623–629. [CrossRef] [PubMed]
123. Kresowik, T.P.; Griffith, T.S.; Shariat, S.F.; Lee, R.; Lowrance, W.T.; Bochner, B.H.; A Karam, J.; Raman, J.D.; I Karakiewicz, P.; Sun,

M.; et al. Bacillus Calmette–Guerin immunotherapy for urothelial carcinoma of the bladder. Immunotherapy 2009, 1, 281–288.
[CrossRef] [PubMed]

124. Chu, R.S.; Targoni, O.S.; Krieg, A.M.; Lehmann, P.V.; Harding, C.V. CpG Oligodeoxynucleotides Act as Adjuvants that Switch on
T Helper 1 (Th1) Immunity. J. Exp. Med. 1997, 186, 1623–1631. [CrossRef] [PubMed]

125. Zimmermann, S.; Egeter, O.; Hausmann, S.; Lipford, G.B.; Röcken, M.; Wagner, H.; Heeg, K. Cutting Edge: CpG Oligodeoxynu-
cleotides Trigger Protective and Curative Th1 Responses in Lethal Murine Leishmaniasis. J. Immunol. 1998, 160, 3627–3630.
[CrossRef] [PubMed]

126. Häcker, G.; Redecke, V.; Häcker, H. Activation of the immune system by bacterial CpG-DNA. Immunology 2002, 105, 245–251.
[CrossRef]

127. Beatty, W.L.; Russell, D.G. Identification of Mycobacterial Surface Proteins Released into Subcellular Compartments of Infected
Macrophages. Infect. Immun. 2000, 68, 6997–7002. [CrossRef] [PubMed]

128. Zhao, W.; Schorey, J.S.; Bong-Mastek, M.; Ritchey, J.; Brown, E.J.; Ratliff, T.L. Role of a bacillus calmette-guérin fibronectin
attachment protein in BCG-induced antitumor activity. Int. J. Cancer 2000, 86, 83–88. [CrossRef]

129. Middleton, A.M.; Chadwick, M.V.; Nicholson, A.G.; Dewar, A.; Groger, R.K.; Brown, E.J.; Wilson, R. The role of Mycobacterium
avium complex fibronectin attachment protein in adherence to the human respiratory mucosa. Mol. Microbiol. 2000, 38, 381–391.
[CrossRef]

130. Wang, J.P.; Hielscher, A. Fibronectin: How Its Aberrant Expression in Tumors May Improve Therapeutic Targeting. J. Cancer 2017,
8, 674–682. [CrossRef] [PubMed]

131. Efthymiou, G.; Saint, A.; Ruff, M.; Rekad, Z.; Ciais, D.; Van Obberghen-Schilling, E. Shaping Up the Tumor Microenvironment
With Cellular Fibronectin. Front. Oncol. 2020, 10, 641. [CrossRef] [PubMed]

132. Ates, L.S. New insights into the mycobacterial PE and PPE proteins provide a framework for future research. Mol. Microbiol. 2020,
113, 4–21. [CrossRef] [PubMed]

133. Sampson, S.L. Mycobacterial PE/PPE Proteins at the Host-Pathogen Interface. Clin. Dev. Immunol. 2011, 2011, 497203. [CrossRef]
[PubMed]

134. Lee, S.-Y.; Yang, S.-B.; Choi, Y.-M.; Oh, S.-J.; Kim, B.-J.; Kook, Y.-H.; Kim, B.-J. Heat-killed Mycobacterium paragordonae therapy
exerts an anti-cancer immune response via enhanced immune cell mediated oncolytic activity in xenograft mice model. Cancer
Lett. 2020, 472, 142–150. [CrossRef]

135. Podder, S.; Rakshit, S.; Ponnusamy, M.; Nandi, D. Efficacy of Bacteria in Cancer Immunotherapy: Special Emphasis on the
Potential of Mycobacterial Species. Clin. Cancer Drugs 2016, 3, 100–108. [CrossRef]

136. Rakshit, S.; Ponnusamy, M.; Papanna, S.; Saha, B.; Ahmed, A.; Nandi, D. Immunotherapeutic efficacy of Mycobacterium indicus
pranii in eliciting anti-tumor T cell responses: Critical roles of IFNγ. Int. J. Cancer 2012, 130, 865–875. [CrossRef] [PubMed]

137. Gocher, A.M.; Workman, C.J.; Vignali, D.A.A. Interferon-γ: Teammate or opponent in the tumour microenvironment? Nat. Rev.
Immunol. 2022, 22, 158–172. [CrossRef]

138. Jorgovanovic, D.; Song, M.; Wang, L.; Zhang, Y. Roles of IFN-γ in tumor progression and regression: A review. Biomark. Res. 2020,
8, 49. [CrossRef]

139. Eisenring, M.; vom Berg, J.; Kristiansen, G.; Saller, E.; Becher, B. IL-12 initiates tumor rejection via lymphoid tissue–inducer cells
bearing the natural cytotoxicity receptor NKp46. Nat. Immunol. 2010, 11, 1030–1038. [CrossRef]

140. Gerber, S.A.; Moran, J.P.; Frelinger, J.G.; Frelinger, J.A.; Fenton, B.M.; Lord, E.M. Mechanism of IL-12 mediated alterations in
tumour blood vessel morphology: Analysis using whole-tissue mounts. Br. J. Cancer 2003, 88, 1453–1461. [CrossRef] [PubMed]

141. Raskov, H.; Orhan, A.; Christensen, J.P.; Gögenur, I. Cytotoxic CD8+ T cells in cancer and cancer immunotherapy. Br. J. Cancer
2021, 124, 359–367. [CrossRef]

142. Kumar, P.; Tyagi, R.; Das, G.; Bhaskar, S. Mycobacterium indicus pranii and Mycobacterium bovis BCG lead to differential
macrophage activation in Toll-like receptor-dependent manner. Immunology 2014, 143, 258–268. [CrossRef] [PubMed]

143. Jeong, H.; Lee, S.-Y.; Seo, H.; Kim, B.-J. Recombinant Mycobacterium smegmatis delivering a fusion protein of human macrophage
migration inhibitory factor (MIF) and IL-7 exerts an anticancer effect by inducing an immune response against MIF in a
tumor-bearing mouse model. J. Immunother. Cancer 2021, 9, e003180. [CrossRef] [PubMed]

144. Oliveira, C.S.; E de Bock, C.; Molloy, T.J.; Sadeqzadeh, E.; Geng, X.Y.; Hersey, P.; Zhang, X.D.; Thorne, R.F. Macrophage Migration
Inhibitory Factor Engages PI3K/Akt Signalling and Is a Prognostic Factor in Metastatic Melanoma|BMC Cancer|Full Text.
Available online: https://bmccancer.biomedcentral.com/articles/10.1186/1471-2407-14-630 (accessed on 22 December 2022).

145. Cook, G.M.; Berney, M.; Gebhard, S.; Heinemann, M.; Cox, R.A.; Danilchanka, O.; Niederweis, M. Physiology of Mycobacteria.
Adv. Microb. Physiol. 2009, 55, 81–319. [CrossRef]

146. Sousa, S.; Borges, V.; Joao, I.; Gomes, J.P.; Jordao, L. Nontuberculous Mycobacteria Persistence in a Cell Model Mimicking Alveolar
Macrophages. Microorganisms 2019, 7, 113. [CrossRef] [PubMed]

147. Johnson, M.M.; Odell, J.A. Nontuberculous mycobacterial pulmonary infections. J. Thorac. Dis. 2014, 6, 210–220. [CrossRef]
148. Zhang, J.; Jiang, R.; Takayama, H.; Tanaka, Y. Survival of Virulent Mycobacterium tuberculosis Involves Preventing Apoptosis

Induced by Bcl-2 Upregulation and Release Resulting from Necrosis in J774 Macrophages. Microbiol. Immunol. 2005, 49, 845–852.
[CrossRef]

https://doi.org/10.1042/ETLS20190096
https://www.ncbi.nlm.nih.gov/pubmed/33523173
https://doi.org/10.2217/1750743X.1.2.281
https://www.ncbi.nlm.nih.gov/pubmed/20046960
https://doi.org/10.1084/jem.186.10.1623
https://www.ncbi.nlm.nih.gov/pubmed/9362523
https://doi.org/10.4049/jimmunol.160.8.3627
https://www.ncbi.nlm.nih.gov/pubmed/9558060
https://doi.org/10.1046/j.0019-2805.2001.01350.x
https://doi.org/10.1128/IAI.68.12.6997-7002.2000
https://www.ncbi.nlm.nih.gov/pubmed/11083824
https://doi.org/10.1002/(SICI)1097-0215(20000401)86:1&lt;83::AID-IJC13&gt;3.0.CO;2-R
https://doi.org/10.1046/j.1365-2958.2000.02137.x
https://doi.org/10.7150/jca.16901
https://www.ncbi.nlm.nih.gov/pubmed/28367247
https://doi.org/10.3389/fonc.2020.00641
https://www.ncbi.nlm.nih.gov/pubmed/32426283
https://doi.org/10.1111/mmi.14409
https://www.ncbi.nlm.nih.gov/pubmed/31661176
https://doi.org/10.1155/2011/497203
https://www.ncbi.nlm.nih.gov/pubmed/21318182
https://doi.org/10.1016/j.canlet.2019.12.028
https://doi.org/10.2174/2212697X03666160824130123
https://doi.org/10.1002/ijc.26099
https://www.ncbi.nlm.nih.gov/pubmed/21455983
https://doi.org/10.1038/s41577-021-00566-3
https://doi.org/10.1186/s40364-020-00228-x
https://doi.org/10.1038/ni.1947
https://doi.org/10.1038/sj.bjc.6600907
https://www.ncbi.nlm.nih.gov/pubmed/12778077
https://doi.org/10.1038/s41416-020-01048-4
https://doi.org/10.1111/imm.12306
https://www.ncbi.nlm.nih.gov/pubmed/24766519
https://doi.org/10.1136/jitc-2021-003180
https://www.ncbi.nlm.nih.gov/pubmed/34389619
https://bmccancer.biomedcentral.com/articles/10.1186/1471-2407-14-630
https://doi.org/10.1016/S0065-2911(09)05502-7
https://doi.org/10.3390/microorganisms7050113
https://www.ncbi.nlm.nih.gov/pubmed/31035520
https://doi.org/10.3978/j.issn.2072-1439.2013.12.24
https://doi.org/10.1111/j.1348-0421.2005.tb03673.x


Pharmaceutics 2023, 15, 2004 54 of 63

149. Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
150. Zhou, S.; Gravekamp, C.; Bermudes, D.; Liu, K. Tumour-targeting bacteria engineered to fight cancer. Nat. Rev. Cancer 2018, 18,

727–743. [CrossRef] [PubMed]
151. Campbell, K.J.; Tait, S.W.G. Targeting BCL-2 regulated apoptosis in cancer. Open Biol. 2018, 8, 180002. [CrossRef]
152. Noguera-Ortega, E.; Guallar-Garrido, S.; Julián, E. Mycobacteria-Based Vaccines as Immunotherapy for Non-urological Cancers.

Cancers 2020, 12, 1802. [CrossRef] [PubMed]
153. De Leon, J.; Jiang, G.; Ma, Y.; Rubin, E.; Fortune, S.; Sun, J. Mycobacterium tuberculosis ESAT-6 Exhibits a Unique Membrane-

interacting Activity That Is Not Found in Its Ortholog from Non-pathogenic Mycobacterium smegmatis. J. Biol. Chem. 2012, 287,
44184–44191. [CrossRef] [PubMed]

154. He, X.; Wang, J.; Zhao, F.; Yu, F.; Chen, D.; Cai, K.; Yang, C.; Chen, J.; Dou, J. Antitumor efficacy of viable tumor vaccine modified
by heterogenetic ESAT-6 antigen and cytokine IL-21 in melanomatous mouse. Immunol. Res. 2012, 52, 240–249. [CrossRef]

155. Ushigusa, T.; Koyama, Y.; Ito, T.; Watanabe, K.; Chambers, J.K.; Hasegawa, A.; Uchida, K.; Kanegi, R.; Hatoya, S.; Inaba, T.; et al.
Innate immunity mediated by dendritic cells/macrophages plays a central role in the early period in tumor treatment using gene
of Mycobacterium tuberculosis antigen. J. Vet. Med. Sci. 2018, 80, 190–196. [CrossRef]

156. Murata, T.; Arakawa, M.; Sugiya, Y.; Inazu, Y.; Hattori, Z.; Suzuki, Y.; Minakami, H.; Nakahara, M.; Okazaki, H. Oncolytic effect
of Proteus mirabilis upon tumor bearing animal. Life Sci. 1965, 4, 1055–1067. [CrossRef]

157. Pearson, M.M.; Sebaihia, M.; Churcher, C.; Quail, M.A.; Seshasayee, A.S.; Luscombe, N.M.; Abdellah, Z.; Arrosmith, C.; Atkin,
B.; Chillingworth, T.; et al. Complete Genome Sequence of Uropathogenic Proteus mirabilis, a Master of both Adherence and
Motility. J. Bacteriol. 2008, 190, 4027–4037. [CrossRef]

158. Scavone, P.; Iribarnegaray, V.; Caetano, A.L.; Schlapp, G.; Härtel, S.; Zunino, P. Fimbriae have distinguishable roles in Proteus
mirabilis biofilm formation. Pathog. Dis. 2016, 74, ftw033. [CrossRef]

159. Bahrani, F.K.; Johnson, D.E.; Robbins, D.; Mobley, H.L. Proteus mirabilis flagella and MR/P fimbriae: Isolation, purification,
N-terminal analysis, and serum antibody response following experimental urinary tract infection. Infect. Immun. 1991, 59,
3574–3580. [CrossRef]

160. Zhang, H.; Diao, H.; Jia, L.; Yuan, Y.; Thamm, D.H.; Wang, H.; Jin, Y.; Pei, S.; Zhou, B.; Yu, F.; et al. Proteus mirabilis inhibits
cancer growth and pulmonary metastasis in a mouse breast cancer model. PLoS ONE 2017, 12, e0188960. [CrossRef] [PubMed]

161. Arakawa, M.; Sugiura, K.; Reilly, H.C.; Stock, C.C. Oncolytic effect of Proteus mirabilis upon tumor-bearing animals. II. Effect on
transplantable mouse and rat tumors. Gan 1968, 59, 117–122.

162. Braun, V.; Focareta, T. Pore-forming bacterial protein hemolysins (cytolysins). Crit. Rev. Microbiol. 1991, 18, 115–158. [CrossRef]
[PubMed]

163. Williams, F.D.; Anderson, D.M.; Hoffman, P.S.; Schwarzhoff, R.H.; Leonard, S. Evidence against the involvement of chemotaxis in
swarming of Proteus mirabilis. J. Bacteriol. 1976, 127, 237–248. [CrossRef] [PubMed]

164. Tsai, Y.-L.; Chien, H.-F.; Huang, K.-T.; Lin, W.-Y.; Liaw, S.-J. cAMP receptor protein regulates mouse colonization, motility,
fimbria-mediated adhesion, and stress tolerance in uropathogenic Proteus mirabilis. Sci. Rep. 2017, 7, 7282. [CrossRef] [PubMed]

165. Schaffer, J.N.; Norsworthy, A.N.; Sun, T.T.; Pearson, M.M. Proteus Mirabilis Fimbriae- and Urease-Dependent Clusters Assemble
in an Extracellular Niche to Initiate Bladder Stone Formation. Proc. Natl. Acad. Sci. USA 2016, 113, 4494–4499. [CrossRef]
[PubMed]

166. Jansen, A.M.; Lockatell, V.; Johnson, D.E.; Mobley, H.L.T. Mannose-Resistant Proteus-Like Fimbriae Are Produced by Most
Proteus mirabilis Strains Infecting the Urinary Tract, Dictate the In Vivo Localization of Bacteria, and Contribute to Biofilm
Formation. Infect. Immun. 2004, 72, 7294–7305. [CrossRef] [PubMed]

167. Lee, K.K.; Harrison, B.A.; Latta, R.; Altman, E. The binding of Proteus mirabilis nonagglutinating fimbriae to ganglio-series
asialoglycolipids and lactosyl ceramide. Can. J. Microbiol. 2000, 46, 961–966. [CrossRef]

168. Massad, G.; Lockatell, C.V.; Johnson, D.E.; Mobley, H.L. Proteus mirabilis fimbriae: Construction of an isogenic pmfA mutant and
analysis of virulence in a CBA mouse model of ascending urinary tract infection. Infect. Immun. 1994, 62, 536–542. [CrossRef]

169. Zunino, P.; Sosa, V.; Allen, A.G.; Preston, A.; Schlapp, G.; Maskell, D.J. Proteus mirabilis fimbriae (PMF) are important for both
bladder and kidney colonization in mice. Microbiology 2003, 149, 3231–3237. [CrossRef] [PubMed]

170. Massad, G.; Bahrani, F.K.; Mobley, H.L. Proteus Mirabilis Fimbriae: Identification, Isolation, and Characterization of a New
Ambient-Temperature Fimbria. Infect. Immun. 1994, 62, 1989–1994. [CrossRef] [PubMed]

171. Zunino, P.; Geymonat, L.; Allen, A.G.; Legnani-Fajardo, C.; Maskell, D.J. Virulence of a Proteus mirabilis ATF isogenic mutant is
not impaired in a mouse model of ascending urinary tract infection. FEMS Immunol. Med. Microbiol. 2000, 29, 137–143. [CrossRef]
[PubMed]

172. Armbruster, C.E.; Mobley, H.L.T.; Pearson, M.M. Pathogenesis of Proteus mirabilis Infection. EcoSal. Plus 2018, 8. [CrossRef]
173. Jones, B.D.; Lockatell, C.V.; Johnson, D.E.; Warren, J.W.; Mobley, H.L. Construction of a urease-negative mutant of Proteus

mirabilis: Analysis of virulence in a mouse model of ascending urinary tract infection. Infect. Immun. 1990, 58, 1120–1123.
[CrossRef]

174. Himpsl, S.D.; Pearson, M.M.; Arewång, C.J.; Nusca, T.D.; Sherman, D.H.; Mobley, H.L.T. Proteobactin and a yersiniabactin-related
siderophore mediate iron acquisition in Proteus mirabilis. Mol. Microbiol. 2010, 78, 138–157. [CrossRef]

175. Gaisser, S.; Hughes, C. A Locus Coding for Putative Non-Ribosomal Peptide/Polyketide Synthase Functions Is Mutated in a
Swarming-Defective Proteus Mirabilis Strain. Mol. Gen. Genet. MGG 1997, 250, 415–427. [CrossRef]

https://doi.org/10.1080/01926230701320337
https://doi.org/10.1038/s41568-018-0070-z
https://www.ncbi.nlm.nih.gov/pubmed/30405213
https://doi.org/10.1098/rsob.180002
https://doi.org/10.3390/cancers12071802
https://www.ncbi.nlm.nih.gov/pubmed/32635668
https://doi.org/10.1074/jbc.M112.420869
https://www.ncbi.nlm.nih.gov/pubmed/23150662
https://doi.org/10.1007/s12026-012-8332-4
https://doi.org/10.1292/jvms.17-0466
https://doi.org/10.1016/0024-3205(65)90225-0
https://doi.org/10.1128/JB.01981-07
https://doi.org/10.1093/femspd/ftw033
https://doi.org/10.1128/iai.59.10.3574-3580.1991
https://doi.org/10.1371/journal.pone.0188960
https://www.ncbi.nlm.nih.gov/pubmed/29206859
https://doi.org/10.3109/10408419109113511
https://www.ncbi.nlm.nih.gov/pubmed/1930675
https://doi.org/10.1128/jb.127.1.237-248.1976
https://www.ncbi.nlm.nih.gov/pubmed/776927
https://doi.org/10.1038/s41598-017-07304-7
https://www.ncbi.nlm.nih.gov/pubmed/28779108
https://doi.org/10.1073/pnas.1601720113
https://www.ncbi.nlm.nih.gov/pubmed/27044107
https://doi.org/10.1128/IAI.72.12.7294-7305.2004
https://www.ncbi.nlm.nih.gov/pubmed/15557655
https://doi.org/10.1139/w00-083
https://doi.org/10.1128/iai.62.2.536-542.1994
https://doi.org/10.1099/mic.0.26534-0
https://www.ncbi.nlm.nih.gov/pubmed/14600235
https://doi.org/10.1128/iai.62.5.1989-1994.1994
https://www.ncbi.nlm.nih.gov/pubmed/7909538
https://doi.org/10.1111/j.1574-695X.2000.tb01516.x
https://www.ncbi.nlm.nih.gov/pubmed/11024353
https://doi.org/10.1128/ecosalplus.ESP-0009-2017
https://doi.org/10.1128/iai.58.4.1120-1123.1990
https://doi.org/10.1111/j.1365-2958.2010.07317.x
https://doi.org/10.1007/s004380050339


Pharmaceutics 2023, 15, 2004 55 of 63

176. Drechsel, H.; Thieken, A.; Reissbrodt, R.; Jung, G.; Winkelmann, G. Alpha-keto acids are novel siderophores in the genera Proteus,
Providencia, and Morganella and are produced by amino acid deaminases. J. Bacteriol. 1993, 175, 2727–2733. [CrossRef] [PubMed]

177. Kaca, W.; Rózalski, A. Characterization of cell-bound and cell-free hemolytic activity of Proteus strains. Eur. J. Epidemiol. 1991, 7,
159–165. [CrossRef]

178. Swihart, K.G.; Welch, R.A. Cytotoxic activity of the Proteus hemolysin HpmA. Infect. Immun. 1990, 58, 1861–1869. [CrossRef]
[PubMed]

179. Welch, R.A. Identification of two different hemolysin determinants in uropathogenic Proteus isolates. Infect. Immun. 1987, 55,
2183–2190. [CrossRef]

180. Alamuri, P.; Mobley, H.L.T. A novel autotransporter of uropathogenic Proteus mirabilis is both a cytotoxin and an agglutinin.
Mol. Microbiol. 2008, 68, 997–1017. [CrossRef]

181. Alamuri, P.; Eaton, K.A.; Himpsl, S.D.; Smith, S.N.; Mobley, H.L.T. Vaccination with Proteus Toxic Agglutinin, a Hemolysin-
Independent Cytotoxin In Vivo, Protects against Proteus mirabilis Urinary Tract Infection. Infect. Immun. 2009, 77, 632–641.
[CrossRef] [PubMed]

182. Senior, B.W.; Albrechtsen, M.; Kerr, M.A. A survey of IgA protease production among clinical isolates of Proteeae. J. Med.
Microbiol. 1988, 25, 27–31. [CrossRef] [PubMed]

183. Wassif, C.; Cheek, D.; Belas, R. Molecular analysis of a metalloprotease from Proteus mirabilis. J. Bacteriol. 1995, 177, 5790–5798.
[CrossRef]

184. GlpC Gene is Responsible for Biofilm Formation and Defense against Phagocytes and Imparts Tolerance to pH and Organic
Solvents in Proteus Vulgaris. Available online: https://www.geneticsmr.com/articles/5025 (accessed on 21 January 2023).

185. O’Toole, G.; Kaplan, H.B.; Kolter, R. Biofilm formation as microbial development. Annu. Rev. Microbiol. 2000, 54, 49–79. [CrossRef]
[PubMed]

186. Armbruster, C.E.; Smith, S.N.; Johnson, A.O.; DeOrnellas, V.; Eaton, K.A.; Yep, A.; Mody, L.; Wu, W.; Mobley, H.L.T. The
Pathogenic Potential of Proteus mirabilis Is Enhanced by Other Uropathogens during Polymicrobial Urinary Tract Infection.
Infect. Immun. 2017, 85, e00808–e00816. [CrossRef]

187. Seo, S.-U.; Kamada, N.; Muñoz-Planillo, R.; Kim, Y.-G.; Kim, D.; Koizumi, Y.; Hasegawa, M.; Himpsl, S.D.; Browne, H.P.; Lawley,
T.D.; et al. Distinct commensals induce interleukin-1β via NLRP3 inflammasome in inflammatory monocytes to promote intestinal
inflammation in response to injury. Immunity 2015, 42, 744–755. [CrossRef]

188. Steiner, T.S. How flagellin and toll-like receptor 5 contribute to enteric infection. Infect. Immun. 2007, 75, 545–552. [CrossRef]
189. Umpiérrez, A.; Scavone, P.; Romanin, D.; Marqués, J.M.; Chabalgoity, J.A.; Rumbo, M.; Zunino, P. Innate immune responses to

Proteus mirabilis flagellin in the urinary tract. Microbes Infect. 2013, 15, 688–696. [CrossRef] [PubMed]
190. Okumura, R.; Kurakawa, T.; Nakano, T.; Kayama, H.; Kinoshita, M.; Motooka, D.; Gotoh, K.; Kimura, T.; Kamiyama, N.; Kusu, T.;

et al. Lypd8 promotes the segregation of flagellated microbiota and colonic epithelia. Nature 2016, 532, 117–121. [CrossRef]
191. Xue, Y.; Li, Q.; Park, C.G.; Klena, J.D.; Anisimov, A.P.; Sun, Z.; Wei, X.; Chen, T. Proteus mirabilis Targets Atherosclerosis Plaques

in Human Coronary Arteries via DC-SIGN (CD209). Front. Immunol. 2021, 11, 579010. [CrossRef] [PubMed]
192. Zhang, J.; Hoedt, E.C.; Liu, Q.; Berendsen, E.; Teh, J.J.; Hamilton, A.; O’ Brien, A.W.; Ching, J.Y.L.; Wei, H.; Yang, K.; et al.

Elucidation of Proteus mirabilis as a Key Bacterium in Crohn’s Disease Inflammation. Gastroenterology 2021, 160, 317–330.e11.
[CrossRef] [PubMed]

193. Hypoxia-Inducible Factors and Cancer—PMC. Available online: https://www-ncbi-nlm-nih-gov.proxy.rvu.edu/pmc/articles/
PMC5607450/ (accessed on 27 January 2023).

194. Walzer, T.; Bléry, M.; Chaix, J.; Fuseri, N.; Chasson, L.; Robbins, S.H.; Jaeger, S.; André, P.; Gauthier, L.; Daniel, L.; et al.
Identification, activation, and selective in vivo ablation of mouse NK cells via NKp46. Proc. Natl. Acad. Sci. USA 2007, 104,
3384–3389. [CrossRef] [PubMed]

195. Gerosa, F.; Baldani-Guerra, B.; Nisii, C.; Marchesini, V.; Carra, G.; Trinchieri, G. Reciprocal Activating Interaction between Natural
Killer Cells and Dendritic Cells. J. Exp. Med. 2002, 195, 327–333. [CrossRef] [PubMed]

196. Fernandez, N.C.; Lozier, A.; Flament, C.; Ricciardi-Castagnoli, P.; Bellet, D.; Suter, M.; Perricaudet, M.; Tursz, T.; Maraskovsky, E.;
Zitvogel, L. Dendritic cells directly trigger NK cell functions: Cross-talk relevant in innate anti-tumor immune responses in vivo.
Nat. Med. 1999, 5, 405–411. [CrossRef] [PubMed]

197. Cann, S.A.H.; Netten, J.P.V.; Netten, C. van Dr William Coley and tumour regression: A place in history or in the future. Postgrad.
Med. J. 2003, 79, 672–680. [CrossRef]

198. McCarthy, E.F. The Toxins of William B. Coley and the Treatment of Bone and Soft-Tissue Sarcomas. Iowa Orthop. J. 2006, 26,
154–158.

199. Karbach, J.; Neumann, A.; Brand, K.; Wahle, C.; Siegel, E.; Maeurer, M.; Ritter, E.; Tsuji, T.; Gnjatic, S.; Old, L.J.; et al. Phase I
Clinical Trial of Mixed Bacterial Vaccine (Coley’s Toxins) in Patients with NY-ESO-1 Expressing Cancers: Immunological Effects
and Clinical Activity. Clin. Cancer Res. 2012, 18, 5449–5459. [CrossRef]

200. Coley, W.B. The Treatment of Inoperable Sarcoma by Bacterial Toxins (the Mixed Toxins of the Streptococcus erysipelas and the
Bacillus prodigiosus). Proc. R. Soc. Med. 1910, 3, 1–48. [CrossRef] [PubMed]

201. Maletzki, C.; Klier, U.; Obst, W.; Kreikemeyer, B.; Linnebacher, M. Reevaluating the Concept of Treating Experimental Tumors
with a Mixed Bacterial Vaccine: Coley’s Toxin. J. Immunol. Res. 2012, 2012, e230625. [CrossRef] [PubMed]

https://doi.org/10.1128/jb.175.9.2727-2733.1993
https://www.ncbi.nlm.nih.gov/pubmed/8478334
https://doi.org/10.1007/BF00237360
https://doi.org/10.1128/iai.58.6.1861-1869.1990
https://www.ncbi.nlm.nih.gov/pubmed/2341182
https://doi.org/10.1128/iai.55.9.2183-2190.1987
https://doi.org/10.1111/j.1365-2958.2008.06199.x
https://doi.org/10.1128/IAI.01050-08
https://www.ncbi.nlm.nih.gov/pubmed/19029299
https://doi.org/10.1099/00222615-25-1-27
https://www.ncbi.nlm.nih.gov/pubmed/3275781
https://doi.org/10.1128/jb.177.20.5790-5798.1995
https://www.geneticsmr.com/articles/5025
https://doi.org/10.1146/annurev.micro.54.1.49
https://www.ncbi.nlm.nih.gov/pubmed/11018124
https://doi.org/10.1128/IAI.00808-16
https://doi.org/10.1016/j.immuni.2015.03.004
https://doi.org/10.1128/IAI.01506-06
https://doi.org/10.1016/j.micinf.2013.06.007
https://www.ncbi.nlm.nih.gov/pubmed/23817034
https://doi.org/10.1038/nature17406
https://doi.org/10.3389/fimmu.2020.579010
https://www.ncbi.nlm.nih.gov/pubmed/33488579
https://doi.org/10.1053/j.gastro.2020.09.036
https://www.ncbi.nlm.nih.gov/pubmed/33011176
https://www-ncbi-nlm-nih-gov.proxy.rvu.edu/pmc/articles/PMC5607450/
https://www-ncbi-nlm-nih-gov.proxy.rvu.edu/pmc/articles/PMC5607450/
https://doi.org/10.1073/pnas.0609692104
https://www.ncbi.nlm.nih.gov/pubmed/17360655
https://doi.org/10.1084/jem.20010938
https://www.ncbi.nlm.nih.gov/pubmed/11828007
https://doi.org/10.1038/7403
https://www.ncbi.nlm.nih.gov/pubmed/10202929
https://doi.org/10.1093/postgradmedj/79.938.672
https://doi.org/10.1158/1078-0432.CCR-12-1116
https://doi.org/10.1177/003591571000301601
https://www.ncbi.nlm.nih.gov/pubmed/19974799
https://doi.org/10.1155/2012/230625
https://www.ncbi.nlm.nih.gov/pubmed/23193416


Pharmaceutics 2023, 15, 2004 56 of 63

202. Herra, C.; Falkiner, F.R. Serratia Marcescens—Infectious Disease and Antimicrobial Agents. Available online: http://www.
antimicrobe.org/b26.asp (accessed on 9 February 2023).

203. O’Rear, J.; Alberti, L.; Harshey, R.M. Mutations that impair swarming motility in Serratia marcescens 274 include but are not
limited to those affecting chemotaxis or flagellar function. J. Bacteriol. 1992, 174, 6125–6137. [CrossRef]

204. Serratia Marcescens (ID 1112)—Genome—NCBI. Available online: https://www.ncbi.nlm.nih.gov/genome/?term=serratia+
marcescens%5BOrganism%5D (accessed on 19 March 2023).

205. Kawasaki, T.; Kawai, T. Toll-Like Receptor Signaling Pathways. Front. Immunol. 2014, 5, 461. [CrossRef] [PubMed]
206. Escobar-Díaz, E.; López-Martín, E.M.; del Cerro, M.H.; Puig-Kroger, A.; Soto-Cerrato, V.; Montaner, B.; Giralt, E.; García-Marco,

J.A.; Pérez-Tomás, R.; Garcia-Pardo, A. AT514, a cyclic depsipeptide from Serratia marcescens, induces apoptosis of B-chronic
lymphocytic leukemia cells: Interference with the Akt/NF-κB survival pathway. Leukemia 2005, 19, 572–579. [CrossRef] [PubMed]

207. Wei, X.; Du, M.; Chen, Z.; Yuan, Z. Recent Advances in Bacteria-Based Cancer Treatment. Cancers 2022, 14, 4945. [CrossRef]
[PubMed]

208. Soto-Cerrato, V.; Montaner, B.; Martinell, M.; Vilaseca, M.; Giralt, E.; Pérez-Tomás, R. Cell cycle arrest and proapoptotic effects of
the anticancer cyclodepsipeptide serratamolide (AT514) are independent of p53 status in breast cancer cells. Biochem. Pharmacol.
2005, 71, 32–41. [CrossRef]

209. Montaner, B.; Navarro, S.; Piqué, M.; Vilaseca, M.; Martinell, M.; Giralt, E.; Gil, J.; Pérez-Tomás, R. Prodigiosin from the
supernatant of Serratia marcescens induces apoptosis in haematopoietic cancer cell lines. Br. J. Pharmacol. 2000, 131, 585–593.
[CrossRef] [PubMed]

210. Darshan, N.; Manonmani, H.K. Prodigiosin and its potential applications. J. Food Sci. Technol. 2015, 52, 5393–5407. [CrossRef]
211. Ishii, K.; Adachi, T.; Imamura, K.; Takano, S.; Usui, K.; Suzuki, K.; Hamamoto, H.; Watanabe, T.; Sekimizu, K. Serratia marcescens

Induces Apoptotic Cell Death in Host Immune Cells via a Lipopolysaccharide- and Flagella-dependent Mechanism. J. Biol. Chem.
2012, 287, 36582–36592. [CrossRef] [PubMed]

212. Mandinova, A.; Lee, S.W. The p53 Pathway as a Target in Cancer Therapeutics: Obstacles and Promise. Sci. Transl. Med. 2011,
3, 64rv1. [CrossRef]

213. Effects of the proapoptotic drug prodigiosin on cell cycle-related proteins in Jurkat T cells. Histol. Histopathol. 2003, 18, 379–385.
[CrossRef]

214. Wang, Z.; Li, B.; Zhou, L.; Yu, S.; Su, Z.; Song, J.; Sun, Q.; Sha, O.; Wang, X.; Jiang, W.; et al. Prodigiosin inhibits Wnt/β-catenin
signaling and exerts anticancer activity in breast cancer cells. Proc. Natl. Acad. Sci. USA 2016, 113, 13150–13155. [CrossRef]

215. Streptococcus Pyogenes (ID 175)—Genome—NCBI. Available online: https://www.ncbi.nlm.nih.gov/genome/?term=
streptococcus+pyogenes%5BOrganism%5D (accessed on 21 March 2023).

216. Sela, S.; Marouni, M.J.; Perry, R.; Barzilai, A. Effect of lipoteichoic acid on the uptake of Streptococcus pyogenes by HEp-2 cells.
FEMS Microbiol. Lett. 2000, 193, 187–193. [CrossRef] [PubMed]

217. Ryan, P.A.; Juncosa, B. Group A Streptococcal Adherence. In Streptococcus Pyogenes: Basic Biology to Clinical Manifestations; Ferretti,
J.J., Stevens, D.L., Fischetti, V.A., Eds.; University of Oklahoma Health Sciences Center: Oklahoma City, OK, USA, 2016.

218. Walker, M.J.; Barnett, T.C.; McArthur, J.D.; Cole, J.N.; Gillen, C.M.; Henningham, A.; Sriprakash, K.S.; Sanderson-Smith, M.L.;
Nizet, V. Disease Manifestations and Pathogenic Mechanisms of Group A Streptococcus. Clin. Microbiol. Rev. 2014, 27, 264–301.
[CrossRef]

219. Metzgar, D.; Zampolli, A. The M Protein of Group A Streptococcus is a Key Virulence Factor and a Clinically Relevant Strain
Identification Marker. Virulence 2011, 2, 402–412. [CrossRef] [PubMed]
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