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Abstract: Epidemiologically, one of the most important concerns associated with introducing
Salmonella spp. into the environment and food chain is the presence of asymptomatic carriers.
The oncogenic and oncolytic activity of Salmonella and their lipopolysaccharides (LPSs) is important
and research on this topic is needed. Even a single asymptomatic dose of the S. Enteritidis LPS (a dose
that has not caused any symptoms of illness) in in vivo studies induces the dysregulation of selected
cells and bioactive substances of the nervous, immune, and endocrine systems. LPSs from different
species, and even LPSs derived from different serotypes of one species, can define different biolog-
ical activities. The activity of low doses of LPSs derived from three different Salmonella serotypes
(S. Enteritidis, S. Typhimurium, and S. Minnesota) affects the neurochemistry of neurons differently
in in vitro studies. Studies on lipopolysaccharides from different Salmonella serotypes do not consider
the diversity of their activity. The presence of an LPS from S. Enteritidis in the body, even in amounts
that do not induce any symptoms of illness, may lead to unknown long-term consequences associated
with its action on the cells and biologically active substances of the human body. These conclusions
should be important for both research strategies and the pharmaceutical industry.

Keywords: Salmonella; LPS; asymptomatic carrier state; oncogenic and oncolytic Salmonella;
asymptomatic LPS; cancer; serotype diverse activity; biosafety; unknown long-term consequences

1. Introduction

The ability of pathogens to infect higher taxa organisms is still a significant problem,
and the existence of asymptomatic carriers poses a major epidemiological threat. Non-
typhoidal and typhoidal Salmonella are common infectious enteric pathogens with the
ability to persist in the host without causing any clinical symptoms of infection. Salmonella
represents one of the most common causes of food-borne toxicoinfections of bacterial origin.
Despite efforts to address it, salmonellosis, which is an infectious disease primarily trans-
mitted through food of animal origin, continues to pose a significant public health concern.
Epidemiologically, one of the most important concerns associated with the introduction of
pathogenic bacteria such as Salmonella spp. into the food chain is the existence of asymp-
tomatic carriers [1]. It is crucial to understand the biology of Salmonella and the response of
both asymptomatic and symptomatic hosts of Salmonella spp. Thus, any emerging research
into the pathogens responsible for inducing an asymptomatic carrier state is of great value.

Unfortunately, the role of microorganisms capable of causing latent infections and
the mechanism underlying the process of the Salmonella asymptomatic carrier state, as
well as the influence of their endotoxins (released after the death of a bacterial cell) on the
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body, have not been fully explained [2]. There is limited knowledge regarding Salmonella’s
ability to survive for extended periods inside the body while evading detection by the
immune system. The specific virulence factors required for persistent Salmonella infection
remain unclear. Much effort has been concentrated on the Salmonella pathogenicity islands
1 and 2 (SPI1 and SPI2, respectively), but the extent of their contribution to persistent
infection is still uncertain. A recent study [3] determined mutations in barA and sirA genes,
which control the expression of virulence factors (including those located on Salmonella
SPI-1) during persistent infections in humans. Perhaps these genetic changes can play an
important role in host-pathogen interactions establishing persistent, long-term infections
with non-typhoidal Salmonella.

Transcriptional and proteomic changes can also play a role in the persistence of
Salmonella. However, the specific factors that trigger these changes have not been fully
determined [4]. The reasons why the immune system fails to recognize Salmonella and
the methods by which Salmonella manages to evade the body’s immune response are still
unknown. S. Typhimurium remains dormant inside enterocytes within a unique vesicular
compartment, which is distinct from the conventional modified phagosome known as the
Salmonella-containing vacuole. These dormant epithelial S. Typhimurium with restricted
access to the extracellular nutrients are viable and persist within host cells for a prolonged
period (at least seven days under test conditions). The dormant state mechanism in
enterocytes is distinct from that in fibroblasts and macrophages. Dormancy and delayed
expression of SPI-2 virulence factors allow S. Typhimurium to evade cellular immunity
during the early invasion. SPI-2 reactivated from dormancy helps S. Typhimurium survive
in the gut lumen [5].

The fact that some pathogens can remain dormant for a certain time may also be related
to the phenomenon of immune tolerance and/or the issue of the level of microorganisms
and their toxins in the body. Salmonella colonization may be transient or carried out for
a prolonged period. Long-term colonization by Salmonella in its host is referred to as
“persistence”. In this state, the pathogen adopts a low metabolic state, which may also
be due to the selective pressure of the host’s immune resistance. A persistent state and
close association between Salmonella and autoimmune diseases, gallbladder carcinoma, and
colorectal cancer highlight the need to invest efforts in preventing, diagnosing, and treating
Salmonella-related diseases [6,7]. As the number of Salmonella infections and multidrug
resistance increase, there is a real need for a vaccine strategy [8]. One of Salmonella’s most
significant disease-causing factors is the endotoxin lipopolysaccharide (LPS). Endotoxins
induce a range of biological activities at the systemic level that are capable of causing both
positive and negative pathological changes in many tissues.

The article aims to highlight the diverse biological activity of LPSs, which are depen-
dent on the serotypes of Salmonella. It also aims to draw attention to the unknown long-term
consequences of asymptomatic LPS use in the context of oncogenic and oncolytic Salmonella
activity. The literature review for this article included an extensive search across various
scientific databases. After a thorough examination of full texts for congruity, methodologi-
cal relevance, and credibility, the appropriate data were selected. The analysis provided a
deeper understanding of the review topic, which led to the formulation of conclusions.

2. Inflammatory Activity of Salmonella spp. and Their LPSs

It is known that Salmonella spp. and their LPSs, as well as metabolites of LPSs (such
as 3-hydroxy fatty acids), can persist in the human body for many years [9,10]. Niehaus
and Lange [11] and Niehaus [9] reported a case of a laboratory worker who experienced
accidental exposure to S. Minnesota, which initially caused inflammation and, in conse-
quence, probably the symptoms of polyneuropathy, encephalopathy, and parkinsonism.
After 14 years following the incident, despite various therapies implemented, he still tested
positive for the presence of the S. Minnesota-derived endotoxin. The circulating LPS is
cleared from the circulation very fast. Still, the remaining ~20% of the LPS can be bound to
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immune cells (for example, monocytes, tissue macrophages, neutrophils, and platelets) and
can be involved in signaling pathways [12].

It is widely known that a high dose of LPS exhibits proinflammatory activity and plays
a role in sepsis [13]. Mohammadi et al. [14] observed that LPSs are strongly implicated
in the pathogenesis of critical illness neuropathy. LPS may be potentially life-threatening,
although it may also exert a beneficial effect through the stimulation of the immune system.
The activity of LPS, which has been most thoroughly examined, consists primarily of
the stimulation of the host cells to release a variety of inflammatory mediators. The
interaction of LPS with the receptors found on the surface of monocytes, lymphocytes, and
vascular endothelial cells induces the release of proinflammatory cytokines, such as tumor
necrosis factor o (TNF-o) and interleukin 6 (IL-6), as well as acute phase proteins such as
haptoglobin (Hp). The immediate effect of LPS activity is its ability to induce septic shock,
both in people and animals, often leading to death.

A high dose of LPS, usually administered directly into the substantia nigra, has
long been used in experimental animal models to mimic the symptoms of Parkinson’s
disease (PD) in humans [15-19]. These models utilize the LPS’s ability to activate microglia
cells, leading to the release of inflammatory mediators. Inflammatory processes and the
TLR4 signaling pathway are involved in neuroinflammation and neurodegeneration in PD.
However, a direct causal link between TLR4 and PD pathology requires further study in
animals [20]. Moreover, intestinal barrier dysfunction can be connected with PD, especially
since LPS can alter gut permeability [21,22]. Recently, there has been a growing focus
on studying the effects of both pathogenic and non-pathogenic bacteria, as well as the
gut barrier on the etiology and pathogenesis or clinical course of mental disorders like
depression and neurodegenerative diseases such as Alzheimer’s disease (AD) and PD.
Numerous studies [23-25] have demonstrated that LPS proinflammatory activity also
plays an important role in AD, amyotrophic lateral sclerosis, and in mental disorders with
cognitive function impairment. Regrettably, the source of LPS, despite its significance,
was occasionally omitted by some authors. In only one of the mentioned studies did the
authors report the sources of Salmonella spp. (the species along with the serotype). The LPS
from S. Minnesota injected into the striatum of rats caused the progressive degeneration of
the dopamine nigrostriatal system, accompanied by motor impairments [23]. It is crucial
for publications to consistently report the source of the lipopolysaccharide used in the
research, including the specific serotype. Unfortunately, some articles, including articles
with samples from humans, lack key information about a particular type of LPS [26].
LPS may play a significant role in some neurodegenerative, oncological, and metabolic
disorders, not only in rodents but also in people [27-33]. The mechanism through which
LPS may be associated with the abovementioned processes is not understood. LPS is
probably associated with the neuropathology of AD in people owing to the fact that it
might be capable of crossing the blood-brain barrier [34]. However, the manner in which
LPS administered peripherally affects the central nervous system is still unclear [35-38].

For chronic inflammation-mediated diseases, the role of infectious agents is being
increasingly emphasized. It is crucial to identify the factors strongly associated with
these diseases, as they can significantly contribute to reducing the associated morbidity.
The virulence factors of Salmonella, inflammation pathways, and individual susceptibility
contribute to the pathogenesis of reactive arthritis (ReA) and inflammatory bowel disease
(IBD). Microbial infection, such as Salmonella infection leading to the impaired immune
system, ultimately results in intestinal or extraintestinal autoimmune diseases such as IBD
and ReA, respectively [6,7]. Salmonella infection, like genetic and environmental factors,
contributes to alterations and the deregulation of immune responses.

3. Oncogenic Activity of Salmonella spp. and Their LPSs

Salmonella infection, encompassing diverse serotypes (for example, S. Typhi, S. Ty-
phimurium, and S. Enteritidis), is also linked to colon and gallbladder cancer develop-
ment [6,39,40]. The carrier state for both non-typhoidal and typhoidal Salmonella represents
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a risk factor for gallbladder cancer (Figure 1). This is confirmed by a study in which the
Salmonella ribosomal genes, genes involved in metabolism, and those related to the toxin—
antitoxin system (23S rRNA, t0254, 12612, t4108 rrlA, rriB, rrIC, rrID, rrlE, rtlG, rrsH, tuf, dkgB,
pduC, rpoC, and yjgF) were identified after the whole-exome examination of the primary
gallbladder tumor samples. It is interesting that S. Typhi, S. Paratyphi, S. Typhimurium,
and S. Choleraesuis were found in the tumors of gallbladder tissues as well as adjacent
normal tissues [41]. Other studies [42—44] have expanded the association of Salmonella with
gallbladder cancer and colorectal carcinoma, although further study is required to establish
the causality of infection in relation to these diseases in a more comprehensive manner [6].

Oncolytic activity

Salmonella Asymptomatic Carrier State of Salmonellae and their LPSs
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Figure 1. The role of Salmonella in cancer treatment and in the development and progression of cancer.
The Salmonella carrier state represents a risk factor for gallbladder cancer and colon cancer. Salmonella
strains have been engineered to be an effective cancer therapy tool.

Salmonella bacteria can cause changes in organisms, promoting carcinogenesis by
stimulating a host response. Salmonella can promote malignant transformation in murine
gallbladder organoids and fibroblasts by the activation of the AKT and MAP kinase path-
ways [45]. Salmonella modulation of host signaling pathways like the AKT-MAP kinase
pathway can play a role both in gallbladder carcinoma and colon cancer [7,46]. Salmonella
can exploit effector proteins to inhibit (e.g., Ipa], SptP, AvrA, and SpvC) or stimulate (e.g.,
SopE and SteC) MAPK cascades [47]. Salmonella uses various mechanisms to survive in
host cells and promote colon cancer. Salmonella secretes a range of effector proteins, such
as AvrA, into the host cells via the SPI-1 type III secretion system (T3SS) [48]. AvrA is a
key effector in colon cancer development. AvrA from S. Enteritidis inhibited autophagy to
promote bacterial survival in the host [49].

These mechanisms of cancer progression can also be linked to bacterial biofilms. The
LPS of S. Typhi facilitates the formation of biofilms. A conductive environment for bacterial
adhesion in the gallbladder supports the growth of Salmonella on gallstone surfaces. S. Typhi
invades the mucosal surface of the gallbladder and modulates the expression of proteins
crucial for biofilm formation, releasing carcinogenic agents like bacterial glucuronidase,
nitroso compounds, and toxin complexes to promote DNA damage and causing genomic
instability that may result in gallbladder cancer [50]. Understanding all of these processes,
including the mechanisms by which biofilms impact oncogenesis, may optimize treatment
strategies. Moreover, the association between the microbiota, the host, and pathogenic
bacteria, e.g., Salmonella, is important. Salmonella can modify the genomic, taxonomic, and
functional traits of the gastrointestinal microbiota. Further research is needed to better
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understand the interaction between the gut microbiota and various Salmonella serotypes
and their persistent state [51].

Aspects that the immune system primarily controls to combat microbiological chal-
lenges need a better understanding. Similar but different immunological mechanisms
can also remove damaged and aberrant cells, including cancer cells, to induce long-term
cures. Salmonella may contribute to the development and progression of cancer, affect
the complications associated with the neoplastic process, and promote anticancer drug
therapy [52].

4. Oncolytic Activity of Salmonella spp. and Their LPSs

Salmonella, as an intracellular pathogen, exhibits the intrinsic therapeutic efficacy and
specificity of tumor colonization. A recent study demonstrated that therapeutic efficacy
against murine cells of colon cancer does not require bacterial viability and can be induced
by LPS from S. Typhi [53]. LPS exhibits antitumor activity, but its effective doses for
damaging cancer cells are poorly tolerated by organisms. Various strategies have been
developed to improve LPS tolerance. A recent preclinical study [54] supports the safety of
the intravenous administration of chemically detoxified monophosphorylated LPS. This
LPS formulated in liposomes has antitumor activity in mice models.

Salmonella bacteria have demonstrated potential for use in cancer therapy [55-57].
Salmonella’s engineered or attenuated strains have been designed to target various solid
cancers, making them ideal vectors for delivering and expressing immunostimulatory
agents [56,58]. Attenuated S. Typhimurium is able to naturally accumulate and replicate in a
wide variety of solid tumors [55]. The construction of highly attenuated strains of Salmonella
with the ability to colonize tumors and therapeutic activity is challenging. The attenuated
VNP20009 strain of S. Typhimurium has been extensively researched for its ability to target
solid tumors. This strain can be safely administered to patients due to the deletion of
virulence genes required for lipid A and adenine synthesis. The strain was evaluated
in a phase 1 clinical trial for the treatment of nonresponsive metastatic melanoma [59].
However, S. Typhimurium VNP20009 was unable to effectively colonize tumors, possibly
due to over-attenuation, leading to a lack of significant antitumor effects [60]. Some studies
suggest that the antitumor effect of Salmonella is related to its virulence factors [56,61,62].
It seems that finding the best equilibrium between the antitumor efficacy and toxicity of
Salmonella (the balance of therapeutic benefits and over-attenuation) can help to develop
anticancer therapy (Figure 1).

Cytolysin A (ClyA) is a bacterial toxin native to S. Typhimurium. Although it was
previously considered to be poorly immunogenic, a recent report [63] showed that ClyA
could enhance LPS-induced IL-13 secretion in human macrophages through TLR4 and
NLRP3 signaling. This finding suggests that ClyA could potentially be utilized in the
treatment of colon tumor cells. This toxin, due to its pore-forming mechanism, can permeate
the neutrophilic barrier, destroy cancer stromal cells and cancer cells in mouse models
of human pancreatic cancer, and cause the infiltration of immune cells (neutrophils and
macrophages) into tumors. The attenuated S. Typhimurium engineered to express ClyA
colonized the tumor and exhibited oncolytic activity [64]. The attenuated S. Typhimurium
engineered to express ClyA, when compared to VNP20009, also demonstrated the ability to
induce higher levels of immune cell infiltration and release elevated levels of TNF-«, IL-1f3,
and other antitumor inflammatory factors in the colorectal cancer model. Additionally,
this mutant strain exhibits high safety profiles in vivo, providing better conditions for
combinational therapies [65,66].

The anticancer effectiveness of Salmonella in clinical trials can be attributed to the
development of S. Typhimurium mutants with a high specificity for targeting tumors,
the ability to penetrate deep tissues, low systemic toxicity, a balanced combination of
virulence factors that stimulate the immune system, and significant attenuation linked
with dose-dependent adverse effects [66]. Recent studies have shown that clinical trials
involving attenuated Salmonella have demonstrated improved therapeutic effects when
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used in combination with other antitumor therapies. These treatments include the delivery
of siRNA by attenuated Salmonella to cancerous tissue. This combined approach can
work together to inhibit the expression of VEGF and PD-L1, and also contribute to an
increase in T-cell infiltration in hepatocellular carcinoma tumors [67,68]. Moreover, the
attenuated Salmonella carrying siRNA-PD-L1 could effectively enhance the antitumor
effect of radiotherapy on hepatocellular carcinoma-bearing mice [69]. Cancer patients are
unable to eliminate cancer cells through their immune system because the cancer cells can
create various ways to evade the immune system, such as activating immune checkpoint
molecules. Immune checkpoint inhibitors (ICIs) are utilized in the treatment of certain
human cancers, but resistance to the PD-1/PD-L1 blockade hinders the effective use of ICIs
and necessitates further research [70].

As described above, attenuated Salmonella can act as a vehicle for delivering anticancer
agents or proapoptotic genes to attack tumors. Attenuated Salmonella strains can stimulate
and enhance the host immune system to fight cancer. Moreover, Salmonella colonizing
tumors can achieve oncolytic activity through a variety of pathways, including the induc-
tion of tumor cell death, inhibition of tumor angiogenesis, inhibition of tumor metastasis,
or reduction in tumor drug resistance. A more in-depth exploration of the anticancer
capabilities of oncolytic bacteria such as Salmonella is required.

5. Safety and Unknown Long-Term Consequences of Asymptomatic LPSs

Salmonella strains, for example, S. Typhimurium strains, have been engineered to
enhance their safety for use in cancer therapy. It is crucial to find a balance between reducing
the virulence of the bacteria and maintaining their therapeutic effectiveness. The complete
elimination of bacterial virulence is not recommended as it could impact therapeutic
benefits. When genetically modifying Salmonellae, it is important to consider both the health
benefits and risks, including the elimination of bacterial resistance to antibiotics. Moreover,
although no deaths have occurred in studies on volunteers, information about both the
short-term and long-term side effects of Salmonella and their LPS constituents is necessary.

The peripheral administration of LPS is a widely used experimental model for inducing
inflammation and sickness symptoms in both animals and humans. LPS administration
in animals provides a suitable model for studying bacterial infections in humans [71]. It
is important to note that rodents are less sensitive to LPS and require doses 10° times
greater (1-25 mg/kg) than those used in humans (2-8 ng/kg) to induce the release of
proinflammatory cytokines. In behavior studies, the doses of LPS are lower (for example,
in humans it is 0.4 ng/mL and in rodents it is 0.1 mg/kg body weight). LPS is typically
administered intravenously (i.v.) in humans, but, when injected intraperitoneally (i.p.) in
rodents, it results in about ten times lower circulating LPS concentration compared to i.v.
administration. LPS doses administered in animals may vary depending on the different
animal strains, animal age, and genetic predisposition [71,72].

Lipopolysaccharides are crucial for studying therapeutic development and under-
standing the immune system. The most commonly used LPSs in studies, both in humans
and animals, come from E. coli. There are only a few studies available that have used the
parenteral administration of unmodified Salmonella-derived LPS in in vivo animal stud-
ies [73-83]. LPSs from Salmonella Abortus equi were used in phase I/II clinical human
trials many years ago. Intravenous administration doses (0.15 to 0.5 ng/kg in phase I
and 0.4 ng/kg in phase II) of LPSs from Salmonella Abortus equi do not achieve antitumor
activity both in colorectal and non-small-cell lung cancer [73,80]. LPSs derived from various
bacteria have been administered many times to people in various experiments [71,72,84].
The studies focused primarily on the assessment of blood parameters and did not involve
tissues due to their limited availability for biopsy or other tests. Therefore, the significance
of some aspects of unknown consequences induced by LPS requires animal models. Some-
times, the domestic pig model is used to understand the processes occurring in the human
body because pigs are phylogenetically closer to people than rodents. It is known that the
systemic administration of LPS at low doses induces the production of proinflammatory
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cytokines that activate the immune system, resulting in disease symptoms. In an experi-
mental model using domestic pigs, it was observed that the administration of LPS from
S. Enteritidis at an asymptomatic dose (5 pg/kg b.w.) may have an effect on the nervous
system and the immune system even seven days from administration of LPS [77]. LPS from
S. Enteritidis, even in the low dose mentioned above, which does not induce the symptoms
of illness, was found to increase DA levels in the brain and the levels of some neuropeptides
in lymph nodes (Figure 2). It also led to a reduction in the number of CD4 and CD8 T
lymphocytes in the blood. It should be noted that, in animals, the terms subclinical and
asymptomatic dose are synonymous (asymptomatic animals are subclinical), and both
terms refer to a dose that does not cause any symptoms of illness [85]. Therefore, the
subclinical dose of LPS from S. Enteritidis is the same as the asymptomatic dose of LPS
from S. Enteritidis in animal models.

Safety and unknown long-term consequence of asymptomatic LPS

HUMAN

)
1t is not ethical to conduct

research involving the use
LPS from of endotoxins on people
Salmonella if the long-term consequences

l of their use are not known.

ANIMALS
CD8 T-lymphocytes

CD4 T-lymphocytes
. LPS fl‘Ol’.l’l S. EnteritiQis DOPAMINE
GnRH in a dose which does not induce
the symptoms of illness TRH

CRH l NEUROPEPTIDES

Dysregulation of cells and biologically active substances
in the nervous, immune, and endocrine systems

Figure 2. Dysregulation of cells and biologically active substances by asymptomatic LPS from S.
Enteritidis in the animal model—unknown long-term consequences of LPSs used for humans (CRH-
corticoliberin, corticotropin-releasing hormone; TRH-thyroliberin, thyrotropin-releasing hormone;
GnRH-gonadoliberin, gonadotropin-releasing hormone).

In light of studies on the role of the calcitonin gene-related peptide (CGRP) in pro-
tecting against Salmonella infection, as well as the changes in the neurochemical coding of
selected neuropeptides in the wall of the porcine gallbladder and duodenum under the in-
fluence of an asymptomatic dose of S. Enteritidis LPS [74,75,83], the recent finding [86] that
¢GRP modulates microfold cells in mouse Peyer’s patches to protect against S. Typhimurium
infection is very interesting. Furthermore, dorsal root ganglion (DRG) nociceptor neurons
are able to directly sense and release CGRP for the maintenance of segmented filamentous
bacteria colonization in the mouse ileum. Nociceptors can probably directly sense not
only bacterial processes, such as the S. Typhimurium inflammation process, but have also
been found to sense bacterial molecules, including LPSs [86]. However, the influence of
LPSs derived from S. Enteritidis, S. Minnesota, and S. Typhimurium on the percentage of
CGRP-positive neurons of the DRG from neuromers Th7 to L4 was not observed in the
in vitro study. Nevertheless, the highest number of sensory neurons supplying the ileocecal
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valve (highly related to small intestinal bacterial overgrowth) showed immunoreactivity
to CGRP [87]. This may be connected with neuroprotective and/or adaptive processes
used to maintain homeostasis, but CGRP’s role in the intestines has not yet been fully
elucidated. The differences in the levels of the neuropeptides between particular segments
of the intestines suggest that the mechanisms of response to LPSs depend on particular
segments of the intestines [76]. The mechanisms of the changes observed are not fully
understood. These dysregulations may be associated with either the neurodegenerative
or proinflammatory activity of LPS; however, taking into account the diverse (including
neuroprotective) functions of particular neuropeptides, it is extremely difficult to explain
the aforementioned effects.

Moreover, even seven days after the administration of asymptomatic LPS from S.
Enteritidis, dysregulation of the key regulators of the hormonal axes, such as corticol-
iberin (corticotropin-releasing hormone, CRH), thyroliberin (thyrotropin-releasing hor-
mone, TRH), and gonadoliberin (gonadotropin-releasing hormone, GnRH), and neuropep-
tides in the selected structures of the hypothalamus and the endocrine glands of the HPA
(hypothalamus—pituitary—adrenal axis), HPT (hypothalamus—pituitary-thyroid axis), and
HPO (hypothalamus—pituitary—ovary axis) axes are observed [78] (Figure 2). LPS from
S. Enteritidis, which does not cause any symptoms of illness, can also induce changes in
the levels of the neuropeptides in the spinal cord and DRG [79]. LPS from S. Enteritidis
in a dose that does not produce noticeable symptoms also affects gene expression in the
adrenal cortex and endometrium cells of domestic pigs. It has been confirmed that such
an endotoxin in low concentrations (which does not cause disease symptoms) can induce
changes in the transcriptome expression and modulate molecular mechanisms that condi-
tion the maintenance of homeostasis during a state resembling an asymptomatic carrier
state. The RIG-I-like receptor signaling pathway may play a more important role than
the TLR4 signaling pathway after administering an asymptomatic dose of S. Enteritidis
LPS [81,82]. It should be pointed out that one report noted a subclinical (asymptomatic)
dose of LPS obtained from Escherichia coli O55 in mice [88]. Lew et al. [88] demonstrated
that, compared to a single administration of a subclinical dose of LPS from Escherichia coli
055, its subsequent administration caused a rise in mortality and cardiac fibrosis in mice. It
should be emphasized that the authors mentioned above warn against using repeat doses
of LPSs in humans due to a lack of information regarding the long-term consequences
induced by this endotoxin.

In view of the above, the presence of LPS from S. Enteritidis in the body in an amount
that does not induce any symptoms of illness may result in unknown long-term conse-
quences associated with its action on the cells and biologically active substances in the
nervous, immune, and endocrine systems [76-79].

6. Heterogeneity and Variability of Structures and the Diverse Activity of LPSs from
Different Serotypes of Salmonella spp.

Despite many studies of the structural analysis of LPSs from various bacteria [89,90],
knowledge is lacking on data on the comparison of clinical activity of LPSs from different
strains isolated from symptomatic and asymptomatic hosts. The activity of lipopolysaccha-
rides, often structurally diverse, has not been fully explained. A Gram-negative bacterial
cell contains approximately 3.5 million LPS molecules on its surface [91], which, in order to
achieve their biological effect, must be released from a bacterial cell. LPS can be released
from the bacteria’s outer membrane and circulate as a free molecule. This phenomenon
may occur during normal bacterial division or the abnormal growth of the outer membrane.
Moreover, LPS is also released during the natural death of bacteria, but the release can also
be induced by antibiotic treatment.

In terms of structure, an LPS molecule is characterized by the presence of the follow-
ing three regions: the O-specific chain (O-antigen and O-specific polysaccharide), core
oligosaccharide (constituting the central part of the LPS), and A lipid (the region anchoring
the LPS in the outer membrane of the cellular wall). LPS detection through lipid A limits
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its ability to identify a bacterial species accurately because lipid A is highly conserved
among species and serotypes. However, considerable structural differences in lipid A are
the basis of altered host immune response. Lipid A can also change its structure in response
to environmental factors. LPS might also be changed when a pathogen infects the host
cell [92], and it seems very important to determine the molecular differences, i.e., in the
profile and structure of LPS, between Salmonella strains isolated from carriers and patients
in the active phase of the salmonellosis disease. Lipid A produced by Salmonella is highly
immunogenic, while other bacteria, such as Yersinia pestis, produce an LPS of low immuno-
genicity in vivo [93]. Synthesizing an LPS of low immunogenicity can be a bacterial strategy
to evade host immune response and increase intracellular survival. Hence, the paradox
of Salmonella survival and the bypassing of host defense strategies may be related to the
change in LPS immunogenicity during the carrier state (Figure 3). The O-antigen serves as
a fingerprint to determine bacterial species and serotypes, and it is subject to change. Under
certain conditions, smooth types of bacteria can mutate to rough strains (lacking O-antigen)
to omit the energy-intensive synthesis of O-antigen, and their activity can then be changed.
Strains that lack the O-antigen and the outer core are categorized as deep roughs. The
O-antigen impairs S. Typhimurium LPS internalization in intestinal epithelial cells (not
macrophages) and delays TLR4-mediated immune recognition [94]. It has been known
for a long time that the O-antigen contributes to the evasion of host immune defenses,
particularly the evasion of the complement cascade in S. Typhimurium [95]. S. Enteritidis
requires an LPS with a long O-antigen to resist the complement system [96].

O-antigen Core Lipid A

. ——
ability and heterogeneity of Lps Structy,,
e

immunogenicity during the carrier o -
a e?

TviE PARADOX OF SALMONELLA SURVIyA

L
HOST STRATRGIES DURING THE
o \(pp‘SslNG ARRIER STap,

ge in LPS diverse activity during the carpig, Star
a e?

OF LPS FROM DIFFERENT SEROTYPES OF SALMONE,
L4 s,
Po

QPS from S. Typhimurium >
LPS from S. Enteritidis LPS from S. Minnesota

Figure 3. A possible explanation of the Salmonella paradox. The survival and bypassing of host

defense strategies may be related to the change in LPS immunogenicity and activity during the carrier
state. There are differences in LPS activity regarding the neuron neurochemical characterization
within particular serotypes of Salmonella spp. (a low dose of LPS from S. Enteritidis induces an
increase in substance P-positive neurons (SP), whereas LPSs from S. Minnesota and S. Typhimurium
cause a decrease). The question mark indicates the need for the confirmation of the presented theory.

LPSs from different Salmonella serovars are differentially capable of activating TLR4.
Differences in O-chain lengths can be important for bacterial adhesion, internalization, and
virulence [97]. Structural and chain length differences in LPSs between the serotypes of
S. Typhimurium are sufficient to drive different host immune responses by lipid regula-
tion [98]. The few available study [99,100] results highlight the importance of serotype-
specific effects in the LPS from E. coli in the inflammatory pathway. In an in vitro study,
four LPS serotypes derived from Escherichia coli differed in their ability to trigger cytokine
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secretion by immune cells, especially at lower concentrations [100]. The differences in LPS
activity regarding the neuron neurochemical characterization within particular serotypes
of Salmonella spp. were observed in the in vitro studies. The low dose of LPSs derived from
S. Enteritidis, S. Typhimurium, and S. Minnesota affected neuron phenotypes differently.
The LPS from S. Enteritidis induces an increase in substance P-positive neurons, whereas
LPSs both from S. Minnesota and S. Typhimurium cause a decrease (Figure 3). The S.
Typhimurium LPS, unlike the S. Enteritidis LPS and S. Minnesota LPS, did not affect the
immunoreactivity to galanin [87]. Taking the above into consideration, the activity of LPS
may vary and may depend not only on the species [21,101,102] but also on the serotype of
Salmonella spp. [87]. Pathogen heterogeneity is a key feature of pathogen populations that
impacts host response [103].

An important element of the work on Salmonella and LPSs from Salmonella spp. is
the analysis of their changeability. Future research strategies should take into account
diverse LPS biological activity, which is dependent not only on the species but also on the
serotypes of the bacteria from which they are derived. Bacteria are organisms changing
their properties, and hence posing various threats, an example of which is the issue of
antimicrobial resistance (AMR), with special consideration given to multiresistant bacterial
strains. Salmonella spp. has a range of mechanisms to prevent the action of many antimi-
crobials used in clinical medicine. AMR is a very important issue related to the carrier
state of Salmonella spp. Moreover, the relationship between certain virulence determinants,
i.e., virulence genes and antibiotic resistance, occurs in Salmonella [7,104]. It seems that
each serovar has acquired a unique set of genes that enable them to use distinct strategies
to modulate the host immune response. Moreover, metagenomic analysis of Salmonella
spp. genes allow for the determination of the expression of bacterial genes involved in LPS
biosynthesis. Many genes are involved in LPS biosynthesis, and the relationship between
changes in the biosynthesis gene expression and LPS concentration is not straightforward.
For example, a rarely reported wzxE gene is involved in bacterial LPS biosynthesis by en-
coding a flippase that can flip the precursor of LPS across the membrane into the periplasm
space. The wzxE from Salmonella can mediate the bacterial ability of adhesion and invasion
in host cells, and can affect host immune responses by regulating O-antigen flipping [105].

The heterogeneity and variability of the LPS structures are connected with its detection,
which makes it a challenging process. LPS detection, especially LPSs from pathogenic
bacteria such as Salmonella, which can persist in an organism without causing symptoms
of the disease, is a crucial but complicated task [106,107]. Assays for the detection of LPSs
derived from given species and serotypes of bacteria are needed. It is also possible that
low doses of LPS from S. Enteritidis, which do not cause the clinical symptoms of illness,
may require detection and eradication, which may be of great importance, particularly
regarding an asymptomatic carrier of Salmonella spp. The solution to problems of masked
LPS and the phenomenon of low endotoxin recovery may be helpful in the discovery of
new tests for bacterial serotypes of LPSs and improve the safety of human health [106,108].

7. Conclusions

Research involving the use of Salmonella and their endotoxins in the prevention and
treatment of cancer and cancer metastasis is needed. Finding the balance between the
therapeutic benefits and toxicity of Salmonella spp. and their LPSs can help develop
anticancer therapy. Future studies on lipopolysaccharides from Salmonella spp. should
consider their high variability and diversity. The activity of even low doses of LPS may
vary and may depend on the species and serotype of the bacteria. Therefore, it is crucial
to always report the origin of the lipopolysaccharide used in the research, including the
serotype, in research publications. Moreover, the presence of LPS from S. Enteritidis
in the body in an amount that does not induce any symptoms of illness may result in
unknown long-term consequences associated with its action on the cells and biologically
active substances of an organism. It is not ethical to conduct research involving the use of
endotoxins on people if the long-term consequences of their use are not known. Therefore,
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research strategies and the pharmaceutical industry should consider the diverse biological
activity of LPS, dependent on the sources of the bacteria and the long-term consequences
of LPS used in various doses.
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