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Abstract: The toxin and antitoxin modules in bacteria consist of a toxin molecule that has activity to inhibit various cellular processes
and its cognate antitoxin that neutralizes the toxin. This system is considered taking part in the formation of persister cells, which are
a subpopulation of recalcitrant cells able to survive antimicrobial treatment without any resistance mechanisms. Importantly, persisters
have been associated with long-term infections and treatment failures in healthcare settings. It is a public health concern since
persisters can be involved in the evolution and dissemination of antimicrobial resistance amidst the aggravating spread of multidrug-
resistant bacteria and insufficient novel antimicrobial therapy to tackle this issue. Salmonella enterica serovar Typhimurium is one of
the most prevalent Sa/monella serotypes in the world and is a leading cause of food-borne salmonellosis. S. Typhimurium has been
known to cause persistent infection and a wealth of investigations on Sa/monella persisters indicates that toxin and antitoxin modules
play a role in mediating the phenotypic switch of persisters, rendering its survival ability in the presence of antimicrobial agents. In
this review, we discuss findings regarding mechanisms that underly persistence in S. Typhimurium, especially the involvement of toxin
and antitoxin modules.
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Introduction
Salmonella enterica is a complex and the largest species in the genus of Salmonella, comprising six subspecies which are
further classified into serovars according to the White-Kauffman-Le Minor scheme.'” These Gram-negative and
facultative intracellular enteropathogenic bacteria can colonize different types of hosts, causing diseases with various
degree of severity. The majority of the serovars that are associated with humans and animals belong to subspecies
I (subsp. enterica) and they are generally classified into typhoidal (TS) and non-typhoidal Sa/monella (NTS) based on the
disease and host specificity. The former includes serovars that cause invasive diseases and can only infect humans or
higher primates, whereas the latter has a broader host range with the clinical manifestations depending on the host
susceptibility and responses.>* The Salmonella enterica subsp. enterica serovar Typhimurium (S. Typhimurium) is one
of the most prevalent NTS responsible for self-limiting inflammation in human intestines, yet has also been reported to
emerge as the causative agent of invasive NTS (iNTS) infection.®*>¢

The resolution of disease following Sa/monella infection can be achieved even when the pathogen has not completely
cleared from the host. In this state, which is referred to as persistence of infection, the bacteria can survive for
a prolonged period beyond the intestinal mucosa and evade the host immune response without necessarily establishing
clinical manifestations.” Persistence is typically associated with TS serovars that can remain in the carrier host between
months to years. However, it has also been documented to a lesser extent in NTS infection and generally occurs for not
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more than 12 months.>®? The sustained colonization can lead to relapse as it induces organ lesions at localization sites or
re-seeding of the surviving bacteria to intestinal mucosa. In this context, the reappearance of symptoms is caused by the
recrudescence of initial infection.®’ Previous reports showed that recrudescence predominates the relapse cases in
S. Typhimurium infection since the isolates from initial infection and during relapse were clonally related.'®'" Those
findings present the challenge for bacterial eradication and are persuasive of the importance to better understand the
Salmonella pathogenesis during long-term infection.

Intermittent shedding of Sal/monella in asymptomatic carriers and acute relapse of NTS infection are often associated
with antibiotic treatment.'''* The majority of the relapse cases in some regions were also reported to involve multidrug-
resistant (MDR) strains.* The intracellular localization of bacteria was presumed to provide a protective niche from
antibiotic killing effect.'’> However, the existence of recalcitrant cells seems more plausible to render Salmonella
persistence based on experimental findings.” These subpopulations of bacterial cells are termed “persisters” and have
the ability to survive antibiotic treatment by reducing cell growth through a transient phenotypic switch. Strikingly, they
can resume growth under normal conditions and produce antibiotic-sensitive progeny.'* Antibiotic persisters have been
observed in invasive S. Typhimurium infection through a murine typhoid model.'”>"'” The reduced growth rate and
physiological properties of the surviving cells following antibiotic treatment have implicated its significance and further
provide insights about persistence of Salmonella infection. However, it is noteworthy that defining a persister is not
trivial as it represents a tiny proportion of the clonal bacterial population. Other survival phenomena with very similar
characteristics, such as tolerant cells and viable but nonculturable (VBNC) state, may consequently confound the study of
persisters as well.

Several mechanisms that underly the occurrence of persisters have been proposed through experimental studies.'® 2!
It is mostly associated with bacterial strategy to survive environmental stressors or antimicrobials, which results in a state
of dormancy and temporal tolerant phenotype. In S. Typhimurium, several toxin-antitoxin (TA) modules have been
reported to increase the proportion of persisters under host microenvironment conditions and therefore suggested to
contribute to the formation of Salmonella persisters.'®**>* The toxins from TA modules can interfere with various vital
processes which are linked to cell growth (i.e. DNA replication, transcription, or translation).”> >’ This implicates an
interesting point regarding the role of TA module in switching the phenotype of antibiotic-recalcitrant Sa/monella and
influencing the physiological dynamics of bacterial cell growth. Moreover, understanding the complexity of persister
formation is essential to address its relevance in long-term infection, as well as devise a strategy for pathogen eradication.
The occurrence of persisters has also been proposed to promote emergence of antimicrobial resistance through horizontal
gene transfer.”® It is indeed becoming another public health concern, particularly in the efforts to control the emergence
of resistant pathogens. This review therefore focuses on the significance of S. Typhimurium persisters with particular
emphasis in the involvement of TA modules. We first elaborate the clinical relevance of Salmonella persisters and
highlight the prominent features that distinguish them from other survival phenomena. Then, we discuss both corrobor-
ating and contradictory findings regarding the role of TA modules in Salmonella persisters.

Persistence of S. Typhimurium Infection and Its Implications

S. Typhimurium belongs to the NTS group that can infect a broad range of hosts with different clinical manifestations. In
humans, NTS infection normally causes self-limiting acute gastroenteritis and is rarely associated with invasive disease.
The NTS infections are considerably less studied than those caused by TS serovars, which perhaps is due to the lower
fatality in the general population. Infection of S. Typhimurium in susceptible mice, on the other hand, notably causes
typhoid-like disease with similar clinical manifestations to those observed in TS infection in humans. This serovar was
therefore used to develop a murine typhoid infection model due to the restricted host of TS serovars.”**° It has then
become an important experimental model to study Salmonella pathogenesis and the host response during systemic
infection and persistence.

NTS infection in humans has emerged as one of the leading causes of foodborne illness globally. The prevalence is
estimated to be 1.4 million cases per year in the US with S. Typhimurium being the most frequently identified serovar.>'
It is also regarded as the most common cause of diarrhea in Asia and the emergence of its invasive form is rising in some
regions, despite limited documented data.*’>* According to several clinical reports, systemic infections of
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S. Typhimurium, such as bacteremia, are prevalent in the population with immunocompromised conditions.>>*’

Approximately 5% of NTS cases in high-income countries will develop to systemic infection with relatively low
mortality. In contrast, iNTS is more problematic in Sub-Saharan Africa where the fatality rate is high (20-45%),
especially in the population with high incidence of HIV, malaria, and malnutrition.>%'%-**

One of the key features in Salmonella pathogenesis is the ability of this pathogen to invade extraintestinal tissues. The
host immune response additionally restricts intracellular replication and thus allows bacteria to reside within the preferred
host for prolonged periods without causing any symptoms.>* The compounding effect of survivors in the colonized
tissues and its growth resumption is able to cause the symptoms of acute relapse during persistence. Despite the scarcity
of studies on relapse episodes, a report showed a 2.2% prevalence of persistent NTS infection among the total Salmonella
infection in Israel. Around 65% of those cases were associated with relapsing diarrhea, which is notably different from
the majority of asymptomatic carriers in TS infection. The study also indicated that young age and antibiotic treatment
are likely to contribute in the development of symptomatic relapse.'' Similarly, a randomized controlled trial suggested
that antibiotic use during initial infection is a risk factor for acute relapse. The symptom resolution and early negative
stool cultures was achieved within the first week of antibiotic treatment in patients with acute NTS infection, yet positive
stool cultures will likely occur in the third week followed by relapse episode.*” Inadequate antibiotic treatment in NTS
infection was also found to cause relapse among cancer patients.>®

S. Typhimurium entry into host systemic circulation occurs mainly through invasion of phagocytic microfold (M)
cells that cover the Peyer’s patches of intestinal lumen. The destruction of M cells is particularly mediated by expression
of type III secretion system (TTSS-1) effectors encoded in Salmonella Pathogenicity Island-1 (SPI-1). As a result,
bacteria can penetrate further into deeper enterocytes and reach the lamina propria where they are taken up by phagocytes
and transported to mesenteric lymph nodes (MLNs). The alternative bacterial uptake pathway mediated by dendritic cells
in the lamina propria has also been reported which does not involve M cell invasion, but rather dendritic cells expansion
to the intestinal mucosa that actively captures the bacteria.***! Salmonella-infected phagocytes are vital for systemic
infection since they provide access for the bacteria to reach the lymphatics and bloodstream, in which they can eventually
colonize many organs, such as liver, spleen, gall bladder, and bone marrow.”*’

Tissue-associated S. Typhimurium has been shown to contain a small amount of persisters. This is because an analysis
of surviving colonies in infected mice after antibiotic treatment revealed that the recalcitrant cell can resume growth, as
well as remain antibiotic-sensitive and fully virulent when reinfected to the naive host.'>'® In addition, a distinct level of
antibiotic tolerance due to phenotypic variation has been described in S. Typhimurium. A single-cell analysis using
fluorescence reporter revealed the heterogenous growth rate of S. Typhimurium in the murine typhoid model. Slower
growth rates are likely to display better tolerance since slow growing/non-dividing cells had the highest survival in the
study, yet their rarity is deemed negligible to impact the outcome of antibiotic treatment. The moderately growing cells,
on the other hand, had a greater proportion among survivors and were thus suggested to be responsible for delayed
eradication.!” Proteomic analysis of those different subsets showed that ribosomal proteins are more abundant in the fast-
growing population, whereas the proteome content of the slow growing/ non-dividing subset is more related to nutrient
limitation response.'” Other studies have also demonstrated that S. Typhimurium persisters inside the host cell maintain
their metabolic status, although being in non-growing state.'®**

The low metabolic activity in persisters is maintained through inhibition of protein and DNA synthesis, which suggests
that the availability of antibiotic targets is reduced. Since the antibiotics mostly target essential components of a bacterial cell
(i.e., peptidoglycan in the cell wall and enzymes involved in DNA synthesis), the transiently non-growing or slowly growing
persister become temporarily non-viable for antibiotic killing mechanisms.?"** > Consequently, the antibiotic persister can
be difficult to eradicate despite extended and aggressive antibiotic treatment, especially when they reside in the protective
niche that can promote persister phenotype (i.e., biofilm, host microenvironment). Delayed eradication of S. Typhimurium
can become the cause of treatment failure and further develop into relapse episodes when persisters reseed at the infection
site in the gastrointestinal tract. In the clinical context, it will require multiple courses of antibiotics or adjustment of
treatment duration which can possibly promote the selection of antimicrobial resistance traits.

There has also been evidence indicating the contribution of persisters in the evolution of antimicrobial resistance.
A study using S. Typhimurium persisters demonstrated their potential role as both recipient and donor of transferable
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plasmids containing antimicrobial resistance determinants in murine gut.***’ Interestingly, a case control study has
described the occurrence of plasmid acquisition conferring extended-spectrum beta-lactamase activity in S. Typhimurium
serial isolates from a NTS patient.'' Beside the acquired resistance involving a mobile genetic element, prolonged and
repetitive antibiotic exposure may also potentially drive genetic alterations that eventually result in tolerance or
resistance. Some laboratory experiments have shown that cyclical exposure to antibiotics in persister-derived culture
leads to tolerance mutations which further can facilitate in the selection of stable antibiotic-resistant phenotype.*>*4°
However, it remains inconclusive if the bacterial persister in a clinical setting will encounter a similar fate as shown in
the laboratory experimental model. The whole genome sequence analysis of S. Typhimurium isolates from infected
individuals associated with relapse revealed that mutation in the coding regions had no correlation with tolerance,* but
may affect the virulence traits (motility, capsule production, and biofilm formation).’® In contrast, a study involving
patients infected with methicillin-resistant Staphylococcus aureus (MRSA) showed the emergence of tolerance mutation
leading to the rapid evolution of resistant strains.”’ The disparity across species shown in those studies may be due to
their differing mutation rates, as well as characteristics of host-pathogen interactions that can possibly give additional
factors to promote genetic alteration during persistence.

Apart from relapsing infection and delayed bacterial eradication, persistence of Salmonella infection also implicates
the potential risk for person-to-person transmission since the carrier is able to excrete viable bacteria through feces and
urine. The age-dependent host susceptibility has been suggested to influence the fecal-oral route of NTS transmission
from infected family members to neonates or young infants.> However, it may not be considered as the main route of
transmission in the general population due to the low prevalence of persistent NTS infection and relatively short fecal
shedding period.® According to several studies, community outbreaks typically involve contamination of such serovar in
food products.” > Dissemination of S. Typhimurium through the food chain may be attributed to its vast animal host
range that serves as an environmental reservoir (i.e., pigs, cattle, and poultry). Moreover, this serovar is known to
produce a subset of super-shedder phenotype in asymptomatic animals® which may become the main source of
transmission between livestock animals.

Importance of Defining Persistence in the Study of Persisters

The term “persister” was first introduced in the 1940s to refer to a bacterial cell that can escape the antibiotic killing after it was
observed that penicillin could not completely sterilize the Staphylococci culture. The descendant cells derived from surviving
colonies were particularly able to regrow in the absence of antibiotics and remain susceptible to penicillin. One of the
hypotheses from that study was that persisters are present in a dormant and non-dividing state which allows them to withstand
the lethal effect of penicillin since only the actively dividing cells are viable for antibiotic action.>® Nearly four decades later,
cells with high-frequency persistence (Hip) phenotype were isolated from Escherichia coli K-12 which supports the previous
evidence regarding the occurrence of persisters in a bacterial population.”’ By using the microfluidic device and time-lapse
microscopy, another study further attempted to observe bacterial growth dynamics at single-cell level and revealed the
phenotypic switch of persisters in E. coli K-12 as a result of heterogeneous growth rates within a clonal population. Three
subsets of cell population were proposed to exist in the wildtype culture based on their growth dynamics, namely the normal
cell, slow growing persister, and growth-arrested persister. The persisters were shown to display a distinct growth character-
istic compared with its normal counterpart prior to antibiotic treatment.>® To date, persisters have been described in several
medically important bacteria, such as Staphylococcus aureus, Mycobacterium tuberculosis, Pseudomonas aeruginosa,
uropathogenic E. coli, Candida albicans, and S. Typhimurium.>*>*

Regarding the nature of persisters in bacterial populations, there have been considerable efforts to understand their
formation and survival mechanisms. Their presence as a small subset of cells in a clonal population of bacteria was one
of the considerations to develop an appropriate experimental model that can explain the biological pathways involved in
persister formation. Moreover, the transient antibiotic tolerance phenotype displayed by persisters is often confused with
the genetic tolerance phenomenon that presents more homogeneously in the whole population. Limitations in experi-
mental procedures to define bacterial survival strategy can confound and complicate the investigation. One important
aspect in this regard is the variability of growth rates within a clonal bacterial population, from which the different
fractions of cells may arise with distinct or even very similar phenotypic traits. As discussed in several previous
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it is therefore crucial to pinpoint a reliable definition and assess experimental models that are suitable to
study persisters. The definitions and practical guidelines to study antibiotic persistence in vitro have been proposed by
a group of investigators working in this field.'* Notably, the three terms to describe survival mechanism of bacteria (i.e.,
resistance, persistence, and tolerance), as well as their characteristics, were emphasized to further allow the discrimina-
tion between persistence and other survival phenomena.

Resistance is defined as the ability to replicate and survive in the presence of certain antimicrobial agents within the
minimum inhibitory concentration (MIC). Resistance is a heritable trait since it involves genetic alterations of the
bacterial genome which are responsible for survival and a higher concentration of antibiotic is required to achieve
a similar bactericidal effect as in susceptible bacteria. The elevation of MIC is a prominent feature of drug-resistant
bacteria that can be observed through standard antimicrobial susceptibility testing. Meanwhile, tolerance is defined as the
ability to survive the duration of a transient antibiotic treatment several times above the MIC without resistance
mechanism.'* Both tolerance and persistence are survival phenomena that are associated with reduced growth rate,
display lower cellular activity, and are not characterized by the change of MIC. However, tolerance occurs at the whole
population level and is governed by either genetic mutation or growth condition resulting in slower killing of the bacteria
when antibiotic is given at the MIC level. It becomes a point to consider that the duration of antibiotic exposure is crucial
in killing tolerant cell populations and thus minimum duration for killing (MDK) was proposed as a parameter to predict
the tolerance level of bacterial populations.'*°%-¢*

Although persistence may seem similar to tolerance, it particularly involves persisters that undergo a transient
phenotypic switch to survive exposure to an antibiotic. It is important to note that persisters appear only in a small
fraction of the clonal population and consequently cannot be explained by MIC and MDK which are more representative
for the whole population.'*®*® The presence of persisters can be revealed by biphasic killing curves (Figure 1) which
reflect a killing pattern of antibiotics and the survival of tolerant persisters when antibiotic concentration exceeded certain
thresholds. In the presence of antibiotic concentration several times higher than MIC, the subpopulation of recalcitrant
cells also sustains the tolerance phenotype due to their non-viability for antibiotic action. The genetically tolerant
population, on the other hand, can be efficiently killed with the kinetics as in susceptible population.'*® Persisters are

divided into two types based on the presence of trigger factors and which growth phase they occur in, spontaneous
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Figure | lllustration of biphasic killing curves of bacterial growth during antibiotic treatment. The biphasic killing curves indicate the presence of two subpopulations,

consisting susceptible cells that are eliminated rapidly by antibiotic treatment according to the killing kinetics (dashed black curve) and tolerant persister cells that may
survive (red curve). Termination of antibiotic treatment allows persisters to resume growth, displaying similar phenotype to the parental population (dashed purple curve).
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persisters and triggered persisters (Figure 2). Spontaneous persisters may be observed in the steady-state exponential
growth without involving any trigger factors. Their occurrence is based on the hypothesis that a fraction of cells is
stochastically converted into persister phenotype at a constant rate during growth. However, this type of persister is less
common than the other one. The triggered persisters constitute the majority of recalcitrant cells in a clonal population and
they are generated in the stationary phase due to the presence of triggering factors, such as stress signal as a response of
cell starvation. When the resuscitation occurs in the absence of stressors, spontaneous persister can swiftly resume
growth in a few hours while a subset of triggered persisters population can display an extended lag time before they
eventually regrow.'*®

In addition to the survival strategies mentioned above, bacteria can also establish a viable but non-culturable (VBNC)
state to elude bactericidal activity of antibiotics. This phenomenon exhibits similar characteristics to persisters and they
are both related to cell dormancy, but not exactly identical at some points. However, it seems that VBNC state is rarely
addressed together in the investigations related to persisters. Previous studies have hypothesized that VBNC and
persisters coexist in the clonal population and become part of the dormancy continuum.®”-*® Through population
dynamics modeling, it is further described that generation of persisters leads to a VBNC state as prolonged or sustained
exposure to stress induces a deeper dormancy state. Accordingly, their occurrence is thought to include some similar
mechanisms that orchestrate the conversion of persisters into VBNC state consecutively.”” The overlapping phenotype
between these two survival strategies was corroborated by the evidence that they share similar morphology and metabolic
activity prior to ampicillin treatment, yet subsequently differed with the presence of antibiotics.®’ Furthermore, the
conditions required for resuscitation and lag time period upon stress removal appear to be two major points that can be
used to discriminate VBNC state and persisters. The cells in the VBNC state are presumed to require a long period to
restore the metabolic activity until they are eventually able to resume growth, which is indicated by the significantly
prolonged lag.®” However, there might be confusion in defining this survival strategy with triggered persisters since they
are also characterized by an extended lag time period.'*>® In this regard, it is worth noting that the VBNC state has been
described as an extensive level of dormancy and consequently reflects a considerably longer period for the resuscitation
when compared with persisters and necessitate a broader stress factor to select it. For instance, the isolation of cells in
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Figure 2 Difference of triggered and spontaneous persisters based on the presence of trigger factors generating formation of persisters in a culture.
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VBNC state is often involved exposure to further stressors after antibiotic treatment, such as osmotic pressure and
temperature stress.*®’" The lower metabolic activity in VBNC state also implies the need for a more complex and
specific condition to exit the dormancy state, hence common growth media are typically insufficient to recover the

cells.®%"!

Pathogenesis of S. Typhimurium Associated with Persister Formation

As it has been mentioned earlier, the spontaneous persisters are stochastically generated in a tiny proportion during
logarithmic phase due to heterogeneity in the growth rate between cells in a clonal population. Subsequently, the
proportion of persisters will significantly increase during the stationary phase due to the presence of environmental
stimuli related to stress conditions, such as nutrient limitation, diauxic shift, ATP depletion, extreme pH, and DNA
damage. In the context of persistent infection, the tissue localization where persisters survive determines the physiolo-
gical niche with varied stressors that can influence the proportion of recalcitrant cells per se.>’% In this part, we discuss
the evidence regarding progression of S. Typhimurium infection that led to persistence and the factors that have been
reported to influence the proportion of persister cell.

Enteric invasion of S. Typhimurium is initiated by the pathogen binding to the host cell surface and followed by
expression of the SPI-1 to generate the needle-like complex and inject the TTSS-1 effectors into M cells and enterocytes.
Secretion of these proteins induces cytoskeleton rearrangement that is characterized by membrane ruffling, as well as
manipulation of the host signaling pathway.*® S. Typhimurium then penetrates the intestinal epithelium and migrates from
the apical to basolateral side via transcytosis mediated by expression of type III secretion system encoded in SPI-2
(TTSS-2). Finally, the bacterial cells are released into lamina propria through an exocytosis mechanism.”® The active
uptake by certain resident dendritic cells in the lamina propria can also provide direct transepithelial migration without
requiring TTSS-1 expression.***!

Interestingly, TSS-1 expression has been recently considered to have a fitness cost and drives within-host evolution.
Cells expressing this virulence factor were demonstrated to penetrate epithelial tissues yet grow with a slower rate than
the avirulent cells lacking TTSS-1 expression (this phenotype was shown to only colonize the gut lumen and not
involved in transepithelial penetration). Accordingly, the heterogeneous phenotypes of S. Typhimurium during intestinal
infection facilitate the establishment of cooperative virulence to outcompete intestinal microbiota and efficiently
penetrate the epithelial tissue.”*’® Based on a study in a mouse model for Salmonella diarrhea, the concept of
cooperative virulence is suggested to render different spatial localization of S. Typhimurium which further
influences the antibiotic tolerance and promotes tissue persistence.”” However, the antibiotic perfusion in the tissue
was mentioned as one of the factors that should be evaluated in order to confirm that the difference of antibiotic
sensitivity is due to phenotypic variation between tissue-associated cells and those in gut lumen. Another study that
investigates the tissue localization of S. Typhimurium persisters indicated that ciprofloxacin, a bactericidal antibiotic
often used to treat invasive Salmonella infection, has a high bioavailability in the tissues where persisters were
identified.'® In regard to persister formation, those findings indicate that phenotypic heterogeneity of S. Typhimurium
during the initial stage of infection may predispose the factors to select or activate a transient antibiotic-tolerance
phenotype that can eventually colonize the host cell for a prolonged period. The impact of within-host adaptation to
metabolic activity and genetic alterations at single-cell level also appears to remain unexplored. This insight may lead to
a better understanding of the differential tolerance phenotype generated in order to achieve cooperative virulence, as well
as its association with antibiotic persister.

Upon reaching the lamina propria, S. Typhimurium is carried into MLN by mononuclear phagocytes and uses the
lymphatic circulation as an entrance site for systemic dissemination. A more recent study revealed that the delivery of
S. Typhimurium into lamina propria occurs through two scenarios: cell-mediated transport (uptake by dendritic cells, not
macrophages) and autonomous migration in a cell-free form. In the latter mechanism, the pathogens are captured by the
macrophages and B cells in the MLN.”” According to several studies in a murine typhoid model, the cells that enter MLN
were shown to develop the characteristics of persisters, such as non-replicating, slower growth rate, temporary tolerance
to high concentration of antibiotic (indicated with biphasic killing curve), and notably recover as the wildtype antibiotic
sensitive cells after resuscitation. The S. Typhimurium persisters were identified in MLN, caecum lymph node (cLN),
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spleen, gall bladder, and liver.'®!"3%7%7 However, the persister fraction was predominantly found in MLN and thus
considered as the primary site of persistence responsible for relapsing infection.’>’® Another report showed the liver as
the main localization site of Sa/monella persisters, contradicting the previous findings with the difference in experimental
design assumed to underly the discrepancy.”’

As part of the host defense mechanism, macrophages exert a harsh environment in order to eliminate the pathogen,
such as vacuole acidification, production of free radicals, vacuolar ATPase, lysosomal digestive enzymes, and anti-
microbial peptides. In S. Typhimurium-infected macrophages, the pathogen survives within a membrane-bound vacuole
called a Salmonella-containing vacuole (SCV), evades host immunity, and undergoes intramacrophage adaptation
through regulation of several virulence factors. In particular, the expression of TTSS-1 effectors involves the initial
step of SCV biogenesis, followed by secretion of TTSS-2 effectors for SCV maturation and intracellular survival.**8052
The acidification of SCV has been demonstrated to promote survival and manipulate the replication of S. Typhimurium.®*?
Since the Salmonella persisters were notably found to reside within SCV, the physiological environment inside macro-
phage was further suggested to play a crucial role in Salmonella in persister formation and dormancy state. The in vitro
infection of S. Typhimurium to bone-marrow derived-macrophages (BMM) showed that the phagocytosis of bacteria by
macrophages serves as a cardinal process to induce persister formation. In particular, the vacuolar acidification (pH 4.5)
and nutrient starvation were proposed to influence the persister fraction based on the exposure of corresponding
conditions in laboratory media and infection to BMM (Figure 3).'° In addition, infection of clinically invasive
S. Typhimurium isolates into human primary macrophages supported the idea that internalization to macrophages
could significantly increase the proportion of persister bacteria.*

The evidence mentioned above was contradicted by a recent finding which shows that both vacuolar acidification and
nutrient starvation do not influence persister formation, despite a similar experimental design being applied.*> However,
the experiment was conducted in Luria-Bertani (LB)-treated media and did not include a study of macrophage infection.
One possible factor that can underly the contradictory results between those studies is the use of LB with uncontrolled
concentration of sugar and divalent cations since it may cause growth variations, as previously discussed.*® In another

study that used a different medium, investigation of persister fraction was achieved at pH 3.5%*

which suggests a more
specific pH value may be required to induce persister formation upon phagocytosis by macrophages. It is also important
to note that the mechanism of pathogen internalization into macrophages was found to correlate with the vacuole

acidification process®’ and therefore can possibly affect the differential pH across vacuoles.

Vacuole acidification
and nutrition starvation

I,\ Fraction of persister
N/ (transient tolerance)
i
!
| £ =

Macrophage
microbicidal activity
kills most of the cells

Figure 3 Phagocytosis by macrophage is an important step to initiate Salmonella persisters. Vacuole acidification and the lack of nutrients for cell growth induce the
activation of stress response and TA modules, leading to persister formation.
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Despite conflicting findings regarding the vacuole acidification, localization of Salmonella persisters within macro-
phages indicates the importance of the host-specific environment as one of the key aspects that should not be overlooked
when investigating S. Typhimurium persisters. Additionally, the interplay between macrophage defense mechanisms and
persisters may be much more complex and involves various virulence factors. It includes the consequences of vacuole
acidification or other environmental stimuli to the action of molecular effectors that have been suggested to take part in
persister formation. For example, an assessment of 32 reported SPI-2 T3SS effectors revealed that some of those
effectors influence the intracellular replication within macrophages.®® Another investigation also showed that transloca-
tion of SPI-2 T3SS effectors to the host cells are maintained within SCV, although persisters are in a nongrowing state.*?
However, it seems that the contribution of vacuole acidification in the expression of SPI-2 T3SS effectors remains
unclear due to contradictory results between several studies.®’

Toxin-Antitoxin Modules That Affect the Proportion of Salmonella

Persisters

Manipulation of several major metabolic activities, including inhibition of DNA and protein syntheses, has been typically
associated with persister cells as part of a survival strategy from environmental stressors. There are several types of stress
response in bacteria that have been described to mediate persistence, such as general stress response induced by
environmental stress condition, DNA damage-induced SOS response, as well as stringent response mediated by the
alarmones (p)ppGpp (guanosine tetraphosphate and guanosine pentaphosphate).>>**%3%° Accordingly, the role of those
stress responses in reprogramming bacterial growth and metabolic activity during stress conditions has become one of
particular interest to elucidate the mechanism of persister formation.

As briefly mentioned in the introduction, several studies have indicated the link between stress responses and TA
modules in S. Typhimurium. This genetic element contains the toxin which has the ability to inhibit cellular function and
its cognate antitoxin which neutralizes the action of the toxin. Initially identified in F plasmid, the TA operon is now
known to be widely distributed in various bacteria and archaea. Based on its genetic structure and regulation, there are six
classes (I-VI) of TA modules. They have a wide range of cellular targets and can interfere with biological processes
within the bacterial cells, such as protein translation, cell wall synthesis, and DNA replication.?*?”-*° The toxin activities
of TA modules can affect various biological functions, yet the detailed molecular mechanisms on how they are being
activated remain enigmatic. Several biological functions of TA modules have been associated with the regulation of cell
growth and cellular adaptation under stress conditions, including post-segregational killing, abortive infection, and
persister formation/antibiotic tolerance.?

Among six classes of TA modules, the type II is considered the most abundant and well-studied in many bacteria.
Both toxin and antitoxin molecules in this type are proteins. The latter one generally has two domains: the N-terminal
domain that binds inverted repeats in the operon promoter for regulatory purposes and C-terminal domain that binds the
cognate toxin to neutralize its toxic activity.>>**?! One of the early investigations regarding the role of TA modules in
persistence identified the bicistronic hipBA operon that is responsible for high persistence levels in E. coli K-12. The
operon was further characterized and known to comprise the high persistence gene A (hipA) and its counterpart hipB
gene, producing a toxin-antitoxin complex.”®** Mutations in the toxin hipA gene were shown to impair the complex
formation, thus allowing HipA protein to exert its toxic activity through phosphorylation of glutamate-tRNA ligase
(GltX) leading to inhibition of protein translation and cell growth.”

In S. Typhimurium, bioinformatic analysis in the genome of a virulent strain revealed 27 TA loci (four loci located in
plasmids); seven of them belong to type I while the rest are type I1.°° In addition, the type II toxin-antitoxin database
(TADB 2.0) has listed at least 18 type II TA loci from the genome of S. Typhimurium strain LT2.”® The regulation and
role of TA modules in intracellular survival was shown to vary between host cell types, indicating the specificity of
physiological conditions inside the host that promote the biological function of each TA module.***> Remarkably,
S. Typhimurium 12023 mutants carrying a single deletion of 14 from those identified putative type II TA loci have been
shown to exhibit around 10-30% reduction in the proportion of macrophage-induced persisters relative to its wildtype

strain.'®
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The potential role of each type II TA operon in Salmonella persistence has also been demonstrated in several reports
(Table 1). For example, a study used transposon mutagenesis to generate highly persistent mutants of S. Typhimurium
LT2 which led to the identification of shpAB TA operon and its contribution to a persistent phenotype. This type II TA
module encodes ShpA toxin with RNase sequence signature and its cognate ShpB antitoxin. Based on the experimental
results, it was proposed that the shpAB regulation depends on the Lon protease activity which degrades the antitoxin but
is not mediated by (p)ppGpp stringent response.”” The vapBC of TA locus identified in S. Typhimurium LT2 also
indicates the activity that may promote persister formation. This TA module encodes the PiIN (PilT N-terminal) domain
toxin and its cognate antitoxin. It was shown that amino acid starvation and antibiotic chloramphenicol induce the
ectopically-expressed Salmonella VapC toxin to mediate bacteriostatic condition which is responsible for the inhibition
of cell growth.”” Knocking out the shpAB or vapBC TA loci of S. Typhimurium 12023 was also shown to decrease the
proportion of macrophage-induced persisters. Additionally, protein sequence homology analysis of the three previously
uncharacterized TA modules exhibiting association with persister formation in S. Typhimurium has unraveled a novel
indicator of toxin biological activity. In specific, the toxins from those TA modules share similarities with GcnS
N-acetyltransferases (GNAT) based on the presence of a conserved N-acetyltransferase superfamily domain and further
were named as TacT, TacT2, and TacT3.23:%4

Overall, the studies mentioned above provide a constructive indication that TA modules may take part in promoting
the persistent phenotype of intracellular Sa/monella persisters. Further assessment of these TA modules and verification
of their significance in allowing Salmonella to survive within its host through persistence is essential. Understanding the
target specificity of TA modules as well as the regulation of TA operons, which are discussed in the next section, are
some of the rising concerns due to the increased abundance of TA modules that may be found within Salmonella
genomes and considering the complexity of the molecular basis that may underly the formation of persisters.

Mechanisms and Regulation of Toxin and Antitoxin Modules in Promoting

Salmonella Persisters Formation

Several models have been proposed to describe the regulation of TA modules in which it may occur at transcriptional or
translational level. In type II TA modules, the gene expression is often autoregulated at transcriptional level through the
principle of coordination cooperativity (Figure 4), which apparently is the most well-studied model. Explicitly, the
repression and de-repression are influenced by the ratio between toxin and antitoxin (T:A) in TA complexes which
implicate the bifunctional role of toxin as either co-repressor or de-repressors depending on the toxin level.>> The
N-terminal DNA-binding domain of the antitoxin binds to the promoter resulting in low to moderate repression. On the
other hand, formation of TA complexes mostly contributes to an increased binding affinity of antitoxin in the promoter
region. Based on this knowledge, strong repression will be achieved when the T:A is low owing to the steady-state
stoichiometry of TA complexes formation and the reduced availability of free toxins. Conversely, the excess level of
toxin increases the T:A ratio, leading to a de-repression state and eventually activation of TA module.*****® This type of
TA operon autoregulation has been observed in ShpAB and VapBC of S. Typhimurium.?*°’

The stress response has been proposed to mediate TA module activation that led to persister formation. It appears that
the different stability between toxin and antitoxin underlies this hypothesis. The free antitoxins are generally unstable
proteins and prone to proteolytic degradation while the free toxins are relatively more stable. Meanwhile, the stress-
dependent activation of cellular proteases; such as Lon, ClpXP, and CIpAP, contributes to the degradation of

Table | Several Characterized Type Il TA Modules Involve in Salmonella Persistence

TA Module Predicted Mechanism of Toxin Activity Molecular Class of Toxin Cellular Target | References

ShpAB Protein translation inhibition: cleave mRNA RelE-like RNases mRNA [22]

VapBC Protein translation inhibition: cleave initiator tRNA PIN-domain ribonucleases tRNAMe: [97,101,103]

TacAT Protein translation inhibition: acetylating aminoacyl-tRNA | GNAT tRNA(gly) [23,84,102]

TacAT2 Protein translation inhibition: acetylating aminoacyl-tRNA GNAT tRNA [23,84]

TacAT3 Protein translation inhibition: acetylating aminoacyl-tRNA GNAT tRNA [23,84]
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Figure 4 lllustration of type Il TA system autoregulation through coordination cooperativity. The ratio of toxin and antitoxin influence the switch between repressed and
de-repressed state of operon. Degradation of antitoxin by cellular protease prevent the formation of TA complex.

antitoxins and consequently impairs the stoichiometry of TA complex formation. As a result, free toxins can bind to their
targets and exert biological activities.”>*”*® Some investigations suggest that the stringent response may involve the
activation of type II TA module. The alarmones (p)ppGpp is a secondary messenger known for its important role in
mediating stringent response as the bacteria attempts to regulate its cellular physiology under stress conditions.”
Notably, it was proposed that (p)ppGpp is involved in the activation of Lon protease through the accumulation of
polyphosphate (polyP) which subsequently causes antitoxin degradation of TA module.'® The regulation of cellular (p)
ppGpp is carried out by RelA-SpoT Homologue (RSH) family proteins which have a bifunctional role in both
synthesizing and degrading the (p)ppGpp.”’

In the study of macrophage-induced Salmonella persister, assessment of mutants carrying deletion of rel4 and spoT or
lon showed a significant decrease in persister fraction. Moreover, the lon mutant and wildtype strains displayed no
significant difference in the proportion of persister when grown in laboratory media which indicates the critical influence
of intracellular environments. Accordingly, it was inferred that this evidence may be linked to the activation of TA
module.'® However, this model may not be generally applied in all Salmonella TA modules and depends on the
organization or regulation of individual operon. In ShpAB TA module, the persistence was found to be independent of
(p)ppGpp level although the Lon protease was shown to take part in the process.”” The toxin-degrading activity of Lon
protease was also observed in VapBC TA module, but the association with stringent response remains elusive.'*!

As mentioned above, liberation of the toxin through antitoxin degradation by Lon protease allows it to generate
biological activities. Consequently, investigating the cellular process that becomes the target of toxin activity is essential
in order to elucidate its mechanism of action in promoting persistence. Among the characterized toxins from Salmonella
TA modules, their target has been proposed based on structural analysis and some laboratory experiments (Figure 5). In
TacT, the radiolabeled pulse-chase assays indicated that the toxin inhibits protein translation while the DNA replication
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Figure 5 Proposed target of the toxins within bacterial translational machinery. The ShpB, VapC, and TacTs toxins target the mRNA, initiator tRNA, and aminoacyl-tRNAs
respectively.

and transcription were likely not influenced.?® Protein structure analysis and cell-free translation assay revealed that the
substrate of TacT is charged aminoacyl-tRNA in which the acetyl moiety is transferred from Ac-CoA to the alpha amine
group of amino acids.>® Similar to TacT, the TacT2 and TacT3 also showed tRNA-acetylating activity, but TacT3
exhibited the highest acetylating potency. The in vitro experiments showed that those toxins can transfer the acetyl
moiety to a different range of aminoacyl-tRNAs, indicating their target specificity.®* Another in vitro study suggested that
the glycyl-tRNA is the most efficient substrate of TacT although it can acetylate other aminoacyl-tRNAs. For confirma-
tion, in vivo study was performed, and it showed glycyl-tRNA as the only aminoacyl-tRNA species acetylated by TacT.
Moreover, it was predicted that TacT2 share similar specificity with TacT based on their structural comparison
analysis.'®> The activity of toxin from VapBC TA module was shown to inhibit the translation process as well, but
with different targets. Characterization of VapC toxin revealed that it cleaves the initiator tRNA between anticodon stem
and loop, thus may interrupt the initiation step of mRNA translation.'”® On the other hand, the RelE-like RNases
signature shown in the sequence of ShpB toxin®? indicates that it may share a similar activity with the well-characterized
RelE toxin in E. coli in mediating growth arrest. RelE toxin is part of ReIBE TA module in E. coli which was known to
exhibit mRNA interferase activity by cleaving the mRNA at the ribosomal A site.'**'% However, the activity of ShpB
seems to be still unclear and has not yet been investigated in S. Typhimurium.

The protein translation is likely the primary target of toxins from TA modules in S. Typhimurium. Although both
acetylation of tRNAs and cleavage of initiator tRNA could potentially affect the dynamics of the translation process,
further investigation within this context has yet to be performed to clarify the details of the toxin mechanism in
interfering protein translation. Initiator tRNA is one of the key players in the formation of 30S initiation complex in
which it interacts with initiation factor 2 (IF2) to enable specific recognition by IF1 and IF3 in the peptidyl (P) site of the
ribosome.'®® On the other hand, the aminoacyl-tRNAs are involved in the elongation process and binding with elongation
factor thermal unstable (EF-Tu) is essential to be recognized in the aminoacyl (A) site of the ribosomal complex during
translation. Therefore, it is speculated that the tRNA-acetylating toxins may prevent aminoacyl-tRNA to bind with EF-Tu
which eventually disrupts the elongation of polypeptide chains. Also, it appears that VapC toxin acts in a more upstream
step by inhibiting the complex formation between initiator tRNA and IF2 in the initiation step which probably generates
a more global impact in the protein translation of bacterial cells.

However, the activation and regulation of TA modules in S. Typhimurium seem to remain elusive and some
conflicting results between one study and the others are generating more questions to be investigated. Most importantly,
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the inconsistency of the TA activation model in E. coli persisters has raised debates concerning the role of (p)ppGpp, Lon
protease, and TA modules in promoting bacterial persister formation, including in S. Typhimurium. Evaluation in E. coli
found that infection of cryptic prophages in the E. coli strains used to study the TA modules was responsible for the
artifact results and corresponds to the interlaboratory variation.'" Further reassessment of the E. coli strains confirmed
that activation of TA modules does not correlate with persister formation.'®” In S. Typhimurium, a study reported that (p)
ppGpp and TA modules are dispensable for persistence and also highlighted the negligible impact of acidic
environment® as discussed above. The latter study has provided a significant contradictory result from the previous
findings about the role of (p)ppGpp and TA modules in Sa/monella persister formation. However, the influence of
physiological properties encountered by S. Typhimurium during intracellular persistence was likely not addressed.
Regarding the link between stringent response and TA module, a recent study reported that the RelA-SpoT Homolog
(RSH) protein family can inhibit protein biosynthesis which is responsible for growth arrest.'®® This finding may indicate
the independent role of (p)ppGpp in promoting persisters and could be another caveat to consider when clarifying the
role of TA module in persister formation. On top of that, it is also crucial to do thorough assessments with a clear
experimental procedure that can be widely accepted, produce less variability, and considers the factors from the
perspective of bacterial pathogenesis and host response that may promote persister phenotype in S. Typhimurium.

Concluding Remarks

In summary, there have been pieces of evidence indicating the involvement of the toxin-antitoxin system in the persister
formation of S. Typhimurium. These include the role of TA modules in inhibiting protein biosynthesis with indications
of the alteration of bacterial physiology, such as metabolic activity and cell growth. As an outcome, the bacterial cell will
undergo a transient phenotypic switch that enables survival through a persistence phenomenon in the presence of
antimicrobial agents due to reduced availability or access to the cellular target. The conflicting results between studies
suggest the need to clarify the molecular mechanism of persister formation in S. Typhimurium using appropriate and
comparable experimental models, considering the nature and characteristic of persisters in a clonal bacterial population.
It is also important to note that the host microenvironments should not be neglected since there have been evidence
suggesting its influence to offer a more suitable intracellular condition for persister formation in S. Typhimurium. For
instance, the role of within-host adaptation and the macrophage microenvironment that can influence the proportion and
tissue localization of persisters. Furthermore, the valuable knowledge regarding Sal/monella persisters can be used as
future directions to address treatment issues in Salmonella persistent infections, as well as growing concern that
persisters may take part in the evolution of antimicrobial resistance.
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