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Abstract

Salmonella enterica, particularly non-typhoidal serovars (NTS), is a leading cause of
foodborne iliness, with invasive infections posing high mortality risks in developing
countries. Fluoroquinolones and third-generation cephalosporins, such as ceftazi-
dime (CAZ), are used to treat severe infections, yet they are facing concerning rates
of antimicrobial resistance. Furthermore, recalcitrant and/or persistent infections are
often linked to persister cells, a phenotype that enables cells to survive in the pres-
ence of high concentrations of antibiotics. Although persisters are associated with
chronic infections, their interactions with the human immune system, particularly
serum resistance and opsonophagocytosis, are not well understood. Here, three NTS
isolates from the food protein chain (S45, S48, and 4SA(2)) were used. Persister
cells were selected by exposure to CAZ concentration 100 times higher than the
minimum inhibitory concentration and then assessed for serum resistance, opsono-
phagocytosis, and intracellular survival in primary human macrophages. The isolates
exhibited heterogeneous persister fractions (1.06%—39.55% survival after 72h of
CAZ exposure). Persisters exhibited equal or greater serum resistance than regular
cells. Isolate 4SA(2) proliferated in 100% human serum, with persister-derived cells
showing higher growth rates. Following opsonization, serum-resistant persisters of all
isolates were phagocytosed at significantly higher rates than serum-resistant regular
cells. Intracellular survival varied: S45 persisters proliferated post-internalization;
S48 persisters and regulars were eradicated; 4SA(2) showed no phenotype differ-
ence. Complement enhanced the intracellular survival of S45 but not S48 or 4SA(2).
Despite having different intracellular outcomes, Salmonella persisters showed higher
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levels of opsonophagocytosis and serum resistance. These findings suggest that cell
surface modifications may facilitate host cell uptake and contribute to antimicrobial
treatment failure and long-term infection. The phenotypic diversity among isolates
underscores the importance of considering persister heterogeneity and host-
pathogen immune interactions in order to understand recalcitrant infection dynamics
and design more effective therapeutic strategies.

Introduction

Salmonella spp. is a Gram-negative bacillus taxonomically classified into two spe-
cies: Salmonella bongori and Salmonella enterica. The latter has six subspecies and
more than 2,500 serovars [1]. In the human gastrointestinal tract, Salmonella enterica
subsp. enterica is the predominant subspecies found, and its serovars are classified
as either typhoidal or non-typhoidal [2]. Typhoidal serovars, such as S. Typhi and
S. Paratyphi, are adapted to humans and can cause severe systemic infections [3].
Non-typhoidal serovars (NTS) can cause self-limiting enterocolitis in humans [4] and,
less frequently, they can also be found in systemic infections known as invasive NTS
(iNTS), which has a high mortality rate in developing countries [5]. The most com-
mon NTS and iNTS serovars are S. Typhimurium and S. Enteritidis [6,7], although S.
Agona has shown increasing rates, especially from contaminated food [8]. In 2021,
510,000 cases of INTS were reported worldwide, resulting in 62,000 deaths [9].
Third-generation cephalosporin antibiotics, such as ceftazidime (CAZ), are pre-
ferred for treating severe gastrointestinal and systemic infections in children and
during pregnancy. This strategy avoids the DNA effects caused by fluoroquinolones,
which are also used to treat systemic infections [10,11]. Therefore, the worldwide
prevalence of Enterobacterales resistant to third-generation cephalosporins raises
great concern in the context of public health, with these bacteria being categorized
as a critical priority in the WHO’s 2024 Bacterial Priority Pathogens List. Additionally,
fluoroquinolone-resistant NTS is categorized as a high priority [12]. In addition to the
development of antimicrobial resistance, the presence of persister cells has been
implicated in recalcitrant and/or persistent infections in the host [13,14]. Persisters are
cells with a non-heritable phenotype that can survive high concentrations of antimicro-
bials. They usually present slow or no growth and are typically found in small sub-
populations within an isogenic cellular culture [15,16]. Therefore, the failure to clear
infections during antimicrobial treatments is possibly due, at least in part, to the pres-
ence of such cells. Once the stressor, the antimicrobial, is removed, the persister cell
can regrow and repopulate the infection site [17]. Persisters have been described as
a point of concern in the emergency crisis of antibiotic resistance, as they have been
shown to acquire and spread resistance plasmids via horizontal gene transfer [18].
Salmonella may be considered a professional intracellular pathogen, as it can
infect cells such as enterocytes, macrophages, dendritic cells, neutrophils and B lym-
phocytes [19-23]. INTS cells can infect macrophages and spread through the blood-
stream to the liver and spleen. The intracellular lifestyle involves modulating host
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cell physiology and evading phagolysosomes [24]. Once inside the host cell, the vacuole environment can stimulate the
bacteria to adopt a persister phenotype. These cells can then subvert phagocytic cells, creating a favorable niche in which
they can survive and potentially replicate [25,26]. Outside of host cells, these bacteria must cope with mammalian immune
serum components, such as the complement system and antimicrobial peptides (AMPs). The complement system is a
proteolytic cascade that is recognized for its role in surveillance against pathogenic invasion. Its canonical mechanisms

in mammalian host defense involve extracellular actions, primarily the direct lysis of microorganisms, opsonization, and
the induction of inflammation with concurrent phagocyte attraction and activation [27]. On the other hand, non-canonical
complement functions include intracellular activation and modulation of processes such as autophagy and cellular metab-
olism [28]. AMPs are usually composed of 12—50 amino acids and can interact with the bacterial membrane via electro-
static attraction, many times causing injuries at the site of deposit [29]. Mechanisms of serum immune evasion include the
presence of lipopolysaccharide (LPS) variants [30], capsule [31], Outer Membrane Vesicles (OMVs) [32], and the ability to
recruit host’'s complement regulators and produce enzymes that cleave its components [33]. In order to move to an intra-
cellular environment, Salmonella cells change their evasion mechanisms. The Type 3 Secretion Systems (T3SS) encoded
in Salmonella Pathogenicity Islands — type | (SPI-l) enables the penetration of the host cells, reaching the cytoplasm, and
releasing effector proteins that remodel the local cytoskeleton [34,35]. SipA (SPI-l) is responsible for Salmonella invasion
by actin-binding and influences phagosome maturation [36,37]. SifA (Salmonella Pathogenicity Islands — type II; SPI-II)
helps in the production of microtubules that extend from the Salmonella-Containing Vacuole (SCV) to enable nutrient col-
lection [38,39]. SptP (SPI-1) and SpvC (SPI-Il) may suppress the innate immune response and proinflammatory cytokine
secretion by downregulating MAPK and NF-kB, respectively [40—42]. Therefore, INTS cells must adapt to intracellular and
extracellular challenges [43], possibly with serum opsonization as an interconnection point.

Although persister cells have been associated with chronic Salmonella infections, how these cells deal with the innate
humoral human immune system has been poorly characterized. Additionally, the influence of this phenotype on opsono-
phagocytosis, intracellular survival, and replication is a worthwhile question. In fact, it has been shown that regular NTS
cells are phagocytosed faster than the membrane attack complex (MAC) of the complement system can effectively Kkill
them, suggesting an immune system exploit strategy [44]. Understanding how serum-resistance and antibiotic-persistence
mechanisms trade off with opsonic uptake and intracellular fate remains to be achieved, ultimately considering whether
bacteria are cleared, persist nonreplicating, or later resuscitate. Taken together, these gaps highlight the need to elucidate
how persister cells influence host—pathogen interactions. Here, we investigated three NTS isolates collected from the food
protein production chain that presented different levels of persister fractions regarding human serum activity, macrophage
uptake and intracellular survival.

Results
Isolates present a significant degree of heterogeneity when comparing persister fraction levels

The three ceftazidime-susceptible isolates (S45, S48, and 4SA(2); see Table 1) were treated with 100-fold the concentra-
tion of their respective ceftazidime MIC for up to 72 h, resulting in different survival curves (Fig 1). S45 and S48 presented

Table 1. Salmonella enterica subsp. enterica isolates.

Salmonella enterica subsp. enterica MIC (pg/mL)
SOROVAR CODE ORIGIN CAZ
Salmonella Enteritidis S45 Meat meal 0.25
Salmonella Enteritidis 4SA(2) Swine feces 0.25
Salmonella Agona S48 Feathers meal 0.06

Isolates with their respective codes, origin and MIC values (ug/mL). MIC breakpoints for CAZ: <1 pg/mL, susceptible;>4 pug/mL, resistant. MIC cut-off
values were interpreted according to the European Committee on Antimicrobial Susceptibility Testing [74].

https://doi.org/10.1371/journal.pone.0343532.t001
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Fig 1. Ceftazidime 100-fold MIC survival curves. Mid-log bacterial cultures were exposed to ceftazidime at 100-fold MIC for each isolate at room tem-
perature for 72 h. Pink circles represent isolate S45, purple squares indicate isolate S48 and lilac triangles show isolate 4SA(2). Major and small graphic
show data in logarithmic and linear scale, respectively. ***, p<0.005; **** p<0.0001. Data is represented by means and standard error of percentages
from three biological and technical triplicates.

https://doi.org/10.1371/journal.pone.0343532.9001

survival fractions of 6.31% and 8.89% after 24 h of exposure to the drug, with a subsequent drop to 1.06% and 2.94%
after 72 h, respectively. 4SA(2) presented higher levels of surviving cells in all time points evaluated (Supplementary S1
Table), presenting 68.57% and 39.55% surviving cell fractions after 24 and 72 h, respectively. All isolates presented differ-
ent levels of surviving cells after 72 h of ceftazidime exposure, and these cells were considered persisters for the following
experiments.

Isolates show distinct surviving patterns for both regular and persister cells when exposed to human sera

Persister and regular cells of the three isolates were incubated with human sera, revealing heterogeneous serum resis-
tance profiles (Fig 2). Incubation of all cell groups with buffer or iS did not result in a reduction in cell numbers. Regular
and persister cells of S45 and S48 presented a reduction in cell numbers following serum exposure. In contrast, 4SA(2)
showed an increase in cell numbers at the evaluated time points.

Persisters presented similar or higher levels of cell numbers compared to regular cells when exposed to 100% (S) or
50% (S50) sera for the three isolates (Fig 2A-2F). S45 persister cells showed higher survival rates when exposed for 1 h to
S or S50, while they were not significantly different in the remaining time points. S48 persister cells showed higher counts
than regular cells after exposure to S50 for 1 and 2 h. Although the differences were not statistically significant after expo-
sure to S50 for 3h and to S for all time points, a clear non-significant trend towards higher serum resistance in persisters
can be seen (see Supplementary S2 Table). Different from S45 and S48, 4SA(2) showed cell multiplication of both regular
and persister cells. After 2 and 3 h of S and 3 h of S50 exposure, persisters exhibited higher growth rates than regulars. No
significant differences were observed in the remaining experimental groups. Thermically inactivated serum (iS) exposure
resulted in contrasting results comparing the isolates. S45 presented higher levels of regular cells than persisters after 1
h and 3 h, and after 2 h there is also a non-significant trend (p=0.076; see Supplementary S2 Table) for higher regular
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Fig 2. Isolates serological susceptibility profiles. ~10° CFU (10 pL) of each cell group were added to human serum (100% Serum, S), human
serum 1:1 PMHC (50% Serum, S50), thermically inactivated serum (iS), or PMHC buffer (Buffer, B), and incubated at 37°C for 3 h. Images A, B, and
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C represent the serum susceptibility curves, and images D, E and F represent the data dispersion of S45, S48 and 4SA(2), respectively. Dashed lines
and striped bars represent the regular cells, while solid lines and smooth bars represent the persister cells. Dots show data dispersion (D, E and F). *,
p<0.05; **, p<0.01; **** p<0.0001. Data shown as means and standard errors of percentages of three biological and technical triplicates.

https://doi.org/10.1371/journal.pone.0343532.9002

derived multiplication (Fig 2A, 2D). S48 presented higher levels of regulars than persisters after 2 h of exposure, but no
differences were detected in the other time points (Fig 2B, 2E). 4SA(2), on the other hand, presented higher levels of
persister derived cells than regulars after 2 h of exposure, but no differences were detected in the other time points (Fig 2C,
2F). Exposure of cells to physiological buffer (B) led to two different profiles comparing regulars and persister cells: S45 and
S48 regular cells presented higher or a non-significant trend to higher multiplication rates than persisters, whereas 4SA(2)
showed no differences between them (Fig 2A-2F; see Supplementary S2 Table).

Persister and regular cells present variable profiles of macrophage internalization and intracellular survival

Regular and persister cells that can survive in human serum may be opsonized by serum components and/or alter their
phenotype in response to the new conditions, possibly influencing phagocyte recognition and intracellular bacterial viabil-
ity. Therefore, in order to evaluate the influence of opsonization in serum-resistant regular and persister cells, as well as
their capacity of survival/proliferation within phagocytes, S, iS and B treated cells were used to infected primary cultures
of human macrophages (Fig 3). The three isolates exhibited different profiles when comparing regular and persister cells,
but serum-resistant persisters showed higher levels of phagocytosis than regular cells in all isolates.

Following sera exposure, the S45 isolate (Fig 3A) presented higher levels of phagocyted persister cells than the regu-
lar group, which was not observed following iS and B treatments. The number of viable bacteria within macrophages did
not differ between regular and persister cells after 30 min of incubation. However, after 24 h of incubation, persister cells
showed higher numbers for all treatments. Interestingly, S45 regular and persister cells were phagocyted at higher levels
after iS and B than S treatment, although resulted in lower numbers of surviving cells, except for iS-treated persister cells
after 24 h.

The S48 isolate (Fig 3B) showed higher numbers of internalization (p<0.0001; see Supplementary S3 Table) of
S-treated persisters than regular cells, whereas B-treated persisters were less phagocyted than regulars (p<0.0001; see
Supplementary S3 Table). On the other hand, iS-treated regular cells seemed to be not internalized. No serum-resistant
bacterial cells of this isolate could be rescued from macrophages. iS-treated regular cells were present at higher levels
than persisters after 24 h, although no differences could be seen after 30 min and in the internalization levels. B-treated
regular cells showed higher levels of internalization as well as of rescued cells after 24 h of macrophage incubation than
persisters. In contrast to regular cells, which showed a 2-log difference when comparing each treatment (S>iS>B), per-
sister cells of all treatments were internalized in similar proportions.

The 4SA(2) isolate (Fig 3C) exhibited higher levels of phagocytosis for S-treated persisters compared to regular cells,
whereas the iS treatment produced the opposite pattern. No significant differences were obtained with the B treatment.
Persisters exhibited higher levels of internalized viable cells than regular cells after the iS and B treatments after 24 h of
incubation, though no differences were observed after the S treatment. All treatments of both regular and persister cells
resulted in an increase in viable cell numbers after 24 h compared to 30 min of macrophage incubation (p<0.005; see
Supplementary S3 Table).

Discussion

Foodborne ilinesses affect an estimated 600 million people annually, and NTS/iINTS are among the main associated
infections. Salmonella spp. have the longest persistence among infectious bacteria in food samples [45,46]. Around 100
Salmonella serovars may cause disease in humans, though S. Typhimurium and S. Enteritidis are the primary causative
agents of NTS and iNTS. However, the relative frequency of serovar infections has been changing, with S. Agona climbing
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Fig 3. Percentages of Salmonella viable cells after incubation with human macrophages. Salmonella surviving cells after 1 h of incubation with S
(100% Sera), iS (thermically Inactivated Sera), or B (Buffer) treatments were used to infect human macrophages, and non-phagocytosed and phagocy-
tosed viable bacterial cells were quantified. Images (A), (B) and (C) represents the isolates S45, S48 and 4SA(2), respectively. Dark orange and light
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up in the last decades. It has been suggested that it can persist for long periods in biofilms and in viable but non-culturable
state, specially in dry food [8,47]. S. Typhimurium exhibits higher levels of macrophage uptake and intracellular survival
than S. Enteritidis, therefore indicating that serovar differences may account for alternative courses of disease [6,7,48].
After invading enterocytes or being uptaken by M cells, Salmonella cells are engulfed by phagocytes. During the infection,
they are released into the bloodstream and/or lymphatics and come into contact with the complement system [33]. There-
fore, INTS must be able to resist both phagocytosis and humoral immune components, facing an additional constraint
when antimicrobials are used.

Cephalosporins are among the treatment options for INTS and severe NTS, although considerable resistance rates
have been reported [49]. Furthermore, persistent infections may arise from asymptomatic carriers, and recurrence of
infections may originate from persister cells. In this context, studies have examined the impact of Salmonella persisters to
understand their formation mechanisms [50], impact on bacterial biofilms [51], development of adaptation strategies [52],
and survival in treated infections, including evasion of the host’s immune system [27]. From a One Health perspective,
this study examined these cells by comparing three isolates recovered from the animal food chain within the context of
the human immune system. Furthermore, we evaluated isolates with different levels of persisters and serum resistance,
including a high-persister isolate (4SA(2)).

Although the behavior and mechanisms of serum evasion by Salmonella cells have been extensively characterized
[53-55], few studies have specifically addressed how persisters interact with human serum and phagocytes. Pseudomo-
nas aeruginosa persisters have been described as more resistant to serum than regular cells [56]. Our data indicate that
persisters from the three isolates present equal or higher serum resistance compared to regular cells, but with striking
differences. The high-persister isolate 4SA(2) showed full serum resistance, and both persisters and regular cells were able
to multiply in the human serum. Interestingly, persisters from the high-persister isolate 4SA(2) exhibited similar or higher
multiplication rates than regular cells, indicating that serum components modulated differently the metabolism of these
cells. Considering that the regular population is a mixture of persister and non-persister cells, and approximately 40% of the
4SA(2) regular population may consist of persisters, the multiplication difference between persisters and non-persister cells
must be significantly greater for this isolate. Thermically inactivated serum has already been shown to induce the growth of
persisters from Escherichia coli, Staphylococcus aureus and P. aeruginosa [56], corroborating that serum components may
trigger resuscitation of persister cells. As expected, persisters exposed to physiological buffer alone, therefore not sub-
jected to any major stress, showed equal or lower levels of proliferation than regular cells in the three isolates. Mechanisms
underlying Salmonella serum resistance are associated with outer membrane configuration and/or composition [27,57],
and many proposed modifications explaining the persister phenotype also frequently involve changes at the cell surface
[58—61]. Indeed, the term “evaders” was coined from analyses of serum-resistant Gram-negative blood pathogens because
serum-resistant cells presented similarities to persisters, such as biphasic killing curves and transient, non-heritable toler-
ance. Furthermore, evaders were shown to have active metabolism and to resume growth [62]. Nevertheless, it is important
to highlight that the genotypic comparison of serum-resistant and -susceptible NTS strains showed no obvious correlation
between genetic and phenotypic variations. On the other hand, susceptible strains presented upregulation of wca locus
genes, implying higher production of a colonic acid-containing exopolysaccharide. Meanwhile, resistant strains increased
fepE, which regulates LPS production [63]. This apparent emphasis on regulatory and/or epigenetic networks is another
parallel that mirrors evader and persister lifestyles and may help explain therapeutic eradication failure and chronicity. The
possible connection between evaders and persisters in Salmonella still needs to be clarified, but our data are consistent
with the presence of varying mechanisms involving the three isolates.

In addition to the MAC and AMPs, opsonophagocytosis is another mechanism by which the innate immune system
clears infections caused by microorganisms. Several Salmonella pathogen-associated molecular patterns (PAMPs) have
been identified as being associated with Toll-like receptor (TLR) recognition by phagocytes and enterocytes [64—66]. Con-
cerning persisters, P. aeruginosa and S. aureus showed lower macrophage phagocytosis levels compared to regular cells
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[56,67]. Serum-resistant, opsonized P. aeruginosa persisters also showed lower engulfment [56], contrary to the Salmo-
nella persisters described here. All three isolates evaluated presented higher levels of internalization of serum-

resistant, opsonized persisters than of serum-resistant, opsonized regular cells by primary human macrophages. This
difference possibly relies on the different strategies of intracellular survival and/or infection these bacteria deploy when
facing phagocytes. The remaining evaluated parameters comparing the isolates facing macrophage exposure displayed
different, sometimes contrasting, profiles. For instance, serum-resistant S45 persisters showed higher proliferation than
regular cells after 24 h whereas serum-resistant S48 persisters and regular cells could not be rescued from the macro-
phages, and the high-persister isolate 4SA(2) did not present significant differences. Additionally, for S45 cells, comple-
ment components seem to be essential to increase survival within macrophages, and serum components are important for
boosting intracellular proliferation. However, these characteristics are absent in S48 and the high-persister isolate 4SA(2)
cells. Therefore, isolates from a single serovar may present highly discrepant behaviors when dealing with environmental
stresses, including the human immune system. This is not surprising, especially when compared to the degree of varia-
tion found among Salmonella isolates of the same or different serovars concerning persisters, including phenotypes and
transcriptome profiles [16,68].

Evaluations based on a single strain of a serovar should be taken with caution as they may not represent the outcomes
of serovar infection by different isolates. Taking this into account, the fact that only serum opsonophagosized S. Agona
isolate (S48) persister cells could not be rescued from the macrophages indicates that serotype differences may be
present. As iS-treated persisters cells from S48 were rescued from macrophages, complement system-derived opsoniza-
tion seems to be a major player in this outcome. Additionally, LPS composition may be another important factor, as it has
already been shown to influence phagocyte intracellular fate in Salmonella, modulating type | IFN responses [69]. Con-
trasting to persisters and iS- and B-treated regular cells, serum-treated S48 regular cells were hardly phagocytosed, also
pointing to complement or other thermically labile components triggering phagocytosis resistance. Therefore, variations in
the surface of regular and persister serum-resistant cells probably modulate opsonization efficiency and/or macrophage
receptors recognition. In fact, serum resistance in S. Typhimurium has been shown to do not result from C3b deposition
avoidance, but suggested as dependent on C3b localization in the bacterial surface [70]. Protective antibodies, able to
activate the classical complement pathway, were shown to be generated against trimeric, but not monomeric, Salmonella
OMPs. This difference was suggested to come from a larger opening in the LPS layer, which allows for antibody access
[71]. On the other hand, both persister and regular cells of the S. Enteritidis isolates (S45 and the high-persister isolate
4SA(2)) were phagocytosed and able to survive and proliferate intracellularly. So, for the S. Agona isolate (S48), phagocy-
tosis seems to be avoided by serum resistant cells, whereas for the two S. Enteritidis isolates (S45 and the high-persister
isolate 4SA(2)) higher phagocytosis levels may lead to higher numbers of infected cells and intracellular proliferation.
The degree of mismatch between macrophage polarization and the bacterial evasion scaffold has been suggested as
an explanation for these contrasting scenarios [72]. Taking together, these data suggest that different isolates/serovars
employ different strategies, favouring either phagocytosis avoidance or the “Trojan Horse” strategy, the latter enabling
enhanced intracellular persistence and proliferation. Furthermore, the phenotypic variation developed by Salmonella
strains in host tissues influences decisively the delayed bacterial clearance by antibiotics [73] and starvation may be a
major trigger of Salmonella antibiotic resilience [74]. Therefore, the presence of a common pattern of higher phagocyto-
sis levels of opsonized, serum-resistant persisters compared to their regular counterparts was unexpected and deserves
further attention.

Salmonella growth arrest inside phagocytic vacuoles and the formation of persisters in this environment has been
described [26,75,76]. Intracellular persisters are not dormant, but active metabolically and able to modulate the immune
response [77]. This condition is associated with the Stringent Response, which has the alarmone Guanosine (penta)-
tetraphosphate ((p)ppGpp) as a bacterial molecular signalling, stimulated by ATP depletion and amino acid starvation,
accounting for the development of the persister phenotype inside the host cell [75,78]. Herein, the growth of persister and
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regular cells of the three isolates does not appear to be fully interrupted within the 24-h evaluation period in the vacuoles.
The connection of this characteristic to serum resistance may help to explain persistent bacterial carriage and recalcitrant
infections [79].

Variations in LPS have been associated with serum resistance or susceptibility in Salmonella. LPS length is categorized as
short, long, or very long based on the number of carbohydrate repeats of the O-antigen, which is correlated with serum resis-
tance [70,80,81]. However, studies have also shown that composition influences antibody binding and complement evasion,
particularly when associated with longer LPS chains that anchor the components of the complement system and protect the
bacterial membrane against the formation of the MAC [81-84]. Furthermore, overall LPS heterogeneity influences phagocy-
tosis effectiveness and bacterial intracellular survival, possibly by modulating inflammasome triggering and IFN-y responses
[48]. OMPs play important roles in Salmonella’s ability to resist serum. PgtE, a promiscuous protease, degrades complement
proteins [85,86] and contributes to intracellular survival in neutrophils [87], while Rck binds to complement inhibitors [53,88].
TraT binds to factor H and CD46, which enables both complement inhibition and cellular invasion [89]. Interestingly, these
three OMP genes are not upregulated when NTS is exposed to serum [63]. However, pgfE has been shown to be upregulated
inside phagocytes. This suggests that LPS is the primary protective agent against the complement system extracellularly,
whereas the protease is more significant within the SCV [87]. Therefore, variations in the outer membrane directly deal with
extracellular challenges, whether they come from MAC assembly or opsonophagocytic-mediated killing mechanisms. In this
sense, OMPA and OMPW upregulation have been described for persisters and correlated with increased virulence in an in
vivo model [60]. OMPA maintains the stability of the Salmonella membrane in the presence of ceftazidime [90] and inhibits
macrophage autophagy and bacterial lysosome degradation [91]. This makes OMPA one of the possible connections between
antimicrobial persistence, serum resistance, and intracellular survival. Comparing the transcriptomes of three NTS isolates,
ceftazidime- or ciprofloxacin-persisters presented only four commonly differently regulated genes, indicating a small shared
physiological scaffold. Among these genes, murG was downregulated, while pspA was upregulated. This suggests that an
altered cell wall and increased membrane protection are essential for the persistence phenotype [68]. PspA has recently been
demonstrated to induce membrane remodeling, including the formation of double-membrane vesicles [92,93]. Considering
that Salmonella extracellular vesicles (EVs) have been shown to protect bacterial surfaces by acting as traps for the comple-
ment system and that this protection is dose-dependent [55], PspA could contribute to serum resistance by enhancing EV
production. Taken together, these findings suggest that antimicrobial persistence adaptations likely impact serum evasion and
intracellular bacterial fitness.

As mentioned above, evaluations based on a single isolate should be interpreted with caution because they may not
represent the full range of Salmonella infection scenarios. Therefore, a limitation of this study is that the evaluation was
restricted to three isolates. We also analyzed bacteria that were initially under exponential growth. However, stationary
or biofilm-grown Salmonella may exhibit different behaviors. Additionally, different MOls in macrophage exposure could
provide important insights into the impact of persisters, which could not be addressed here.

Conclusion

Bacterial persisters have been associated with antibiotic treatment resilience, but their concomitant relationship with

other stresses is what may result in a successful infection and/or reinfection. As seen here, the protein food chain carries
Salmonella isolates that exhibit different persister behaviours when dealing with the human immune system, as expected
given their phenotypic diversity. We demonstrated that isolates with different ceftazidime persister fractions exhibited
varying serum survival and opsonophagocytosis patterns when comparing regular and persister cells. Despite these varia-
tions, the persister cells of the three isolates exhibited higher or equal levels of serum resistance compared to their regular
counterparts. Additionally, the high-persister isolate 4SA(2), which is fully resistant to human serum, exhibited equal or
higher multiplication of persister-derived cells than regular cells when incubated in serum. Regarding macrophage expo-
sure, serum-resistant persisters were phagocytosed at higher levels than regular cells, though intracellular survival varied
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greatly among isolates. The higher opsonophagocytosis of serum-resistant persisters from isolates presenting contrasting
persister fractions and serum-resistance profiles may point to a relationship between evaders, persisters, outer membrane
composition and host intracellular uptake and viability. Designing more effective therapeutics that avoid recalcitrant infec-
tions may benefit from a deeper understanding of how persister cells influence host-Salmonella interactions.

Methods

Isolates

Three ceftazidime-susceptible NTS isolates of Salmonella enterica subsp. enterica were selected from the collection of
the Laboratory of Immunology and Microbiology of PUCRS, and named as S48 (S. Agona), S45 and 4SA(2) (S. Enteridi-
tis) (Table 1). Original collection and identification were obtained between 1995 and 2012 from Southern of Brazil.

Minimum Inhibitory Concentration

The ceftazidime (CAZ) (Sigma-Aldrich, St. Louis, USA) minimum inhibitory concentrations (MIC) were determined by broth
microdilution method, in triplicate and are shown in Table 1. The cut-off values were interpreted according to the Euro-
pean Committee on Antimicrobial Susceptibility Testing [94].

Persistence Test

The survival curves of planktonic cell cultures after exposure to ceftazidime were determined based on the methodology
of Drescher, S. P. M. et al, 2019 [16], with modifications. Overnight cultures were diluted 1:30 in Lysogeny Broth (LB) and
incubated at 37 °C until the mid-exponential growth phase is achieved (approximately 108 CFU/mL). Before ceftazidime
exposure, the initial cell density was determined by diluting a 100 uL-aliquot until 1076 in 0.85% saline, spotting 10 pL of
each dilution in triplicate on nutrient agar, and then incubating at 37 °C for 24 h. Cultures were exposed to ceftazidime at
100-fold MIC for each isolate at room temperature for 72 h. To determine the surviving fractions, aliquots of 300 L were
removed after 6, 24, 48 and 72 h of incubation, and centrifuged at 5225.5 g for 7 min. Pellets were resuspended with 300
ML of saline, diluted and each dilution quantified as described above. All analyses were performed on biological triplicates.
Survival cell fractions were calculated by dividing the number of colonies counted after each time point by the number of
colonies before the antibiotic treatment. To confirm the persistence phenotype and discard the possible selection of resis-
tant cells, persisters were regrown on nutrient agar and then re-exposed to the antimicrobial at the previously determined
MIC. A schematic overview of all procedures can be seen in Fig 4.

Serum Preparation

Between 10 and 12 volunteers agreed and signed a written consent term approved by the Ethical Research Committee of
PUCRS (CEP-PUCRS, CAEE: 69255123.6.0000.5336) between 25/07/2023 and 12/03/2024. 20 mL of peripheral venous
blood were collected and distributed into five 5 mL tubes to coagulate at room temperature. The tubes were centrifugated
at 400 g for 15 min and the serum without haemolysis or fibrin were transferred to another tube. The pool of sera with final
volume of ~50 mL was distributed in microtubes and stored at —-80 °C.

Human serum aliquots were thawed according to the demand for experiments, and the unused volume was discarded.
For serum inactivation, the microtubes were heated at 56 °C for 30 min.

Serum Susceptibility Assay

Regular cells and persisters obtained after 72 h of exposure to ceftazidime were immediately centrifuged at 5000 g for
30 min and resuspended in PMHC buffer (1x PBS, 1 mM HEPES, 0.15 mM CaCl,, 0.5 mM MgCl,, pH 7.3) at a density of
~108 CFU/mL.~108 CFU (10 pL) of regular or persister cells were then incubated at 37°C for 3 h with one of the following
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Fig 4. Diagram showing the methodology used to evaluate the susceptibility of regular and persister cells to serum and opsonophagocytosis.
Flow diagram of all experimental design. Created in BioRender: Lira, R. (2024).

https://doi.org/10.1371/journal.pone.0343532.9004

treatments: 1- S (100% Serum), addition of 90 yL of human serum; 2- S50 (50% Serum), addition of 45 yL of serum and
45 uL of PMHC buffer; 3-iS (inactivated serum), addition of 90 uL of thermically inactivated serum; 4- B (PMHC Buffer),
addition of 90 yL of PMHC buffer. After 1, 2, and 3 h, 10 uL aliquots from each group were taken and used for counting as
described above. A schematic overview of all procedures can be seen in Fig 4.
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Phagocytosis Assay

Peripheral venous blood was collected from three healthy donors in EDTA tubes. After centrifugation at 400 g for 15 min, the
plasma was removed and added the same plasma volume of 1x PBS and homogenized. 4 mL were then placed carefully
into 4 mL (v/v) of histopaque (Sigma-Aldrich) and centrifuged at 400 g for 30 min at 4 °C without break. Four layers were vis-
ible (plasma, a mononuclear fraction cloud, histopaque and red blood components), and the phagocytic cells were collected
and washed with 15 mL of cold PBS. To determine cell amounts, 10 pL was added to 90 uL of methylene blue, and 10 pL
was placed in Neubauer chamber, reaching~5x10° cells. Finally, the cells were plated in a 24-well flat-bottomed polystyrene
plate with RPMI 1640 media supplemented with L-glutamine and phenol red (Sigma-Aldrich, R8758), 1 mM sodium pyru-
vate (Sigma-Aldrich, S8636), 25 mM HEPES solution (Sigma-Aldrich, H0887), 1x non-essential amino acid (Sigma-Aldrich,
M7145), 1% penicillin-streptomycin solution (Sigma-Aldrich, P4333), 40 pg/mL gentamicin (Chemitec), 0.25% amphotericin
B (Thermo Fisher, 15290018), 10% Autologous Human Serum (AHS) and 50 ng/mL macrophage colony-stimulating factor
human (M-CSF, PeproTech, 300-25), a stimulator for maturation, for one week at 37 °C and 5% CO.,,.

Following the serum susceptibility assay, surviving cells after 1 h of incubation with 100%, iS, and B treatments were
used to infect macrophages. Based on previous surviving cell levels obtained after the serum susceptibility assay, esti-
mated bacterial numbers were adjusted at a Multiplicity of Infection (MOI) of 10 diluted in RPMI medium and incubated
with the macrophages for 30 min at 37 °C/5% CO,, with no antibiotics. Before incubation, 10 L aliquots were taken to
measure the actual initial bacterial cell density. Gentamicin (1 yL/mL) was then added and cultures were incubated until
24 h at 37 °C/5% CO,,. For phagocytosis quantification, the supernatants were collected and kept on ice until used for
bacterial number enumeration as described above. Plate wells were washed 2x with PBS, pH 7.4 and macrophages
were mechanically lysed immersed in PBS at 4 °C. Contents were aspirate and preserved in ice until used for bacterial
number enumeration as described above. A schematic overview of all procedures can be seen in Fig 4.

Statistical analysis

For the Persistence Test, we used the Generalized Linear Models (GLM) with quasibinomial error family and a ‘logit’ link [95].
Model syntax was built as follows: i) for cell type comparisons, the survivor fraction was included as the dependent variable and
the cell type as the independent variable, and ii) for treatment comparisons, the survivor fraction was included as the dependent
variable and the treatment as the independent variable. Models were built and tested in the R platform (R Core Team, Vienna,
Austria) with the ‘gim’ function. The significance of the models was assessed based on the comparison with null models, using
the likelihood ratio test. Significant models were subjected to post-hoc testing for pairwise comparisons between cell types or
treatments. For this purpose, we used Fisher’'s LSD test, using the ‘PostHocTest function of the ‘DescTools’ package [96].

For the Serum Susceptibility Assays, we used two-way ANOVA with Geisser-Greenhouse correction and Fisher’'s LSD
test for multiple comparisons, as described above.

Phagocytosis Analysis was set using Multiple Test T for nonparametric data, Mann-Whitney tests using Holm-Sidak
method for multiple comparison corrections and Two-Way ANOVA with Tukey test for multiple comparison corrections.

All analyses were performed using GraphPad Prism version 9.5.1 and R Studio, both for Windows 11. Results with
p<0.05 were considered statistically significant.

Supporting information

S1 Table. p values of the comparison of the survival curves against ceftazidime of the three Salmonella enterica
isolates. The comparisons of the survival curves time points results of isolates 4SA(2), S48, and S45 were performed by
Two-Way ANOVA based in GLM model with Fisher’s LSD test. p<0.05 was considered statistically significant; significant
results are highlighted in bold.

(DOCX)
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S2 Table. p value of the comparison between regular and persister cells after exposure to human serum. The anal-
yses of the four treatment groups (100% Serum, S; 50% Serum, S50; thermically inactivated serum, iS; Buffer, B) in the
different time points was performed by Two-Way ANOVA based in GLM model with Fisher’s LSD test. p<0.05 was consid-
ered statistically significant; significant results are highlighted in bold.

(DOCX)

S3 Table. p values of the comparison between regular and persister cells after exposure to primary human macro-
phages. The analyses of bacterial uptake by primary macrophages and intracellular survival after 30 min or 24 h of incuba-
tion were performed by the Multiple t test with Mann-Whitney test and Holm-Sidak method for correct multiple comparisons.
Non-Phago: non-phagocytosed bacterial cells; Lysis 30 min: bacterial cells rescued after 30 minutes of incubation with
macrophages; Lysis 24 h: bacterial cells rescued after 24 h of incubation with macrophages; 100% Serum, S; 50% Serum,
S50; thermically inactivated serum, iS; Buffer, B. p<0.05 was considered statistically significant; significant results are high-
lighted in bold.

(DOCX)
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