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Determinants of persistent Salmonella infections
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Persistent bacterial infections constitute an enormous
challenge for public health. Amongst infections with other
bacteria, infections with typhoidal and nontyphoidal Salmonella
enterica serovars can result in long-term infections of the
human and animal host. Persistent infections that are
asymptomatic are difficult to identify and thus can serve as a
silent reservoir for transmission. Symptomatic persistent
infections are often difficult to treat as they harbor a
combination of antibiotic-tolerant and antibiotic-resistant
bacteria and boost the spread of genetic antibiotic resistance.
In the last couple of years, the field has made some major
progress in understanding the role of persisters, their reservoirs
as well as their interplay with host factors in persistent
Salmonella infections.
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Introduction

Gram-negative Sa/monella bacteria are ingested with
contaminated food or transmitted via the fecal-oral route.
Pathogenic serovars cause a broad range of diseases, in-
cluding enterocolitis, enteric fever, and bacteremia [1].
Infections with typhoidal serovars (TS), including .
Typhi and §. Paratyphi, are restricted to humans and can
lead to a life-threatening, systemic disease called enteric
or typhoid/paratyphoid fever [2]. Nontyphoidal Sa/mo-
nella serovars (N'TS), including §. Typhimurium and §.
Enteritidis, can infect a broad range of hosts. In im-
munocompetent adults, N'T'S usually cause self-limiting
gastroenteritis with occasional secondary bacteremia [3].

Check for
updates

Salmonella infections can result in either acute infections
with subsequent clearance of the pathogen, persistent
infections or death of the host. Persistent infections can
follow asymptomatic or symptomatic acute infections
that are not fully cleared by the host immune system
resulting in continuous shedding of the bacteria with the
feces as a source for transmission. In persistent infec-
tions, the pathogen is able to colonize the host for long
periods of time. Sa/monella manipulates the host im-
mune system to its own benefit and can alter its meta-
bolism to withstand antimicrobial drug treatment.
Salmonella resides intracellularly or extracellularly in the
intestinal or gall bladder lumen which may result in
persistent or periodic fecal shedding [2,4].

In this review, we highlight the recent progress in our
understanding of persistence mechanisms of typhoidal
and nontyphoidal Sa/monella enterica serovars, their sites
of persistence as well as the different lifestyles pro-
moting long-term survival and describe the modulation
of the immune response facilitating persistent infection.

Persistence rate and duration of shedding

Up to 4% of §. Typhi patients fail to eradicate the in-
fection and develop an asymptomatic, chronic carrier
state periodically shedding bacteria in their feces for
more than one year [5-7]. In contrast, most infections
with NTS serovars are cleared within 12 days [8].
However, about 2.2% of N'TS patients become persis-
tently infected (defined by culture-confirmed isolation
of the same serovar from stool or, in rare cases, also from
extra-intestinal sites) with infection durations ranging
from 30 days to 8.3 years [9]. In contrast to (often
asymptomatic) typhoid carriers, over 65% of N'T'S pa-
tients had symptoms including recurring diarrhea. In-
fections with N'T'S serovars result in severe dysbiosis of
the gut microbiota which further perpetuates diarrhea by
affecting glycan metabolism and short-chain fatty acid
synthesis and consequently epithelial barrier func-
tions [10,11].

The frequency of persistence varies between N'T'S ser-
ovars and §. Mbandaka, §. Bredeney, §. Infantis, and §.
Virchow were most frequently associated with persistent
infections [9].

Sites of persistence
Salmonella can occupy different permissive niches to
establish persistence (Figure 1A). Sa/monella located in
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Sites of Salmonella colonization and persistence. (A) Various body sites can harbor Salmonella during persistent infections: Macrophages have been
shown to be a major cell type for persistence. Persistently infected macrophages have been found in granulomas in lymph nodes (5), liver (1), and
spleen (3). These macrophages display an anti-inflammatory M2-like polarization. In addition, the gall bladder (2) can harbor persistent typhoid
salmonellae located in epithelial cells and the gall bladder lumen or as biofilms on gallstones. Furthermore, intestinal bacteria (in the lumen and gut
wall) (4) are responsible for fecal shedding. Since the lifespan of enterocytes is short, immune cells in the gut mucosa might serve as a survival niche
for Salmonella. In addition, intestinal persistence facilitates the exchange of resistance plasmids. (B) Salmonella phenotypes found within
macrophages: after the infection of macrophages, Salmonella resides inside the Salmonella-containing vacuole (SCV) where the bacteria can actively
replicate. By inducing macrophage cell death, Salmonella escapes and can infect neighboring cells (1). Virulence gene expression is needed to
establish the SCV and dampen the host immune response to avoid killing by the phagocyte (2). Adopting different physiological states allows
Salmonella to combat intracellular stress and antibiotic treatment, but active gene expression is needed to resume growth in more favorable
conditions: Salmonella can either slow down the growth rate (3), arrest growth (4), or switch to a filamentous phenotype with (transiently) suppressed
cell separation (5). The fate of persistently infected macrophages is unclear. Besides macrophages, other cell types, such as DCs and fibroblasts, are

discussed as possible niches for Salmonella persistence (created with BioRender.com).

the intestinal lumen can breach the intestinal epithelial
barrier and subsequently translocate systemically where
it can be found in various cell types including epithelial
cells (e.g. in the gall bladder), intestinal fibroblasts, and
macrophages in the mesenteric lymph nodes (MLNs),
spleen and liver.

After oral uptake of contaminated food, Sa/monella re-
sides in the intestinal lumen which constitutes another
possible niche for long-term colonization. Sa/monella
Typhimurium induces and takes advantage of local in-
flammation to compete with the intestinal microbiota to
overcome colonization resistance in the gut and to sur-
vive in the altered ecological niche [12,13]. Administra-
tion of antibiotics has been demonstrated to prolong
persistent N'T'S infections and the duration of shedding
in humans [14,15] and mice by further affecting the

microbiota composition and/or by selection for antibiotic
persisters [16,17]. The intestinal microbiota does not
only play a role in inhibiting the initial colonization of
the pathogen but is also important for pathogen clear-
ance [18].

After translocating through the intestinal epithelium,
Salmonella has to overcome host immune defenses to
spread to other body sites by infecting subepithelial
phagocytes such as macrophages and dendritic cells
(DGCs). Subsequently, the bacteria spread within the
phagocytes to systemic sites, including the MILNSs;
spleen, liver, gall bladder, and bone marrow, where they
can establish persistence [19].

In §. Typhi infections, the gall bladder as well as other
parts of the human biliary tract represent the major sites
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of persistence. The bacteria can multiply and persist
extracellularly in the gall bladder lumen, for example, as
biofilm on gallstones or within gall bladder epithelial
cells [20]. The presence of gallstones as well as other
preexisting biliary diseases facilitates the establishment
of Salmonella persistence in the biliary tract [21,22]. Al-
though the gall bladder seems to be the primary site of §.
Typhi carriage, the liver [23] and the bone marrow [24]
have been demonstrated as alternative sites for persis-
tence in human patients. In addition, macrophages in
MLNs were identified as a reservoir in chimpanzees
infected with §. Typhi [25].

The gall bladder may not serve as the primary persis-
tence niche for N'T'S serovars in humans [9]. However,
in §. Typhimurium infected mice, Sa/monella can colo-
nize the gall bladder and periodic reseeding of salmo-
nellae from the gall bladder into the small intestine can
occur via the bile, which might be followed by the ex-
cretion of the bacteria into the feces [4]. In long-term
infections in mice, Sa/monella are associated with DCs
and macrophages in the lamina propria and MLNs
[16,26]. Furthermore, §. Typhimurium has been shown
to reside within hemophagocytic macrophages during
persistent infection. These phagocytes are characterized
by the ingestion of intact leukocytes and erythrocytes
and are associated with an anti-inflammatory M2-like
state [27-29]. A detailed analysis of the spleen of §.
Typhimurium-infected mice showed that a small po-
pulation of Sa/monella located in the white pulp cannot
be eradicated by antibiotic treatment and is responsible
for persistent infection [30]. In addition, infection with
§. Typhimurium entering a dormant or persistent state
has been demonstrated in other cell types, such as cul-
tured and 7z vivo fibroblasts [31-36], and in intestinal
epithelial cell lines [37]. However, as the intestinal
epithelium is renewed every 3-5 days, persistence me-
chanisms in the epithelium of the intestinal wall might
differ from other cells/sites. Persistent infection in the
intestine relies on continuous re-invasion of epithelial
cells [16,38].

Numerous Sa/monella serovars have the ability to form
biofilms. Besides their importance for persistence in the
environment [39], biofilms can also play important roles
during infections. §. Typhi and §. Paratyphi are well-
known to form biofilms on gallstones in the gall bladder
which constitutes an increased risk of developing gall
bladder carcinoma in humans [40—42]. In biofilms, bac-
teria produce extracellular polymeric substances that
enhance bacterial survival by protecting against hostile
environments, the host immune response, and anti-
biotics [43,44]. Biofilm growth exposes the bacteria to
stressful conditions, such as starvation and oxygen de-
privation, which may induce the SOS response and in-
crease the resistance to various antibiotics [45]. Biofilms
on implantable medical devices are a serious source for
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infections and difficult to impossible to eliminate.
However, usually hospital-acquired bacteria such as
Pseudomonas aeruginosa or Staphylococcus epidermidis are
responsible for biofilm infections on implants whereas
Salmonella biofilms are not commonly found on implants
[44]. For a recent in-depth discussion of Sal/monella
biofilms in the context of persistent infections, we would
like to refer the reader to the publication of Harrell and
colleagues [44].

Besides biofilms, Sa/monella can adopt multiple different
growth phenotypes. For instance, small colony variants
have been observed as a persister subpopulation in
vitro cultures including biofilms after antibiotic exposure
[45]. They are characterized by slow growth leading to
small-sized colonies on agar plates but can revert to wild-
type-like colonies [45]. Furthermore, filamentous growth
has been observed in cultures iz vitro and in different
cell types such as macrophages, fibroblasts, and epithe-
lial cells [45-47]. Bacterial filamentation is a con-
sequence of intracellular stress, such as oxidative and
nitrosative stress, antimicrobial peptides, or antibiotic
treatment, and is based on a transient cell division defect
resulting in the incomplete septation of the replicating
bacteria [48,49]. Following the re-establishment of fa-
vorable growth conditions, the bacteria resume septation
into viable rod-shaped cells competent for infection
[50,51]. Figure 1B illustrates the major different growth
phenotypes including the persister phenotypes which
has been extensively studied in macrophages as de-
scribed below.

Macrophages as an intracellular niche

Macrophages of the MLNs are a primary site of S§.
Typhimurium colonization besides spleen, liver and gall
bladder [26]. In long-term infections, the im-
munomodulatory environment of the liver favors Sa/-
monella persistence [52]. Persistent Sa/monella are found
in M2-like macrophages in granulomas in spleen, liver,
and MLNs. This macrophage subpopulation exhibits
diminished antimicrobial functions, including reduced
expression of 7zfa and NosZ as well as increased ex-
pression of I/4ra, in comparison to M1-type granuloma
macrophages [26,53,54]. Tumor necrosis factor (TNF)-a
restricts Sa/monella persistence by suppressing M2 po-
larization and granuloma formation [53,55]. A recent
publication showed that different macrophage subsets
are infected during Sa/monella infection and that a CD9-
positive nonclassical monocyte-derived macrophage
subset constitutes a replication niche for Sa/monella [56].

Besides active replication in macrophages, Sa/monella
can enter a dormant, metabolically inactive state or a
nongrowing, metabolically active state called persisters.
Metabolically active persisters translocate Sa/monella
pathogenicity island (SPI)-2 effectors and can resume
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Table 1

Main differences in the immune responses during acute and persistent Salmonella infections.

Host response Acute infection Persistent infection References
Predominant type of immune response Thi Th2 [2,73,78]
TNF-a, IL-12, IFN-y +++ o/+ [26,53,73,74,76]
IL-4, IL-5, IL-10, IL-13 o/+ +++ [2,77]

Reactive oxygen/nitrogen intermediates +++ [¢) [74-76]
Predominant macrophage polarisation M1 M2 [63,57,83]
Killing of intracellular bacteria +++ o/+ [78]

+++: high production, o/+: no/little production.

growth in a more favorable environment while dormant,
metabolically inactive bacteria cannot resume growth
and are possibly killed [57-59]. SPI-2 effectors repro-
gram macrophages towards an anti-inflammatory M2-like
state and dampen the inflammatory immune response
thereby enabling long-term survival. In the persistent
state, the bacteria are exposed to a less stressful in-
tracellular environment facilitating survival [60]. Toxin-
antitoxin modules play an important part in persister
formation [59,61,62]. In contrast to antibiotic resistance
conferred by heritable genetic mutations, cells regrown
from these persister subpopulations mainly remain an-
tibiotic-sensitive [59]. Using §. Typhimurium and clin-
ical isolates of invasive §. Typhimurium ST313, Helaine
and colleagues recently demonstrated that antibiotic
persistence and tolerance have different underlying
mechanisms and that only the persister population is
responsible for the relapse of infection [58]. Antibiotic
persistence and tolerance have been recently compre-
hensively reviewed [63,64]. Slow growth seems to be a
common principle of antibiotic persisters [65]. Different
growth rates of Sa/monella in the mouse spleen affect the
sensitivity to antimicrobial chemotherapy generating
partial tolerance and delayed eradication of moderately
growing Sa/monella [66]. Similarly, slow-growing Sa/mo-
nella in DCs in the cecum lymph nodes were found to be
phenotypically tolerant to antibiotic treatment [67].
Long-term infection also enhances the chances of hor-
izontal gene transfer of plasmids encoding resistance
genes [16] or the accumulation of mutations [9,58,68].
Thus, persisters do not only cause failure of antibiotic
treatment but also facilitate the evolution of virulence
[2,8] and antibiotic resistance as well as the spread of
resistance plasmids [69,70]. The emergence of multi-
drug-resistant N'T'S and 'T'S strains in recent years is a
major concern and will further complicate and narrow
potential therapeutic treatment options [71,72].

Immune response and Salmonella genes facilitating
long-term infections

Salmonella infection initially elicits a strong Th1 immune
response characterized by the secretion of TNF-a, in-
terleukin (IL)-12, and interferon (IFN)-y [73]. These
cytokines have been shown to be crucial for host re-
sistance to Sa/monella, for instance, by stimulating the

production of nitric oxide by iINOS [74-77]. The early
pro-inflammatory Th1 response mediates the Kkilling of
intracellular bacteria, thereby reducing the bacterial
burden [2,78] and inflammatory monocytes play a key
role in controlling persistent infections [79]. In contrast,
persistent Sa/monella infections feature a downregulated
Th1 response but an enhanced Th2 response, which is
thought to be anti-inflammatory [78]. The Th2 response
is characterized by 1L.-10, IL-4, IL-5, and IL.-13. IL.-10
dampens the production of reactive oxygen and nitrogen
species as well as the release of TNF-a and 1L.-12 by
macrophages. Moreover, increasing IL.-10 levels result in
declining IFN-y levels, thus hampering macrophage-
mediated killing of the bacteria and promoting persis-
tence [77]. However, a basal level of IFN-y is necessary
to keep the persistent infection under control. For in-
stance, administration of an IFN-y neutralizing antibody
to chronically infected mice results in massive bacterial
replication and reactivation of systemic §. Typhimurium
infection [26]. Similarly, TNF-a neutralization in per-
sistently infected mice increases the bacterial load in
systemic organs [53]. The immunosuppressive activity of
regulatory T cells can tip the balance from clearing the
infection to persistence [80]. T'able 1 summarizes the
characteristic immune responses observed during acute
and persistent Sa/monella infections.

Salmonella virulence relies to a large part on two type III
secretion systems (13SS-1 and T3SS-2) encoded on
Salmonella pathogenicity island (SPI-1) and SPI-2. SPI-1
mediates the initial interaction of Sa/monella with in-
testinal epithelial cells; the translocated effectors enable
the pathogen to invade nonphagocytic cells and thus
cross the intestinal epithelial barrier. In addition, GWAS
studies revealed a role of 'T3SS-1 for Sa/monella persis-
tence /7 vivo [81]. Among the twelve SPI-1 associated
genes shown to be required for persistent infection were
genes encoding transcriptional regulators (e.g. HilA),
structural components of the T3SS-1 secretion apparatus
(e.g. Spa0), as well as T3SS-1 secreted effectors SopD
and SteA. Moreover, the screen revealed a role of T3SS-
1 translocated effectors and translocators SipB, SipC, and
SipD for maintaining long-term infections [81] and the
contribution of several SPI-1 and SPI-2 genes to per-
sistence in the spleen after intraperitoneal infection of
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mice was confirmed using single deletion mutants of .
Typhimurium [82].

Salmonella uses its SPI-2 effectors to reprogram macro-
phages from an ‘inflammatory’ M1 to an ‘anti-in-
flammatory’ M2-like state to avoid killing. M1
suppression and M2 polarization are independent of
each other. M2 polarization is mainly driven by the ef-
fector SteE which antagonizes the TNF-a mediated
restriction of M2 polarization [53,57]. SteE binds the
host serine/threonine kinase GSK3 resulting in the ac-
tivation of transcription factor STAT3 which initiates
anti-inflammatory M2-type gene expression [83,84]. Of
note, §. Typhi does not possess a steF gene [53] sug-
gesting different, so far undefined mechanisms to ma-
nipulate macrophage polarization.

Besides SPI-1 and SPI-2, numerous Sa/monella genes
are involved long-term survival and prolonged infection
reflecting the requirement to adapt to different en-
vironmental conditions intra- and extracellularly. Genes
involved in attachment, resistance to antimicrobial
peptides, resistance to bile, iron import, intracellular
survival, and others are discussed in the recent reviews
by O. Gal-Mor, and Ruby and colleagues [2,78]. For
instance, several fimbriae binding to glycosylated
structures contribute to long-term colonization of §.
Typhimurium in the intestine [81,85,86]; reviewed in
[87]. Another example is the PhoP/PhoQ system which
regulates bacterial gene expression promoting in-
tracellular survival and replication in macrophages, in-
cluding resistance to cationic antimicrobial peptides.
The PhoP/PhoQ system controls a variety of other
virulence mechanisms dependent on the infected cell
type [88].

Conclusions

Salmonella adapts to its extracellular or intracellular ha-
bitats with heterogeneous, transient and genetically de-
termined phenotypes in order to persist in the host.
Most of our mechanistic knowledge stems from experi-
ments in mice or tissue culture models infected with .
Typhimurium. Although genetically closely related, in-
fection experiments show that there is a wide spectrum
how different Sa/monella serovars interact with the
mammalian host. As persistent infections are extremely
difficult to treat, it will be important to determine the
individual persistence mechanisms of specific serovars in
order to identify novel therapeutic targets.

Conflict of interest statement
None.

Data Availability

No data were used for the research described in the article.

Persistent Salmonella infections Ehrhardt, Becker and Grassl 5

Acknowledgements

This work was funded by the Deutsche Forschungsgemeinschaft DFG
Collaborative Research Center SFB900 "Chronic Infections: Microbial
Persistence and its Control" TP8 (Projektnummer 158989968).

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
ee Of outstanding interest

1. Gal-Mor O, Boyle EC, Grassl GA: Same species, different
diseases: how and why typhoidal and non-typhoidal Salmonella
enterica serovars differ. Front Microbiol 2014, 5:1-10.

2. Gal-Mor O: Persistent Infection and Long-Term Carriage of
Typhoidal and Nontyphoidal Salmonellae. Clin Microbiol Rev (1)
2018, 32:¢00088-18, https://doi.org/10.1128/CMR.00088-18 Print
2019 Jan.

Comprehensive Review comparing host-specific and host-adapted ty-
phoidal and nontyphoidal Salmonella strains in regard to persistence
mechanisms in humans and animals.

3. de Jong HK, Parry CM, van der Poll T, Wiersinga WJ: Host-
pathogen interaction in invasive Salmonellosis. PLoS Pathog
2012, 8:e1002933.

4. Monack DM: Salmonella persistence and transmission
strategies. Curr Opin Microbiol 2012, 15:100-107.

5. Parry CM, Hien TT, Dougan G, White NJ, Farrar JJ: Typhoid fever.
N Engl J Med 2002, 347:1770-1782.

6. Levine MM, Black RE, Lanata C, Committee CT: Precise
estimation of the numbers of chronic carriers of Salmonella
typhi in Santiago, Chile, an Endemic Area. J Infect Dis 1982,
146:724-726.

7. Buchwald D, Blaser M: A review of human Salmonellosis: Il.
Duration of excretion following infection with nontyphi
Salmonella. Rev Infect Dis 1984, 6:345-356.

8. Sirinavin S, Thavornnunth J, Sakchainanont B, Bangtrakulnonth A,
Chongthawonsatid S, Junumporn S: Norfloxacin and
azithromycin for treatment of nontyphoidal salmonella carriers.
Clin Infect Dis 2003, 37:685-691.

9. Marzel A, Desai PT, Goren A, Schorr YI, Nissan |, Porwollik S,
Valinsky L, McClelland M, Rahav G, Gal-Mor O: Persistent
infections by nontyphoidal Salmonella in humans:
epidemiology and genetics. Clin Infect Dis 2016, 62:879-886.

10. Braun T, Di Segni A, BenShoshan M, Asaf R, Squires JE, Farage
Barhom S, Glick Saar E, Cesarkas K, Smollan G, Weiss B, et al.,
Amit S, Keller N, Haberman Y: Fecal microbial characterization
of hospitalized patients with suspected infectious diarrhea
shows significant dysbiosis. Sci Rep (1) 2017, 7:1088, https://doi.
org/10.1038/s41598-017-01217-1

11. Keeney KM, Yurist-Doutsch S, Arrieta M-C, Finlay BB: Effects of
antibiotics on human microbiota and subsequent disease. Annu
Rev Microbiol 2014, 68:217-235.

12. Stecher B, Robbiani R, Walker AW, Westendorf AM, Barthel M,
Kremer M, Chaffron S, Macpherson AJ, Buer J, Parkhill J, et al.:
Salmonella enterica serovar typhimurium exploits inflammation
to compete with the intestinal microbiota. PLoS Biol 2007,
5:2177-2189.

13. Stecher B, Hardt WD: Mechanisms controlling pathogen
colonization of the gut. Curr Opin Microbiol 2011, 14:82-91.

14. Onwuezobe IA, Oshun PO, Odigwe CC: Antimicrobials for
treating symptomatic non-typhoidal Salmonella infection.
Cochrane Database Syst Rev 2012, 11:CD001167, https://doi.org/
10.1002/14651858.cd001167.pub2

15. Sirinavin S, Garner P: Antibiotics for treating salmonella gut
infections. Cochrane Database Syst Rev 1999, https://doi.org/10.
1002/14651858.cd001167

www.sciencedirect.com

Current Opinion in Immunology 2023, 82:102306


http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref1
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref1
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref1
https://doi.org/10.1128/CMR.00088-18
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref3
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref3
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref3
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref4
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref4
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref5
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref5
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref6
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref6
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref6
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref6
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref7
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref7
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref7
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref8
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref8
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref8
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref8
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref9
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref9
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref9
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref9
https://doi.org/10.1038/s41598-017-01217-1
https://doi.org/10.1038/s41598-017-01217-1
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref11
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref11
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref11
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref12
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref12
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref12
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref12
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref12
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref13
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref13
https://doi.org/10.1002/14651858.cd001167.pub2
https://doi.org/10.1002/14651858.cd001167.pub2
https://doi.org/10.1002/14651858.cd001167
https://doi.org/10.1002/14651858.cd001167

6 Chronic Infections

16.

Bakkeren E, Huisman JS, Fattinger SA, Hausmann A, Furter M, Egli
A, Slack E, Sellin ME, Bonhoeffer S, Regoes RR, et al.: Salmonella
persisters promote the spread of antibiotic resistance
plasmids in the gut. Nature 2019, 573:276-280.

The authors demonstrate that reservoirs of Salmonella antibiotic pers-
isters lead to the development of antibiotic-resistant bacteria.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lawley TD, Bouley DM, Hoy YE, Gerke C, Relman DA, Monack DM:
Host transmission of Salmonella enterica serovar Typhimurium
is controlled by virulence factors and indigenous intestinal
microbiota. Infect Immun 2008, 76:403-416.

Endt K, Stecher B, Chaffron S, Slack E, Tchitchek N, Benecke A,
Van Maele L, Sirard JC, Mueller AJ, Heikenwalder M, et al.: The
microbiota mediates pathogen clearance from the gut lumen
after non-typhoidal Salmonella diarrhea. PLoS Pathog 2010,
6:e1001097.

Vazquez-Torres A, Jones-Carson J, Baumler AJ, Falkow S, Valdivia
R, Brown W, Le M, Berggren R, Parks WT, Fang FC:
Extraintestinal dissemination CD18-expressing phagocytes.
Nature 1999, 401:623-626.

Gonzalez-Escobedo G, Marshall JM, Gunn JS: Chronic and acute
infection of the gall bladder by Salmonella Typhi:
understanding the carrier state. Nat Rev Microbiol (1) 2011,
9:9-14, https://doi.org/10.1038/nrmicro2490 Epub 2010 Nov 29.

Crawford RW, Rosales-Reyes R, Ramirez-Aguilar MDLL, Chapa-
Azuela O, Alpuche-Aranda C, Gunn JS: Gallstones play a
significant role in Salmonella spp. gallbladder colonization and
carriage. Proc Natl Acad Sci USA 2010, 107:4353-4358.

Vaishnavi C, Kochhar R, Singh G, Kumar S, Singh S, Singh K:
Epidemiology of typhoid carriers among blood donors and
patients with biliary, gastrointestinal and other related
diseases. Microbiol Immunol 2005, 49:107-112.

Nath G, Pratap CB, Patel SK, Gulati AK, Tripathi SK: Isolation of
Salmonella typhi from apparently healthy liver. Infect Genet Evol
2011, 11:2103-2105.

Wain J, Bay PVB, Vinh H, Duong NM, Diep TS, Walsh AL, Parry CM,
Hasserjian RP, Ho VA, Hien TT, et al.: Quantitation of bacteria in
bone marrow from patients with typhoid fever: relationship
between counts and clinical features. J Clin Microbiol 2001,
39:1571-1576.

Gaines S, Tully JG, Tigertt WD: Studies on infection and immunity
in experimental typhoid fever. Il. Susceptibility of recovered
animals to re-exposure. J Exp Med 1960, 112:1023-1036.

Monack DM, Bouley DM, Falkow S: Salmonella typhimurium
persists within macrophages in the mesenteric lymph nodes of
chronically infected Nramp1+/+ mice and can be reactivated by
IFNy neutralization. J Exp Med 2004, 199:231-241.

McCoy MW, Moreland SM, Detweiler CS: Hemophagocytic
macrophages in murine typhoid fever have an anti-
inflammatory phenotype. Infect Immun 2012, 80:3642-3649.

Nix RN, Altschuler SE, Henson PM, Detweiler CS:
Hemophagocytic macrophages harbor Salmonella enterica
during persistent infection. PLoS Pathog 2007, 3:1982-1992.

Silva-Herzog E, Detweiler CS: Intracellular microbes and
haemophagocytosis. Cell Microbiol 2008, 10:2151-2158.

Li J, Claudi B, Fanous J, Chicherova N, Cianfanelli FR, Campbell
RAA, Bumann D: Tissue compartmentalization enables
Salmonella persistence during chemotherapy. Proc Nat/ Acad
Sci USA 2021, 118:1-12.

In an elegant whole-organ imaging study, the authors demonstrate that
the less inflammatory environment in the white pulp favors Salmonella
persistence.

31.

32.

Cano DA, Pucciarelli MG, Martinez-Moya M, Casadesus J, Garcia-
Del, Portillo F: Selection of small-colony variants of Salmonella
enterica serovar Typhimurium in nonphagocytic eucaryotic
cells. Infect Immun 2003, 71:3690-3698.

Cano DA, Martinez-Moya M, Pucciarelli MG, Groisman EA,
Casadesus J, Garcia-Del, Portillo F: Salmonella enterica serovar
typhimurium response involved in attenuation of pathogen
intracellular proliferation. Infect Immun 2001, 69:6463-6474.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Lépez-Montero N, Ramos-Marqués E, Risco C, Garcia-del Portillo
F: Intracellular Salmonella induces aggrephagy of host
endomembranes in persistent infections. Autophagy 2016,
12:1886-1901.

Nunez-Hernandez C, Alonso A, Pucciarelli MG, Casadesus J,
Garcia-del Portillo F: Dormant intracellular Salmonella enterica
serovar typhimurium discriminates among Salmonella
pathogenicity island 2 effectors to persist inside fibroblasts.
Infect Immun 2014, 82:221-232.

Martinez-Moya M, De Pedro MA, Schwarz H, Garcia-Del, Portillo F:
Inhibition of Salmonella intracellular proliferation by non-
phagocytic eucaryotic cells. Res Microbiol 1998, 149:309-318.

Nufez-Hernandez C, Tierrez A, Ortega AD, Pucciarelli MG, Godoy
M, Eisman B, Casadesus J, Garcia-del Portillo F: Genome
expression analysis of nonproliferating intracellular Salmonella
enterica serovar typhimurium unravels an acid pH-dependent
PhoP-PhoQ response essential for dormancy. Infect Immun
2013, 81:154-165.

Luk CH, Valenzuela C, Gil M, Swistak L, Bomme P, Chang YY,
Mallet A, Enninga J: Salmonella enters a dormant state within
human epithelial cells for persistent infection. PLoS Pathog
2021, 17:e1009550.

Monack DM: Helicobacter and Salmonella persistent infection
strategies. Cold Spring Harb Perspect Med 2013, 3:a010348.

Abdallah M, Benoliel C, Drider D, Dhulster P, Chihib NE: Biofilm
formation and persistence on abiotic surfaces in the context of
food and medical environments. Arch Microbiol 2014,
196:453-472.

Scanu T, Spaapen RM, Bakker JM, Pratap CB, Wu L en, Hofland I,
Broeks A, Shukla VK, Kumar M, Janssen H, et al.: Salmonella
manipulation of host signaling pathways provokes cellular
transformation associated with gallbladder carcinoma. Cell
Host Microbe 2015, 17:763-774.

Shukla R, Shukla P, Behari A, Khetan D, Chaudhary RK, Tsuchiya
Y, lkoma T, Asai T, Nakamura K, Kapoor VK: Roles of Salmonella
typhi and Salmonella paratyphi in gallbladder cancer
development. Asian Pac J Cancer Prev 2021, 22:509-516.

Sepe LP, Hartl K, Iftekhar A, Berger H, Kumar N, Goosmann C,
Chopra S, Schmidt SC, Gurumurthy RK, Meyer TF, et al.:
Genotoxic effect of salmonella paratyphi a infection on human
primary gallbladder cells. mBio 2020, 11:1-39.

Gonzélez JF, Alberts H, Lee J, Doolittle L, Gunn JS: Biofilm
formation protects Salmonella from the antibiotic ciprofloxacin
in vitro and in vivo in the mouse model of chronic carriage. Sci
Rep 2018, 8:1-8.

Harrell JE, Hahn MM, D’Souza SJ, Vasicek EM, Sandala JL, Gunn
JS, McLachlan JB: Salmonella biofilm formation, chronic
infection, and immunity within the intestine and hepatobiliary
tract. Front Cell Infect Microbiol 2021, 10:1-17.

Drescher SPM, Gallo SW, Ferreira PMA, Ferreira CAS, de Oliveira
SD: Salmonella enterica persister cells form unstable small
colony variants after in vitro exposure to ciprofloxacin. Sci Rep
2019, 9:1-11.

Justice SS, Hunstad DA, Cegelski L, Hultgren SJ: Morphological
plasticity as a bacterial survival strategy. Nat Rev Microbiol
2008, 6:162-168.

Rosenberger CM, Gallo RL, Finlay BB: Interplay between
antibacterial effectors: a macrophage antimicrobial peptide
impairs intracellular Salmonella replication. Proc Nat/ Acad Sci
USA 2004, 101:2422-2427.

Rosenberger CM, Brett, Finlay B: Macrophages inhibit
Salmonella Typhimurium replication through MEK/ERK kinase
and phagocyte NADPH oxidase activities. J Biol Chem 2002,
277:18753-18762.

Humphrey S, Macvicar T, Stevenson A, Roberts M, Humphrey TJ,
Jepson MA: SulA-induced filamentation in Salmonella enterica
serovar Typhimurium: effects on SPI-1 expression and
epithelial infection. J App/ Microbiol 2011, 111:185-196.

Current Opinion in Immunology 2023, 82:102306

www.sciencedirect.com


http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref16
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref16
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref16
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref16
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref17
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref17
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref17
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref17
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref18
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref18
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref18
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref18
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref18
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref19
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref19
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref19
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref19
https://doi.org/10.1038/nrmicro2490
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref21
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref21
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref21
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref21
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref22
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref22
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref22
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref22
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref23
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref23
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref23
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref24
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref24
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref24
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref24
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref24
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref25
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref25
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref25
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref26
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref26
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref26
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref26
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref27
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref27
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref27
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref28
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref28
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref28
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref29
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref29
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref30
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref30
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref30
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref30
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref31
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref31
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref31
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref31
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref32
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref32
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref32
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref32
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref33
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref33
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref33
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref33
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref34
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref34
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref34
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref34
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref34
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref35
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref35
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref35
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref36
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref36
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref36
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref36
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref36
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref36
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref37
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref37
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref37
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref37
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref38
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref38
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref39
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref39
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref39
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref39
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref40
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref40
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref40
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref40
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref40
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref41
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref41
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref41
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref41
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref42
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref42
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref42
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref42
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref43
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref43
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref43
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref43
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref44
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref44
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref44
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref44
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref45
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref45
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref45
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref45
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref46
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref46
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref46
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref47
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref47
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref47
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref47
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref48
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref48
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref48
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref48
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref49
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref49
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref49
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref49

50. Stackhouse RR, Faith NG, Kaspar CW, Czuprynski CJ, Wong ACL:
Survival and virulence of Salmonella enterica serovar
enteritidis filaments induced by reduced water activity. App/
Environ Microbiol 2012, 78:2213-2220.

51. Mattick KL, Jergensen F, Legan JD, Cole MB, Porter J, Lappin-
Scott HM, Humphrey TJ: Survival and filamentation of
Salmonella enterica serovar enteritidis PT4 and Salmonella
enterica serovar typhimurium DT104 at low water activity. App/
Environ Microbiol 2000, 66:1274-1279.

52. Kurtz JR, Nieves W, Bauer DL, Israel KE, Adcox HE, Gunn JS,
Morici LA, McLachlan JB: Salmonella persistence and host
immunity are dictated by the anatomical microenvironment.
Infect Immun 2020, 88:e00026-20.

53. Pham THM, Brewer SM, Thurston T, Massis LM, Honeycutt J, Lugo

ee K, Jacobson AR, Vilches-Moure JG, Hamblin M, Helaine S, et al.:
Salmonella-driven polarization of granuloma macrophages
antagonizes TNF-mediated pathogen restriction during
persistent infection. Cell Host Microbe 2020, 27:54-67.e5.

The authors demonstrate that Salmonella controls granuloma macro-

phage polarization into an M2-like state that allows long-term persis-

tence of the bacteria.

54. Pilonieta MC, Moreland SM, English CN, Detweiler CS: Salmonella
enterica infection stimulates macrophages to
hemophagocytose. mBio 2014, 5:e02211.

55. Goldberg MF, Roeske EK, Ward LN, Pengo T, Dileepan T, Kotov DI,
Jenkins MK: Salmonella persist in activated macrophages in T cell-
sparse granulomas but are contained by surrounding CXCR3
ligand-positioned Th1 cells. Immunity 2018, 49:1090-1102.e7.

56. Hoffman D, Tevet Y, Trzebanski S, Rosenberg G, Vainman L,

. Solomon A, Hen-Avivi S, Ben-Moshe NB, Avraham R: A non-
classical monocyte-derived macrophage subset provides a
splenic replication niche for intracellular Salmonella. Immunity
2021, 54:2712-2723.€6.

The authors identify a CD9-positive macrophage subset as a replication

niche for S. Typhimurium.

57. Stapels DAC, Hill PWS, Westermann AJ, Fisher RA, Thurston TL,

ee Saliba A-E, Blommestein I, Vogel J, Helaine S: Salmonella
persisters undermine host immune defenses during antibiotic
treatment. Science 2018, 362:1156-1160.

This study demonstrates that Salmonella reprograms macrophages to

an anti-inflammatory program to establish a permissive niche for long-

term infection.

58. Hill PWS, Moldoveanu AL, Sargen M, Ronneau S, Glegola-

e Madejska |, Beetham C, Fisher RA, Helaine S: The vulnerable
versatility of Salmonella antibiotic persisters during infection.
Cell Host Microbe 2021, 29:1757-1773.e10.

This study shows the difference between antibiotic tolerance and per-

sistence and demonstrates that only antibiotic persisters can resume

growth and cause relapsing infections.

59. Helaine S, Cheverton AM, Watson KG, Faure LM, Matthews SA,
Holden DW: Internalization of Salmonella by macrophages
induces formation of nonreplicating persisters. Science 2014,
343:204-208.

60. Schulte M, Olschewski K, Hensel M: The protected physiological
state of intracellular Salmonella enterica persisters reduces
host cell-imposed stress. Commun Biol 2021, 4:520.

61. Cheverton AM, Gollan B, Przydacz M, Wong CT, Mylona A, Hare
SA, Helaine S: A Salmonella toxin promotes persister formation
through acetylation of tRNA. Mo/ Cell 2016, 63:86-96.

62. Gollan B, Grabe G, Michaux C, Helaine S: Bacterial persisters and
infection: past, present, and progressing. Annu Rev Microbiol
2019, 73:359-385.

63. Balaban NQ, Helaine S, Lewis K, Ackermann M, Aldridge B,
. Andersson DI, Brynildsen MP, Bumann D, Camilli A, Collins JJ,
et al.: Definitions and guidelines for research on antibiotic
persistence. Nat Rev Microbiol 2019, 17:441-448.
Comprehensive consensus guidelines for the definition and experi-
mental investigation of antibiotic persistence.

64. Ronneau S, Helaine S: Clarifying the Link between
toxin-antitoxin modules and bacterial persistence. J Mol Biol
2019, 431:3462-3471.

Persistent Salmonella infections Ehrhardt, Becker and Grassl 7

65. Pontes MH, Groisman EA: Slow growth determines nonheritable
antibiotic resistance in Salmonella enterica. Sci Signal 2019,
12:1-11.

66. Claudi B, Spréte P, Chirkova A, Personnic N, Zankl J, Schirmann
N, Schmidt A, Bumann D: Phenotypic variation of salmonella in
host tissues delays eradication by antimicrobial chemotherapy.
Cell 2014, 158:722-733.

67. Kaiser P, Regoes RR, Dolowschiak T, Wotzka SY, Lengefeld J,
Slack E, Grant AJ, Ackermann M, Hardt WD: Cecum lymph node
dendritic cells harbor slow-growing bacteria phenotypically
tolerant to antibiotic treatment. PLoS Biol 2014, 12:e1001793.

68. Neiger MR, Gonzalez JF, Gonzalez-Escobedo G, Kuck H, White P,
Gunn JS: Pathoadaptive alteration of Salmonella biofilm
formation in response to the gallbladder environment. J
Bacteriol 2019, 201:e00774-18.

69. Bakkeren E, Diard M, Hardt WD: Evolutionary causes and
consequences of bacterial antibiotic persistence. Nat Rev
Microbiol 2020, 18:479-490.

70. Bakkeren E, Herter JA, Huisman JS, Steiger Y, Gul E, Mark Newson

. JP, Brachmann AO, Piel J, Regoes R, Bonhoeffer S, et al.:
Pathogen invasion-dependent tissue reservoirs and plasmid-
encoded antibiotic degradation boost plasmid spread in the
gut. eLife 2021, 10:1-32.

The authors demonstrate that bacterial reservoirs in the gut lumen and in

the tissue contribute to plasmid exchange and generation of antibiotic-

resistant strains.

71. Tack B, Vanaenrode J, Verbakel JY, Toelen J, Jacobs J: Invasive
non-typhoidal Salmonella infections in sub-Saharan Africa: a
systematic review on antimicrobial resistance and treatment.
BMC Med 2020, 18:212.

72. Eng SK, Pusparajah P, Ab Mutalib NS, Ser HL, Chan KG, Lee LH:
Salmonella: a review on pathogenesis, epidemiology and
antibiotic resistance. Front Life Sci (3) 2015, 8:284-293, https://
doi.org/10.1080/21553769.2015.1051243

73. Wick MJ: Innate immune control of Salmonella enterica serovar
typhimurium: mechanisms contributing to combating systemic
Salmonella infection. J Innate Immun 2011, 3:543-549.

74. Everest P, Roberts M, Dougan G: Susceptibility to Salmonella
typhimurium infection and effectiveness of vaccination in mice
deficient in the tumor necrosis factor alpha p55 receptor. Infect
Immun 1998, 66:3355-3364.

75. Fang FC: Perspectives series: host/pathogen interactions. J
Clin Investig 1997, 99:2818-2825.

76. Mastroeni P, Harrison JA, Robinson JH, Clare S, Khan S, Maskell
DJ, Dougan G, Hormaeche CE: Interleukin-12 is required for
control of the growth of attenuated aromatic-compound-
dependent salmonellae in BALB/c mice: role of gamma
interferon and macrophage activation. Infect Immun 1998,
66:4767-4776.

77. Sashinami H, Yamamoto T, Nakane A: The cytokine balance in
the maintenance of a persistent infection with Salmonella
enterica serovar Typhimurium in mice. Cytokine 2006,
33:212-218.

78. Ruby T, McLaughlin L, Gopinath S, Monack D: Salmonella’s long-
term relationship with its host. FEMS Microbiol Rev 2012,
36:600-615.

79. Bettke JA, Tam JW, Montoya V, Butler BP, Van Der Velden WM:
Inflammatory monocytes promote granuloma-mediated.
Control 2022, 90:17-26.

80. Johanns TM, Ertelt JM, Rowe JH, Way SS: Regulatory t cell
suppressive potency dictates the balance between bacterial
proliferation and clearance during persistent Salmonella
infection. PLoS Pathog 2010, 6:31-32.

81. Lawley TD, Chan K, Thompson LJ, Kim CC, Govoni GR, Monack
DM: Genome-wide screen for Salmonella genes required for
long-term systemic infection of the mouse. PLoS Pathog 2006,
2:0087-0100.

82. Kidwai AS, Mushamiri I, Niemann GS, Brown RN, Adkins JN,
Heffron F: Diverse secreted effectors are required for

www.sciencedirect.com

Current Opinion in Immunology 2023, 82:102306


http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref50
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref50
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref50
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref50
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref51
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref51
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref51
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref51
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref51
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref52
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref52
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref52
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref52
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref53
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref53
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref53
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref53
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref53
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref54
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref54
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref54
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref55
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref55
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref55
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref55
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref56
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref56
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref56
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref56
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref56
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref57
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref57
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref57
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref57
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref58
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref58
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref58
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref58
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref59
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref59
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref59
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref59
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref60
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref60
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref60
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref61
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref61
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref61
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref62
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref62
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref62
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref63
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref63
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref63
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref63
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref64
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref64
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref64
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref65
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref65
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref65
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref66
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref66
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref66
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref66
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref67
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref67
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref67
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref67
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref68
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref68
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref68
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref68
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref69
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref69
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref69
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref70
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref70
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref70
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref70
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref70
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref71
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref71
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref71
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref71
https://doi.org/10.1080/21553769.2015.1051243
https://doi.org/10.1080/21553769.2015.1051243
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref73
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref73
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref73
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref74
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref74
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref74
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref74
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref75
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref75
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref76
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref76
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref76
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref76
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref76
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref76
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref77
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref77
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref77
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref77
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref78
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref78
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref78
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref79
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref79
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref79
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref80
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref80
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref80
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref80
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref81
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref81
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref81
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref81
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref82
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref82

8 Chronic Infections

Salmonella persistence in a mouse infection model. PLoS One
2013, 8:e70753.

83. Panagil, Jennings E, Zeng J, Glinster RA, Stones CD, Mak H, Jin E,

. Stapels DAC, Subari NZ, Pham THM, et al.: Salmonella effector
SteE converts the mammalian serine/threonine kinase GSK3
into a tyrosine kinase to direct macrophage polarization. Cell
Host Microbe 2020, 27:41-53.€6.

Together with ref 85, this study demonstrates that the Salmonella ef-

fector SteE activates STAT3 to generate an anti-inflammatory state in

macrophages.

84. Gibbs KD, Washington EJ, Jaslow SL, Bourgeois JS, Foster MW,
ee  Guo R, Brennan RG, Ko DC: The Salmonella secreted effector
SarA/SteE mimics cytokine receptor signaling to activate

STATS3. Cell Host Microbe 2020, 27:129-139.e4.
Together with ref 84, this study demonstrates that the Salmonella ef-
fector SteE activates STAT3 to generate an anti-inflammatory state in
macrophages.

85.

86.

87.

88.

Weening EH, Barker JD, Laarakker MC, Humphries AD, Tsolis RM,
Baumler AJ: The Salmonella enterica serotype typhimurium Ipf,
bcf, stb, stc, std, and sth fimbrial operons are required for

intestinal persistence in mice. Infect Immun 2005, 73:3358-3366.

Suwandi A, Galeev A, Riedel R, Sharma S, Seeger K, Sterzenbach
T, Garcia Pastor L, Boyle EC, Gal-Mor O, Hensel M, et al.: Std
fimbriae-fucose interaction increases Salmonella-induced
intestinal inflammation and prolongs colonization. PLoS Pathog
2019, 15:e1007915.

Galeev A, Suwandi A, Cepic A, Basu M, Baines JF, Grassl GA: The
role of the blood group-related glycosyltransferases FUT2 and
B4GALNT2 in susceptibility to infectious disease. Int J Med
Microbiol 2021, 311:151487.

Groisman EA, Duprey A, Choi J: How the PhoP/PhoQ system
controls virulence and Mg 2+ homeostasis: lessons in signal
transduction, pathogenesis, physiology, and evolution.
Microbiol Mol Biol Rev 2021, 85:e0017620.

Current Opinion in Immunology 2023, 82:102306

www.sciencedirect.com


http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref82
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref82
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref83
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref83
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref83
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref83
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref83
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref84
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref84
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref84
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref84
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref85
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref85
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref85
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref85
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref86
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref86
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref86
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref86
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref86
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref87
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref87
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref87
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref87
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref88
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref88
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref88
http://refhub.elsevier.com/S0952-7915(23)00025-0/sbref88

	Determinants of persistent Salmonella infections
	Introduction
	Persistence rate and duration of shedding
	Sites of persistence
	Macrophages as an intracellular niche
	Immune response and Salmonella genes facilitating long-term infections

	Conclusions
	Conflict of interest statement
	Data Availability
	Acknowledgements
	References and recommended reading




