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Exploiting host immunity: the Salmonella paradigm
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1Department of Microbiology and Molecular Genetics, University of California Irvine School of
Medicine, Irvine, CA 92697-4025

2Institute for Immunology, University of California Irvine School of Medicine, Irvine, CA
92697-4025

Abstract

Pathogens have evolved clever strategies to evade and in some cases exploit the attacks of an
activated immune system. Salmonella enterica is one such pathogen, exploiting multiple aspects
of host defense to promote its replication in the host. Here we review recent findings on the
mechanisms by which Salmonella establishes systemic and chronic infection, including strategies
involving manipulation of innate immune signaling and inflammatory forms of cell death, as well
as immune evasion by establishing residency in M2 macrophages. We also examine recent
evidence showing that the oxidative environment and the high levels of antimicrobial proteins
produced in response to localized Salmonella gastrointestinal infection enable the pathogen to
successfully outcompete the resident gut microbiota.
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Introduction

The immune response has the important function of defending the host from pathogens and
potentially harmful commensals (e.g. pathobionts). Nevertheless, pathogens cause disease,
implying that they can at least temporarily overcome host immune defenses to establish an
infection. Over the years, a number of studies have put forward the concept that the immune
response can actually be of benefit to harmful microbes, as various aspects can be exploited
by pathogens to enhance their colonization and replication within the host.

A prime example of an infectious agent that exploits the host’s immune response is the
pathogen Salmonella enterica (hereafter referred to as Salmonella), a facultatively
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intracellular bacterium responsible for an estimated 90 million cases of human
gastroenteritis [1] and 20 million cases of human typhoid fever [2] per year. Although the
disease elicited by Salmonella is dependent upon characteristics of the pathogen’s
serological variety (serovar) as well as characteristics of the host, infections are generally
either localized to the gastrointestinal tract or systemically disseminative [3, 4]. For humans,
localized gastrointestinal infections of Salmonella are caused by the many hundreds of “non-
typhoidal” serovars within the species, including the model serovar Typhimurium. The
disease elicited by these serovars is usually self-limiting and is characterized by
inflammatory diarrhea with a massive recruitment of neutrophils to the site of infection [5].
Nevertheless, despite the robust innate immune response, non-typhoidal Salmonella serovars
colonize the intestine to high numbers and are shed in the feces of infected individuals for
up to a month. Consistent with these clinical observations, several studies have now shown
that Salmonella exploits intestinal inflammation to compete with the resident microbiota and
to thrive in the inflamed gut [6-12].

Although most Salmonella serovars elicit gastroenteritis in humans, and all are invasive with
respect to the intestinal mucosa, a relative few “typhoidal” serovars have evolved to
exclusively cause disseminated, life-threatening infections [3, 4]. Such is the case for
serovar Typhi, the causative agent of typhoid fever in humans, a systemic disease
characterized by fever and enlargement of the spleen and liver (hepatosplenomegaly) [13].
Survival in extraintestinal sites involves a complex interplay between Salmonella and
immune cells, primarily macrophages, which are permissive for the pathogen’s replication
and constitute a niche that promotes Salmonella persistence within the host.

Recent advances have provided new insights into how Salmonella exploits and evades
immunity to promote its colonization and replication within the host. Here we review
emerging evidence on the mechanisms by which Salmonella circumvents innate immunity to
disseminate and establish infection at systemic sites. We further examine recent findings
describing approaches by which Salmonella co-opts the immune response in the inflamed
gut to thrive and compete with the resident microbiota. Overall, our goal is to convey
general concepts on how Salmonella exploits host immunity to its own advantage.

Strategies towards establishing systemic infection

Infection of the gastrointestinal tract and of systemic sites such as the spleen and the liver
involves multifaceted interactions between Salmonella and macrophages. Macrophages are
efficient in the phagocytosis and killing of bacteria through mechanisms including
acidification, the production of antimicrobial peptides and toxic free radicals, cell death by
pyroptosis, and the recruitment of other mediators of immunity by releasing
proinflammatory cytokines [14]. Even so, Salmonella successfully manipulates and employs
these phagocytes to promote its own survival and to further establish infection. Below we
describe some of the mechanisms by which Salmonella interacts with macrophages and
other host cells, and how it exploits innate immunity to propagate within the host.

Trends Immunol. Author manuscript; available in PMC 2016 February 01.
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Manipulation of TLR and NLR signaling

Macrophages can detect pathogens through recognition of pathogen-associated molecular
patterns (PAMPS) by pattern-recognition receptors (PRRs) located in the cellular and
vacuolar membranes or in the cytosol. Membrane-associated PRRs include Toll-like
receptors (TLRs), whereas cytosolic PRRs include Nod-like receptors (NLRs). Both TLRs
and NLRs mediate recognition of Salmonella, and aspects of their activation are exploited to
further establish infection (Figure 1).

Host-beneficial TLR recognition of Salmonella by macrophages is achieved primarily
through TLR2 and TLR4, as mice lacking either or both of these PRRs exhibit increased
bacterial burdens in the mesenteric lymph nodes (MLNs) following oral infection [15].
However, stimulation of macrophages with TLR agonists leads to increased phagocytosis,
and accompanying increased intracellular replication of Salmonella [16]. Arpaia et al found
that mice with genetic deletion of three TLR loci (TLR2, TLR4 and TLR9) were less
susceptible to death by Salmonella infection than are TLR2~/~/TLR4~/~ and TLR4~/~/
TLR9™~ mice, indicating that Salmonella requires robust TLR signaling for intracellular
replication in immunocompetent hosts [17]. The authors went on to show that TLR-deficient
macrophages fail to acidify; this acidification was found to be necessary to trigger the
upregulation of genes in Salmonella that are essential to orchestrating formation of the
replicative vacuole [17]. As such, TLR signaling is necessary to enhance Salmonella
replication and to promote the establishment of the pathogen’s intracellular niche.
Conversely, complete loss of TLR signaling in mice lacking TLR2, TLR4, and UNC93B1, a
trafficking protein required for proper localization of TLR3, TLR7 and TLR9 [18], results in
susceptibility to systemic Salmonella infection because the lack of inflammation allows the
pathogen to replicate in an extracellular niche [19]. Thus, the TLR response is helpful in
terms of limiting the systemic extracellular growth of Salmonella, but harmful in terms of
facilitating the pathogen’s intracellular growth.

NLRC4 and NLRP3 are both activated during systemic Salmonella infection and are
associated with host-protection. Ligand recognition by these NLRs leads to caspase-1
activation and the subsequent secretion of the pro-inflammatory cytokines IL-1p and IL-18
[20-22], resulting in a form of cell death known as pyroptosis [23]. Whereas flagellin
activates NLRC4, the ligand for NLRP3 activation is unknown. It is possible that the
production of reactive oxygen species (ROS) during infection could trigger the NLRP3
inflammasome, because the presence of ROS is accompanied by K* efflux, which is a
known signal for NLRP3 activation [24]. Mice deficient in NLRC4 and NLRP3 exhibit
higher bacterial loads in the mesenteric lymph nodes (MLNSs), spleen and liver [22]. In fact,
Salmonella attempts to evade activation of the NLRC4 inflammasome by downregulating
expression of flagellin, and of the NLRP3 inflammasome by using two enzymes of the
bacterial tricarboxylic acid cycle, aconitase and isocitrate dehydrogenase, to reduce ROS
production [25, 26].

In contrast to NLRC4 and NLRP3, activation of NLRP6 and NLRP12 are associated with
higher susceptibility to Salmonella infection. Mice deficient in either of these NLRs exhibit
lower Salmonella burden in the liver and spleen, accompanied by the enhanced recruitment

Trends Immunol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Behnsen et al.

Page 4

of monocytes and neutrophils, as well as by an increase in phosphorylation of 1xB,
indicating an increase in the activation of NF-«xB signaling [27, 28]. These observations
demonstrate that the activation of NLRP6 and NLRP12 during Salmonella infection
negatively regulates the inflammatory response, thus promoting Salmonella dissemination
and colonization of systemic organs [27, 28]. Of note, the mechanisms by which Salmonella
activates NLRP6 and NLRP12 remain to be determined.

Salmonella benefits from host cell death

A consequence of bacterial infection is the death of host cells. Although this process is an
effective host strategy to inhibit intracellular replication of bacteria, cell death can also be
exploited by Salmonella to further its dissemination (Figure 1).

Different mechanisms of cell death occur during Salmonella infection, including pyroptosis
and necroptosis. Pyroptosis, or inflammatory cell death, is characterized by the activation of
caspase-1 or caspase-11, and by the secretion of IL-1f and IL-18 [23]. One of the
mechanisms by which Salmonella triggers pyroptosis is through secretion of flagellin into
the host cell’s cytosol via the type-three secretion system encoded in Salmonella
pathogenicity island 1, which in turn actives the NLRC4 inflammasome [29]. Other
mechanisms include activation of the NLRP3 inflammasome by an unknown ligand, and
activation of caspase-11 by cytosolic LPS via unknown receptors [30-32]. Although
pyroptosis can benefit the host by limiting systemic growth of Salmonella within
macrophages, it can also contribute to the inflammatory milieu Salmonella needs to replicate
efficiently in the gastrointestinal lumen, as discussed below. Moreover, pyroptosis induced
by Salmonella in intestinal epithelial cells is associated with the extrusion of cytosolic
Salmonella out of the epithelial monolayer, thereby enhancing systemic dissemination of the
pathogen [33].

Salmonella also exploits the induction of necroptosis, a form of cell death controlled by the
receptor-interacting protein (RIP) family of serine-threonine kinases [34]. Activation of
necroptosis in macrophages is dependent on the induction of type | interferon (IFN)
signaling by Salmonella, which in turn drives the activation of the RIP1 and RIP3 kinases
[35]. Whereas wild-type mice succumb to infection and exhibit extensive necrotic cell death
of infected macrophages, mice deficient in IFN receptor 1 (IFNAR1) show prolonged
survival and the absence of these necrotic cells [35]. Salmonella thus exploits type | IFN
signaling to induce necroptosis in macrophages, thereby enhancing its proliferation within
the host.

Altogether, Salmonella can replicate and disseminate better within the host by modulating
pyroptosis and necroptosis. An outstanding question is how Salmonella only induces
pyroptosis or necroptosis in a subset of macrophages, and whether the two processes are
occurring simultaneously. Additionally, the mechanisms by which Salmonella triggers
necroptosis, including whether its induction requires specific virulence factors, remain to be
determined.

Trends Immunol. Author manuscript; available in PMC 2016 February 01.
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Establishment of chronic infection

Not all macrophages that engulf Salmonella die as a result of infection, and such cells
constitute a niche that enhances Salmonella persistence during chronic infection. These
observations have since prompted several investigations aimed at determining whether the
infected macrophages in a persistent infection have a unique phenotype (Figure 2). To this
end, Salmonella was recently found to preferentially survive in macrophages with an anti-
inflammatory M2 phenotype [36, 37]. A subset of these macrophages in the spleen is
characterized by having engulfed leukocytes, including B and T cells, and are known as
hemophagocytic macrophages [37, 38]. Hemophagocytic macrophages are defective in
limiting the replication of Salmonella, likely because they secrete very low levels of pro-
inflammatory cytokines [37]. Thus, survival within hemophagocytes is one of the
mechanisms by which Salmonella can persist during chronic infection and avoid clearance
by the host immune system.

An essential factor that promotes Salmonella replication within M2 macrophages is the
altered metabolism of these phagocytes. The acquisition and maintenance of the M2
phenotype requires the action of metabolic regulators such as the peroxisome proliferator-
activated-receptors (PPARs) PPARy and PPARS [39]. PPARs are cytosolic receptors that
sense fatty acids and modulate fatty acid metabolism, insulin sensitivity, and glucose
homeostasis. Upon activation by binding fatty acid metabolites, PPARs translocate to the
nucleus where they activate or repress the transcription of target genes [40]. During chronic
Salmonella infection, the upregulation of PPARS in M2 macrophages results in the increase
of glucose availability to the pathogen, thereby enhancing its replication inside these cells
and sustaining its long-term survival within the host [36]. Indeed, this phenotype is of such
critical importance to the maintenance of Salmonella in the host that the pathogen fails to
persist in Ppard-deficient mice [36]. Collectively, these studies demonstrate that Salmonella
exploits M2 macrophages to establish and maintain a chronic infection in the host, taking
advantage of these cells’ diminished pro-inflammatory cytokine secretion as well as their
relative abundance of a high-energy carbon source.

Another recently discovered means by which Salmonella establishes chronic infection in the
liver is by direct inhibition of CD4+ and CD8+ T cell proliferation, accompanied by
downmodulation of T cell receptor 3 expression and by suppression of T cell blastogenesis
[41]. The mechanism by which Salmonella triggers T cell inhibition during chronic infection
was shown to be dependent on the secretion of L-Asparaginase 11, a Salmonella virulence
factor that catalyzes the hydrolysis of L-asparagine to aspartic acid and ammonia [41].
Future studies are needed to determine the mechanisms by which L-Asparaginase Il impacts
T cell function, as well as whether the depletion of L-asparagine impairs T cell metabolism.

Altogether, the aforementioned studies indicate that Salmonella manipulates many aspects
of the host immune response to establish a systemic infection and to persist in the host’s
lymphoid tissue, including: The activation of TLR signaling to replicate in an intracellular
niche; the downmodulation of NLR ligands to evade pyroptosis; the induction of type | IFN
signaling to induce necroptosis; the exploitation of M2 macrophages for intracellular
survival; and the direct inhibition of T cell proliferation. Nevertheless, the mechanisms by
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which Salmonella activates and modulates some of these responses, as well as the interplay
between these responses, largely remain uncharacterized. Moreover, it will be important to
investigate the contribution of these pathways to Salmonella pathogenesis during localized
gastrointestinal infection, in which a large fraction of Salmonella is found to be extracellular
in the intestinal lumen.

Although manipulating and exploiting the innate immune system to dampen and evade an
inflammatory response is of the utmost importance for the replication and persistence of
Salmonella in systemic sites, activation of innate immunity is necessary to enhance
Salmonella replication in the gastrointestinal tract. On this note, several aspects of the
immune response to Salmonella infection in the intestine are discussed in the section below.

Salmonella infection in the intestine

Non-typhoidal Salmonella triggers a massive inflammatory response, characterized by the
secretion of pro-inflammatory cytokines including IL-18 (e.g. by epithelial cells and
macrophages undergoing pyroptosis) and IL-23 (by dendritic cells and other mononuclear
cells) (Figure 3) [42]. Both of these cytokines rapidly stimulate immune cells (specified
below) to secrete pro-inflammatory cytokines during Salmonella infection, thereby
amplifying the immune response to the pathogen [42—45]. Whereas IL-18 was recently
shown to stimulate Th1 cells to release interferon-gamma (IFN-vy) [43], IL-23 induces the
production of the pro-inflammatory cytokines IL-17 and IL-22 from a variety of cells of
innate and adaptive origin, including: innate lymphoid cells [46], neutrophils [47], gamma
delta T cells [48], innate Th17 cells (iTh17; af T cells residing in the lamina propria) [49],
and Th17 cells [50]. Further contributing to IL-17 and IL-22 production during Salmonella
infection is the downregulation of PPARYy in epithelial cells by an unknown mechanism
independent of TLR4 signaling, which results in maximal induction of IL-6, an activator of
Th17 responses [36, 51].

An important consequence of the activation of a Th17 response by Salmonella is the
induction of CXC chemokine expression, including CXCL1, CXCL2 and CXCLJ5, which
are responsible for the recruitment of neutrophils to the site of infection [52]. Neutrophils
follow the chemokine gradient to the gut and extravasate into the gut mucosa, where they
encounter and eventually kill Salmonella by mechanisms that are not yet fully elucidated.
What is known is that disruption of the mucosal barrier — for instance as in mice deficient
for the IL-17 receptor — results in reduced neutrophil recruitment to the gut and in the
increased dissemination of Salmonella to the reticuloendothelial system [44]. The Th17-
mediated inflammatory response is thus critical to keeping the infection localized to the gut
and protects the host from the potentially dangerous systemic dissemination of Salmonella.

Nevertheless, the beneficial effects of Th17 cytokine secretion come at a price: Salmonella
has evolved numerous means by which to evade and exploit these host responses. Below, we
discuss some recent findings on the mechanisms by which Salmonella benefits from
mucosal immunity to thrive in the inflamed gut.

Trends Immunol. Author manuscript; available in PMC 2016 February 01.
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Salmonella exploits intestinal antimicrobial responses

A major function of IL-17 and IL-22 signaling is to induce the expression of a variety of
antimicrobial proteins in the gut, including the metal chelating proteins lipocalin-2 and
calprotectin [9, 10, 44] (Figure 3). By releasing these two proteins, the host limits the
availability metal ions in the gut in an attempt to starve pathogenic microbes of these
essential micronutrients.

Lipocalin-2 is produced by epithelial cells and neutrophils [44, 53], and its secretion serves
to reduce bacterial access to iron by sequestering small molecules, known as siderophores,
which are released by bacteria to scavenge iron from the surrounding environment [54].
Similarly, calprotectin, a heterodimer of the subunits SI00A8 and S100A9, is also produced
by epithelial cells and neutrophils [9, 55, 56], and it exerts its antimicrobial activity by
sequestering zinc and manganese [55]. In the context of Salmonella gastroenteritis, both
lipocalin-2 and calprotectin are produced in abundance by neutrophils and colonic epithelial
cells, primarily in response to IL-22 signaling [9, 10, 12]. Although secretion of these host
antimicrobial proteins should reduce bacterial growth by limiting access to metal ions
essential for numerous metabolic functions, quite the opposite effect is achieved with
Salmonella.

First, Salmonella expresses a modified siderophore that is not bound by lipocalin-2, thus
enabling the pathogen to acquire iron even when this antimicrobial protein is produced [10,
12]. Secondly, Salmonella possesses a high affinity zinc transporter that allows the pathogen
to acquire zinc in the presence of calprotectin [9, 10]. These virulence mechanisms are
crucial to Salmonella, as they provide the pathogen a means by which to evade the
detrimental effects of antimicrobial responses produced during intestinal inflammation.
Furthermore, they enhance the competitive advantage of Salmonella over resident intestinal
bacteria (i.e., the microbiota), which are susceptible to the changes in the environmental
milieu mediated by these proteins. Indeed, the importance of these host antimicrobial
proteins for Salmonella to compete with the gut microbiota was recently illustrated in 11-22
deficient mice [10]: Absence of IL-22 resulted in reduced levels of lipocalin-2 and
calprotectin, leading to the loss of Salmonella’s competitive advantage over susceptible,
closely-related commensal microbes such as Escherichia coli. In fact, commensal E. coli
successfully outcompeted Salmonella in the gut lumen of 1L-22 deficient mice, leading to a
lower Salmonella burden in the colon content of these mice [10]. Salmonella thus exploits
IL-22-mediated induction of antimicrobial proteins — a major component of mucosal innate
immunity — to successfully compete with the microbiota and thrive in the inflamed gut.

Salmonella benefits from ROS and RNS stress

Another arm of the mucosal immune response to non-typhoidal Salmonella infection
consists of generating reactive oxygen and nitrogen species (Figure 3). Inducible nitric oxide
synthase (iNOS) is one enzyme involved in this process, and is highly expressed in response
to Salmonella infection. iNOS is produced by a variety of cells, including intestinal
epithelial cells, macrophages and neutrophils [57], and its function is to convert L-arginine
to nitric oxide (NO), a reactive nitrogen species (RNS) that inhibits several enzymes central
to bacterial metabolism. The expression of iINOS is primarily induced by IFN-v, but can also

Trends Immunol. Author manuscript; available in PMC 2016 February 01.
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be induced by IL-17 and IL-22 [44, 58]. IL-17 and IL-22 recruit neutrophils to the site of
infection, which then, among their many antimicrobial functions, serve to generate reactive
oxygen species (ROS). Upon neutrophil activation, NADPH oxidase complexes assemble
and produce superoxide radicals by transferring electrons from NADPH to O,. These
radicals can then undergo further reactions to generate various forms of ROS or to form
peroxynitrite (OONOT), an RNS and potent cytotoxic oxidant, by reacting with NO [59, 60].

The crucial role of host-derived ROS in defense against Salmonella infection can be
observed in patients diagnosed with chronic granulomatous disease: These patients possess a
non-functional NADPH oxidase and suffer from frequent infections with fungi and bacteria,
including Salmonella [61]. Indeed, the importance of NADPH oxidase in controlling
intestinal Salmonella growth was recently shown in the mouse model of infection, where an
avirulent strain of Salmonella replicated to high numbers and elicited intestinal
inflammation in NADPH oxidase deficient mice (Cybb™") [62]. Similar to ROS, the activity
of iINOS is important to restrict the growth of Salmonella, as iINOS-deficient mice exhibit
increased Salmonella colonization in the Peyer’s patches and in the underlying gut mucosa
[63, 64]. Nevertheless, as with many of the immune responses considered thus far, although
RNS and ROS production are of critical importance to the long term health and survival of
the host, not all downstream effects of oxidative stress are detrimental to Salmonella.

The release of RNS and ROS during intestinal non-typhoidal Salmonella infection creates a
highly oxidative environment which is not permissive for the growth of Clostridiales and
Bacteroidetes, strictly anaerobic bacterial phyla that constitute more than 90% of the healthy
gut microbiota [6, 7, 10]. Consequently, the number of obligate anaerobes in the gut
dramatically declines during Salmonella infection. In contrast, Salmonella is, to a certain
extent, resistant to RNS and ROS, and can survive and replicate to high numbers in these
oxidative conditions [6, 7, 10, 11, 65]. For example, one of the mechanisms by which
Salmonella is resistant to ROS involves a recently discovered efflux pump, which
contributes to Salmonella replication in the intestine and in macrophages [66]. Similar to
ROS, Salmonella is also susceptible to high concentrations of NO, but possesses
mechanisms to defend against moderate levels of nitrosative stress [67—69].

In addition to reducing competition by decreasing numbers among the gut microbiota, the
highly oxidative environment generates anaerobic electron acceptors for the pathogen,
allowing non-typhoidal Salmonella to utilize additional carbon sources and replicate to high
numbers (Figure 3). Ethanolamine is a non-fermentable compound present in the intestine of
mammals, and is generated from phosphatidylethanolamine, the most abundant phospholipid
in membranes of enterocytes [70]. Ample quantities of this compound exist in the gut
because enterocytes turn over so rapidly in the intestine, living for only a few days before
reaching the top of the villus and being released from the epithelium [70]. Nonetheless,
ethanolamine cannot be fermented and thus is not utilized by most of the microbiota. In
contrast, Salmonella is able to anaerobically respire novel electron acceptors generated
during inflammation, thus enabling catabolism of ethanolamine and enhancing the
competitive advantage of Salmonella over the microbiota.

Trends Immunol. Author manuscript; available in PMC 2016 February 01.
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Tetrathionate and nitrate are anaerobic electron receptors which are generated during
intestinal inflammation and are exploited by Salmonella [11, 71]. Tetrathionate is generated
from hydrogen sulfide, a toxic compound produced in large quantities by the gut microbiota,
which is rapidly detoxified through oxidation to thiosulfate by intestinal epithelial cells, then
converted to tetrathionate by ROS present during gastroenteritis [11] (Figure 3). The innate
immune response thus provides Salmonella with an electron acceptor to enable anaerobic
respiration of ethanolamine and gain an edge over competing microbes [70]. Nitrate is also
generated during inflammation, and is an isomerization product of the previously mentioned
RNS peroxynitrite. Similar to tetrathionate, host-derived nitrate promotes the growth of non-
typhoidal Salmonella in the inflamed gut [71], and Salmonella has since been described to
utilize energy taxis to migrate towards niches where these favorable electron acceptors are
present [72]. Taken together, these studies demonstrate that Salmonella exploits the highly
oxidative environment generated by the host during gastroenteritis to proliferate and
outcompete the microbiota.

Concluding remarks

A generally accepted concept is that the immune response is beneficial to the host because it
limits the replication and the dissemination of pathogenic organisms. Nevertheless, to
replicate in the host and to cause disease, pathogens must have evolved mechanisms to, at
least temporarily, evade the immune system. Moreover, an increasing number of studies
have demonstrated that pathogens not only evade the immune system, but actively exploit
the host response to compete with the microbiota and to carve out a niche in the host. In this
sense, the typhoidal and non-typhoidal serovars of Salmonella are prime examples of how
host immunity is a double-edged sword: On one edge, aspects of the host innate immune
response are of critical importance as they limit Salmonella replication and systemic
dissemination; on the other edge, Salmonella can evade, manipulate and exploit aspects of
host immunity to replicate, establish a persistent infection, and outcompete the microbiota.

In light of these realities, questions arise as to how we can impact the progression and
outcome of Salmonella infection. For instance, can aspects of the inflammatory response
beneficial to Salmonella be dampened or tweaked appropriately to blunt the pathogen’s
growth without compromising the mucosal barrier? In contrast, multiple aspects of the
immune response remain effective against this pathogen. Even so, these host-beneficial
responses often come at a price; for instance, Th17-mediated recruitment of neutrophils
helps to control dissemination of Salmonella, but also results in considerable tissue damage.
A challenge for future research is to dissect the overlap among these often simultaneously
beneficial and detrimental immune responses, determining how to boost beneficial
mechanisms of defense while lessening the impact of their detrimental tradeoffs.
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Box 1 Salmonella exploits the microbiota

A stable, healthy gut microbiota provides “colonization resistance” to pathogens like
Salmonella by competing with them for nutrients and space (reviewed in [73]).
Moreover, intestinal anaerobic bacteria ferment dietary fiber to short chain fatty acids,
which in turn downregulate the expression of Salmonella invasion genes [74].
Additionally, closely related bacteria such as the probiotic E. coli Nissle 1917 can
outcompete Salmonella by scavenging for iron more effectively in the already iron-scarce
environment of the inflamed gut, thus limiting the pathogen’s access to this vital micro-
nutrient and reducing Salmonella colonization [75].

Although the microbiota plays a vital part in limiting pathogen colonization, some
commensal microbes and their metabolic byproducts are exploited by Salmonella to
colonize the gut. As discussed in the main text, the microbiota produces hydrogen
sulfide, which is eventually converted into tetrathionate, an anaerobic electron acceptor
for Salmonella in the inflamed gut [11]. Additionally, fermentation of complex sugars by
the microbiota results in the formation of molecular hydrogen (H5); Salmonella expresses
three hydrogenases, which in turn enable the pathogen to utilize Hy [76]. As such,
hydrogenases are important virulence factors for Salmonella, especially during the early
stages of infection when the microbiota is not yet perturbed and when energy sources are
relatively limited [76, 77].

Some commensals also directly help Salmonella to access carbon sources. One example
is Bacteroides thetaiotaomicron, a commensal bacterium that encodes a sialidase which
cleaves and releases sialic acid from mucin. Although B. thetaiotaomicron itself lacks the
pathways to catabolize sialic acid, it presumably cleaves it to gain access to underlying
carbohydrates. Salmonella, however, can catabolize this liberated monosaccharide, and
access to it supports the pathogen’s proliferation in the gut [78]. B. thetaiotaomicron also
produces a beta-lactamase that protects the bacteria from beta-lactam antibiotics,
including Salmonella [79]. Another microbe that helps Salmonella to degrade mucin is
Akkermansia muciniphila, which exacerbates Salmonella-induced intestinal inflammation
by disturbing host mucus homeostasis [80].

Taken together, these studies suggest that the microbiota, much like the inflammatory
immune response, is a double-edged sword during Salmonella infection: While some
commensals limit Salmonella’s ability to colonize the intestine, others promote it.
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Figure 1. Salmonella takes advantage of innate immune responses inside the macrophage
PAMPs from Salmonella are recognized by TLRs, signaling from which induces an array of

responses, including acidification of the phagosome. This drop in pH triggers Salmonella to
secrete effectors, which in turn modify the phagosome to generate a replicative compartment
known as the Salmonella-Containing Vacuole (SCV). Salmonella can also activate NLRs,
including NLRC4 (activated by flagellin) and NLRP3 (unknown ligand). Activation of
NLRC4 and NLRP3 lead to processing of pro- Caspase-1 into its active form, followed by
cleavage of pro-IL-1p and pro-1L-18 into their active forms and by the induction of
pyroptosis. In addition to NLRC4 and NLRP3, NLRP6 and NLRP12 are also activated by
Salmonella, albeit trough unknown ligands. These latter NLRs inhibit phosphorylation of
IxBa and ERK, thus preventing nuclear translocation of NF-xB and ERK, respectively. This
subsequently diminishes the production of proinflammatory mediators and results in the
inefficient clearance of phagocytized bacteria. During Salmonella infection, type | IFN
signaling is activated through the production of type I IFNs, leading to the association
between IFNAR and RIP1. This in turn induces the formation of the RIP1-RIP3 complex,
resulting in necroptosis of macrophages. The reduction in proinflammatory mediators and
induction of macrophage death by necroptosis diminishes the immune system’s ability to
control the replication and spread of Salmonella within the host. Activities promoting the
growth or survival of Salmonella are depicted with red lines and boxes.
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Figure 2. Salmonella uses M2 macrophages to establish a chronic infection
PPARS is upregulated in CD301* macrophages during Salmonella infection. Following

activation by fatty acids present in engulfed apoptotic cells, PPAR receptors translocate to
the nucleus where they induce the M2 macrophage phenotype (ARG1*, YM1*, CD206").
M2 macrophages produce high levels of anti-inflammatory cytokines such as IL-10, and low
levels of proinflammatory cytokines such as TNFa and IL-6. In addition, activation of
PPARSG increases intracellular glucose availability and enhances Salmonella replication in
macrophages and in mice, whereas this pathogen fails to persist in Ppard null mice. The
anti-inflammatory environment and metabolic state present in M2 macrophages allow
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Salmonella to establish a chronic infection. Abbreviations: SCV, Salmonella containing
vacuole.
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Figure 3. Salmonella exploits intestinal antimicrobial responses
During colonization of the gastrointestinal tract, Salmonella invades and escapes from

epithelial cells, gaining access to the lamina propria. There, Salmonella invades/is taken up
by macrophages (M®) and dendritic cells (DC), and resides inside the Salmonella
containing vacuole (SCV). Once infected, these phagocytes produce IL-1p, IL-18 (see Fig.
1) and IL-23. IL-23 signals to various cells types (e.g. Th17 cells) to produce IL-17 and
IL-22. Production of these cytokines is further increased by IL-6, which is released in
greater abundance by epithelial cells following Salmonella-mediated PPARYy
downregulation. Epithelial cells also express receptors for IL-17 and IL-22, and ligand
binding induces production of antimicrobial proteins such as Lipocalin-2 (LCNZ2; iron
starvation) and calprotectin (CP; zinc and manganese starvation). Contrary to the majority of
the resident microbiota, Salmonella has evolved to evade the detrimental effects of these
antimicrobial proteins, producing an additional iron-scavenging siderophore that cannot be
bound by LCN2, and expressing a high affinity zinc transporter to overcome zinc
sequestration by CP. Epithelial cells also produce CXC chemokines following IL-17 and
IL-22 stimulation, leading to the recruitment of polymorphonuclear cells (PMN; primarily
neutrophils) to the site of infection, which also produce the aforementioned antimicrobial
proteins. PMNs phagocytose Salmonella and kill it with the help of reactive oxygen (ROS)
and nitrogen species (RNS), among other mechanisms. IL-17 and IL-22 together with IFN-y
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also induce iNOS in epithelial cells, an enzyme involved in the production of NO (an RNS).
Whereas Salmonella is resistant to moderate levels of ROS and RNS, these responses
transform the gut into an oxidative, inhospitable environment for many members of the
anaerobic microbiota. Moreover, this oxidative environment provides Salmonella with
additional electron acceptors, for example: (1) Hydrogen sulfide (H»S), produced by the
microbiota, is converted into (2) thiosulfate by epithelial cells; ROS oxidize thiosulfate to
(3) tetrathionate. Salmonella’s ability to anaerobically respire tetrathionate allows it to
utilize non-fermentable carbon sources (C-source) such as ethanolamine, which is generated
from the membranes of dead enterocytes. Together, these resistance mechanisms and
metabolic properties give Salmonella a competitive advantage over the gut microbiota,
allowing it to exploit host inflammation and grow to high numbers in the gastrointestinal
lumen.
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