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Abstract

Salmonella infection causes morbidity and mortality throughout the world with the host immune
response varying depending on whether the infection is acute and limited, or systemic and chronic.
Additionally, Salmonellabacteria have evolved multiple mechanisms to avoid or subvert immunity
to its own benefit and often the anatomical location of infection plays a role in both the immune
response and bacterial fate. Here, we provide an overview of the interplay between the immune
system and Sa/monella, while discussing how different host and bacterial factors influence the
outcome of infection.
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1. Overview of Salmonella Infection

Organisms belonging to the Sa/monella genus are flagellated rod-shaped Gram-negative
facultative anaerobes. Within the Sa/monella genus, Salmonella enterica is further
subdivided into six-subspecies with at least 2500 serotypes that are distinguished by
variations in O (somatic) and H (flagellar) antigens. Approximately 99% of the Salmonella
strains that cause infection in humans or other mammals belong to the Sa/monella enterica
species. The three major diseases caused by Sa/monellain humans are non-invasive non-
typhoidal salmonellosis, invasive non-typhoidal salmonellosis, and typhoid fever, all of
which are described in greater detail below.

1.1 Non-invasive, Non-Typhoidal Salmonellosis

Nontyphoidal salmonellosis (NTS) refers to any illnesses caused to humans by all serotypes
of Salmonella, except for the distinct typhoidal serotypes: Typhi and Paratyphi A-C.
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Salmonellosis is an acute, gastroenteritis, typically acquired orally through contaminated
water or comestibles. Annually, there are an estimated 1.3 billion cases of Salmonella
gastroenteritis, leading to approximately 3 million deaths worldwide [1]. It is among the
most commonly isolated foodborne pathogens associated with fresh fruits and vegetables
such as apples, cantaloupes, alfalfa sprouts, mangos, lettuce, cilantro, tomatoes, melons,
orange juice, celery and parsley [1]. The incidence of NTS gastroenteritis is highest in the
developing world, but is also of considerable importance in developed countries [2].

Salmonellosis is characterized by acute enterocolitis, which is accompanied by
inflammatory diarrhea, a symptom rarely observed in individuals infected with invasive
serovars (i.e. S. Typhi). Infection occurs after ingestion of >50,000 bacteria in contaminated
food or water, with symptoms typically occurring 6—72 hours after consumption. Onset of
symptoms is marked by abdominal pain and diarrhea with or without blood, while nausea
and vomiting are also common. Typically, the gastroenteritis will resolve itself in 5-7 days
without need for treatment although symptoms are usually more severe and longer lasting in
children [3]; however, in cases were fluid loss is substantial, oral or intravenous rehydration
may be necessary. In adults, antibiotics are usually contraindicated unless there is evidence
of invasive disease (i.e. bacteremia), as antibiotics are unlikely to lessen the duration of
illness or decrease the severity of symptoms [2,4,5] and have the potential to increase
bacterial antibiotic resistance. Notably, individuals can continue to shed bacteria and infect
others even after they no longer exhibit symptoms. On average, non-typhoidal serotypes
persist in the intestinal tract from 6 weeks to 3 months, depending on the serotype, but
approximately one person in a thousand will continue to shed Sa/monella in their feces for
periods exceeding 1 year [6]. Despite the growing morbidity of NTS infections, mortality
due to Salmonella gastroenteritis is predominantly restricted to the developing world. This
may be due in part to lack of clean water supplies and adequate sanitation [7]. In addition,
reduced healthcare infrastructure may play a role, as appropriate diagnosis could be delayed
and antibiotic resistant strains might go unidentified. Lastly, there are no vaccines against
non-typhoidal Sa/monella strains, possibly due to the fact that there is a large variance
between strains and an incomplete knowledge of protective antigens. This is of particular
concern for invasive non-typhoidal strains of Sa/monella, discussed below.

Non-Typhoidal Salmonellosis

In sub-Saharan Africa, an emerging Sal/monella strain is evolving and has a unique
pathogenesis, in comparison to its genetic counterparts. This emerging pathogen has been
termed invasive non-typhoidal Sa/monella (iNTS). Like non-invasive NTS, the Sa/monella
serotypes most commonly associated with iINTS are S. Typhimurium and S. Enteritidis;
however, other serotypes such as Choleraesuis and Dublin are also known to cause invasive
disease in humans [8,9]. Whole-genome sequencing of invasive isolates have identified
dominant regional genotypes uniquely found in Africa. These isolates, from strain ST313,
have several genetic differences compared with other strains and suggest distinct genotypes
of Salmonellahave emerged as new pathogenic clades in sub-Saharan Africa, and might
have adapted to cause invasive disease in humans [10]. Notably, other invasive S.
Typhimurium ST313 strains have been found elsewhere in the world, reflecting a potentially
increasing problem with this disease spreading globally [11]. INTS strains were described
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commonly as a cause of bloodstream infections in Africa children predating the HIV
epidemic [12]; however, shortly after the discovery of AIDS in Africa, more reports surfaced
of children and adults with invasive non-typhoidal Sa/monellabacteremia and the first
epidemiological link between invasive Sa/monellainfection and AIDS was made in New
Jersey. By 1990, iNTS had been confirmed as a common HIV-related pathogen in sub-
Saharan African adults, implicating a role for CD4 T cells in this disease as these cells are
eliminated during HIV infection [10]. To this day, non-typhoidal Sa/monellainfections are
the most common bacterial bloodstream infections isolated from both adults and children
presenting with fever in sub-Saharan Africa [10].

iNTS typically presents as a febrile systemic illness where diarrhea is often absent (as
compared to non-invasive NTS salmonellosis and acute gastroenteritis, where diarrhea is
common). Diagnosis can be difficult without microbiological tests, because there is often
clinical overlap with other bacterial or parasitic diseases, notably pneumonia and malaria
[13]. Patients with iINTS frequently present with lower respiratory tract disease, commonly
attributable to co-infections with other pathogens, such as Mycobacterium tuberculosis and
Streptococcus pneumoniae [14,15]. Even when treated with the appropriate antimicrobial,
iNTS has a case fatality rate of 22—-47% in both African adults and children [16]. The main
risk factor to adults for iNTS is undoubtedly advanced HIV infection, however only about
20% of children presenting with iNTS are infected with HIV. Other risk factors to children
are thought to include malnutrition, malaria, sickle-cell anemia and schistosomiasis [10].
Due to the increasing number of iINTS infections, the mortality associated with INTS and the
increasing difficulty in treating INTS (due to the emergence of antibiotic-resistant strains),
there is a medical need for vaccines with broad serovar coverage and high efficacy against
systemic salmonellosis. Unfortunately, it is unknown what antigens are most protective
against non-typhoidal Sa/monella strains; however, work is ongoing to define potential
immunodominant antigens [17].

1.3 Typhoid Fever

Typhoid fever is caused by infection with Salmonella Typhi and is responsible for 21 million
new cases each year leading to an estimated 200,000 deaths. The annual mortality from
typhoid fever has increased by 39% between 1990 and 2010 [18]. Most cases occur in
developing countries, or among travelers to these countries, and a recent analysis of global
mortality data revealed that in endemic regions (such as sub-Saharan Africa and Asia), the
relative years of life lost to enteric fever ranks similarly to those lost to breast cancer,
prostate cancer, and leukemia in North America [19,20]. One particular difference between
S. Typhi and NTS strains is the presence of the polysaccharide capsular antigen, Vi [21],
which is thought to be a virulence factor of S. Typhi, allowing it to survive the acidic
environment of the stomach early after infection, as acapsular S. Typhi is less virulent [22].
Unlike NTS broad host specificity, S. Typhi is restricted to humans only [23].

S. Typhi can survive and replicate within host cells, particularly phagocytes (i.e.
macrophages, dendritic cells, neutrophils, etc.), and the bacteria uses these cells to
translocate to systemic sites of the body, such as the liver, spleen and bone marrow. For
reasons not fully understood, it is estimated 5% of infected individuals will fail to clear the
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infection within a year, and will progress instead to a chronic carrier state where the bacteria
likely reside primarily the hepatobiliary tract and gallbladder in humans [19]. This
observation is also supported by data collected from S. Typhi positive cadavers, showing S.
Typhi present in 85.7% of liver tissues [24]. Furthermore, chronic carriage of Salmonella
Typhi is a risk factor for gallbladder carcinomas [25]. A better understanding of the carrier
state is needed, as these individuals remain the reservoir for future S. Typhi transmission.
Cholecystectomy (removal of the gallbladder) in conjunction with antibiotic therapy is the
most effective means of clearance but does not guarantee elimination of the carrier state, as
additional foci of infection can persist elsewhere in the body [19], including the liver [26].

More concerning is the increasing prevalence of multidrug-resistant (MDR) strains of S.
Typhi [27-31]. Antibiotic resistance is of particular concern in resource-limited countries,
many of which are endemic for enteric fevers. As discussed above, NTS is rarely treated
with antibiotics, because they can increase the duration of bacterial excretion; however,
typhoid fever is immediately treated with antibiotics, due to the systemic nature of the
infection. As early as the 1990s, physicians began moving away from first-line antibiotics
(i.e. chloramphenicol, ampicillin, etc.), due to a general widespread resistance amongst
many S. enterica serovars. Fluoroquinolones (i.e. ciprofloxacin) have become the primary
treatment, however resistance to this class of antimicrobials is increasing, as evidenced in
studies conducted in endemic regions [30]. Third generation cephalosporins are now often
the second-line treatment for typhoid fever. MDR strains of both S. Typhi and iNTS are
becoming increasingly more common, highlighting the need for better prophylactic
therapeutics.

Currently, there are three licensed vaccines against S. Typhi: a killed whole cell vaccine, a
live attenuated vaccine (Ty21a), and a Vi capsular polysaccharide vaccine. The killed whole
cell vaccine is no longer manufactured due to its high rate of reactogenicity, where it causes
profound inflammation-driven systemic and local reactions [32—34]; however, it was
successfully used to control typhoid fever in Thailand [35]. After years of use and post-
licensure data, the Ty21a vaccine is known to be well tolerated and safe, but only has a
moderate efficacy of around 50% [36]. Furthermore, the vaccine is not licensed in children
under the age of six years old, a population that is highly susceptible to typhoid fever [37].
The Vi capsular vaccine, while well tolerated and 60% effective, has several limitations.
First is that the vaccine is administered parenterally, which requires specialized training,
making it less useful in developing countries [36]. Second, being comprised exclusively of a
bacterial polysaccharide, the vaccine does not generate potent immunological memory
(efficacy lasts about 2—3 years) and cannot be boosted with repeated vaccination, due to its T
cell independent nature [38]. Thus, the vaccine is unlikely to be efficacious in children under
18 months of age, owing to the immaturity of their splenic marginal zones, which are
required for T cell independent antibody responses [39]. It should also be noted that the Vi
capsular vaccine cannot protect against disease caused by S. Paratyphi A, which is
increasing in Asia, as this serovar doesn’t express Vi capsule and so immunity directed
against this antigen is rendered ineffective [40,41]. No vaccines currently exist against iNTS.
Clearly a need for new therapies to treat salmonellosis is desired [7] and a preventative,
broad-spectrum vaccine would be especially useful in reducing the need for antibiotics.
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1.4 Animal Models of Salmonella Infection

To better understand the host immune responses against NTS and to aid in the development
of new vaccines and therapies, animal models of salmonellosis are necessary. Unfortunately,
as with most animal modeling, mimicking human disease can be challenging. The best
models for studying human gastroenteritis caused by NTS are non-human primates (NHP)
and bovines, both of which mirror human pathology [42]. Additionally, NHP rhesus
macaques can be used as a model of iINTS infection, where co-infection with simian
immunodeficiency virus results in immune responses comparable to those seen in HIV-
infected individuals [43]; however, both the bovine and NHP models are restricted by their
financial costs and the inability to genetically manipulate the host genome. Furthermore, the
use of primates generates numerous ethical concerns. Therefore, due to their low cost, ease
of housing/handling, and the possibility for genetic manipulation, inbred mice are the most
widely used model organisms to study salmonellosis [7]. Expectedly, these models have
their own disadvantages. One of these is that mice do not typically mimic the gastroenteritis
seen in human NTS patients, but rather develop a systemic typhoid-like illness. This issue
can be circumvented by pretreating mice with antibiotics, usually streptomycin [44,45],
which eliminates the host gut microbiota, permitting S. Typhimurium to overcome the
natural intestinal colonization resistance posed by the normal flora and allowing for efficient
colonization of the cecum and colon, without disseminating and killing the mouse [42].

Further challenges arise when utilizing animals to model typhoid fever. Because S. Typhi is
human restricted, animal models are often inadequate and do not accurately reflect the
human disease state. Historically, chimpanzees have been infected with S. Typhi, which
develop a mild form of disease resembling typhoid fever, however, the infectious dose is
high (~1x1011 CFUs), compared to the dose needed to cause typhoid fever in humans (~500
CFUs) [23]. Notably, mice infected with S. Typhimurium become systemically infected,
with minimal intestinal pathology, akin to S. Typhi infections in humans [3]. Both the acute
and chronic stages can be studied in mice; however, establishment of long-term infection is
dependent on mouse strain. Many common inbred mouse strains have a single nucleotide
polymorphism (SNP) in the natural resistance-associated protein 1 (Nrampl1, also known as
Slc11a1), a divalent transition metal (iron and manganese) transporter involved in iron
metabolism and host resistance to certain pathogens. This SNP causes a single amino acid
change (glycine to asparagine), which renders the Nramp1 protein non-functional. As such,
phagocytic cells are incapable of depriving Sa/monella containing vacuoles (SCVs) of metal
ions, allowing the bacteria to proliferate uncontrollably. Susceptible mice (Nramp1™~i.e
C57BI/6, Balb/c and others) are less able to control infection with virulent, non-attenuated
Salmonella strains and often succumb to infection within two to three weeks, while resistant
mice (Nramp1*/* i.e 129Sv, DBA or Nramp1*/~ C57BI/6x129x1/sv (F1 hybrids) commonly
survive acute infection, develop a carriage state, and can transmit the bacteria through their
feces akin to what is seen during human typhoid fever [46,47]. More recently, two other
mouse typhoid models have been developed. One uses a Toll-like receptor 11-knockout
mouse strain (TLR117/7), as TLR11 is present in mice and recognizes S. Typhi flagellin, but
is absent in humans. TLR11™~ mice have reduced intestinal responses and exhibit a
systemic infection when orally infected with S. Typhi [48]; however, these mice do not
appear to develop chronic infection and succumb to infection within a few weeks. Notably,
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multiple groups, including the group that originally characterized the model, have recently
reported that the original S. Typhi infection model in the TLR117~/~ is not reproducible and
that these mice may not actually be susceptible to infection with S. Typhi [49,50]. As such
TLR117"~ mice are likely not a suitable model for the study of S. Typhi infection. The other
recently described typhoid mouse model makes use of bone marrow humanized mice
allowing for S. Typhi replication in the spleen, livers, and gallbladders [51]. Notably,
however, these mice succumb to S. Typhi infection, and do not persist into the carriage state
seen with the human infection [52,53]. Additionally, humanized mice can be expensive and
labor intensive to generate, not to mention subject to considerable variability given the
genetic heterogeneity of human bone marrow donors and the variable degree of engraftment
[54]. Importantly, no small animal model of iINTS currently exists and such a model has the
potential to provide valuable information about this emerging infection. Lastly, while
invaluable information has been gained from the use of animal models in understanding
Salmonella virulence factors, host inflammatory responses, dissemination and transmission,
any relevance to human disease must be carefully inferred, as is true with any animal model
of human disease.

2. Immunity to Salmonella infection

2.1 innate immune response to Salmonella infection

Because Salmonellais transmitted via the fecal-oral route, recognition by the immune
system is initiated during invasion of intestinal epithelial cells, which can identify the
pathogenic bacteria and initiate an inflammatory response through the recruitment of various
phagocytic cell lineages. Recognition of bacterial LPS by TLR4 causes these cells to release
cytokines and chemokines that serve as the initial signal for phagocytic cell recruitment [55].
The early innate immune responses initiated in the Peyer’s patches and mesenteric lymph
nodes (MLNSs) involve the recruitment of neutrophils and inflammatory monocytes, which
help slow the spread of bacteria to systemic tissues [56,57].

Research indicates that a variety of innate immune cells are responsible for the early, acute
control of Sa/monella. 1t has been previously reported that neutrophil depletion leads to
increased bacterial loads of Sa/monellain the liver suggesting neutrophils play an important
role in the prevention of bacterial dissemination to systemic sites [58]. The significance of
neutrophils in early Sa/monellainfections has been further highlighted in a recent study,
which demonstrated neutrophils are a key source of cellular IFN-y during the acute phase of
S. Typhimurium infection [59]. However, neutrophils are not the only key producers of IFN-
v during this early phase of Sa/monella infection. Natural Killer (NK) cells have also been
shown to make IFN-y and may contribute to early resistance [60].

During initial Sa/monellainfection, inflammatory monocytes rapidly accumulate in Peyer’s
patches and mesenteric lymph nodes of infected mice, where they produce a number of anti-
microbial factors, including iNOS, TNF-a and IL-1p [56]. Additionally resident
macrophages within infected tissues are capable of phagocytosing Sa/monella and
subsequently producing pro-inflammatory cytokines such as IL-1p and 1L-18 through the
recognition of cytosolic flagellin via the NLRC4 inflammasome complex [61,62]. Resident
dendritic cells (DC) can also recognize Sa/monella LPS and flagellin, which induces DC
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maturation, enhancing antigen presentation and inducing their migration to T cell areas of
various lymphoid tissues to initiate the adaptive phase of the immune response [63].

The type of cytokine response to infection is essential to control bacterial persistence and
replication. IFN-y, IL-12 and TNF-a have all been demonstrated to be important for
Salmonella clearance [64], while IL-10 and IL-4 have been shown to be permissive of
infection [65-67]. Cytokines detected in patient serum consists of high levels of the
inflammatory cytokines IFN--y, IL-18, IL-12, IL-15, TNF-a as well as the anti-inflammatory
cytokine IL-10 [68,69]. Likewise, PBMCs from volunteers orally immunized with the live-
attenuated Ty21a vaccine secrete Thl cytokines including IFN-y, TNF-a, but also IL-10
[70]. Various animal studies have corroborated the cytokine profiles seen in human patients
[71,72].

2.2 Adaptive immune response to Salmonella infection

Normally, Sa/monellainfection is controlled and cleared after the generation of both T and
B cell immunity specific for the pathogen. Additionally, these types of immune responses
are important for protecting the host against a secondary infection. Notably, the exact role of
the humoral immune response during Sa/monella infection has been contested [73]. In
humans, most individuals who survive typhoid fever generally acquire protective immunity
to future infections, with recurrence rates around 2—3%, and recurrence occurs only if an
individual is exposed to a high secondary inoculum of organisms or received early antibiotic
therapy for the initial infection (thus prohibiting a robust adaptive immune response from
occurring) [74]. Volunteers immunized with the live-attenuated Ty21a vaccine develop
significant levels of IgA and 1gG against S. Typhi LPS; however, it is unclear whether these
antibody responses contribute to protective immunity [75]. Similarly, volunteers receiving
the purified Vi antigen injected vaccine, show infection rates of 4.1%, compared to 16.2%
for an unvaccinated group and these volunteers also show significant increases of serum
antibodies toward the Vi antigen [76]. Conversely chronic carriers, where S. Typhi persists
for years, also have high levels of circulating anti-Vi antibodies, as well as antibodies against
the O- (LPS) and H-antigens (flagella), yet they never clear the infection, making it unclear
what role these antibodies play during infection [77]. One possibility is that anti-S. Typhi
antibodies only protect the host from invading bacteria, but are not sufficient to clear the
bacteria after establishment of an intracellular infection. In animal models, the role of
antibody-mediated protection against challenge is even more contentious. For instance, in
experiments where serum from Sa/monella infected mice was transferred to naive animals,
which were then subsequently challenged with Sa/monella, some investigators have
observed protection [78,79], while others have not [80]. Nonetheless, B cells appear to be
important in controlling bacterial replication, as mice deficient in B cells were able to
eventually clear Sa/monella, yet had higher bacterial burdens during both primary and
secondary infections, compared to wild type mice [81]. Nanton et al. showed the
susceptibility of B cell-deficient mice correlated with reduced IFN-y production from CD4
T cells; however, the B cell role may be antibody-independent, since mice harboring B cells
that were unable to produce antibodies did not show an increased susceptibility to
Salmonella infection, nor was there a deficit in IFN-y production from CD4 T cells [82].
Therefore, the cross-talk between humoral and cell-mediated immunity in salmonellosis
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seems crucial for the clearance of Salmonella, although a correlation between the presence
of antibodies alone and resistance to reinfection appears complex [83]. One possible
explanation for these findings is that, in addition to antibody production, B cells perform
alternative functions, including antigen presentation and cytokine secretion, which could
have an important function in anti- Sa/monellaimmune responses [84,85].

Like B cells, the role of Sa/monella-specific cytotoxic (CD8) T cells is not well defined.
Generally, CD8 T cells are not thought to contribute to the primary clearance of Salmonella
[86] and depletion of CD8 T cells during the persistent stages of infection does not lead to
increased bacterial burdens in systemic organs [87,88]. Conversely, studies using p2M-
deficient mice lacking surface MHC Class | expression demonstrate these mice are capable
of resolving infection with attenuated Sa/monella [89], however, these mice are also
deficient in the expression of non-classical MHC molecules and CD1, confounding the
interpretation of the role of MHC Class | restricted antigens in protective Sal/monella
immune responses [90]. Mice that specifically lack only the MHC class | molecule or CD8+
T cell cytotoxic granules have demonstrated only a mildly protective role for CD8 T cells in
the resolution of primary Salmonella infection [91]. Interestingly this same study
demonstrated that memory CD8 T cells are dispensable during secondary infection with
Salmonella[91]. Another report showed that the magnitude of the CD8 T cell response
correlates directly with the intracellular proliferation of Sa/monella, however the CD8 T
cells in this study were inferior due to reduced proliferation, cytotoxic functionality, and
cytokine production [92]. It should be noted that while many studies investigating CD8 T
cell involvement have used attenuated Sa/monella strains, a recent study showed an
important role for MHC Class I-dependent CD8 T cells in protection against virulent
Salmonella [93]. Taken altogether, it may be too early to assign a functional role to CD8 T
cells during salmonellosis, or to dismiss their participation in anti-Sa/monella immunity.
More research is clearly needed to fully elucidate their role during both acute and persistent
infection.

The importance of helper T cell immunity during Sa/monella infection is well established.
One indication that CD4 T cells are essential mediators of immunity against NTS infection
in humans comes from the finding that normally non-invasive NTS can cause a severe,
invasive, systemic infection (iNTS) in HIV-infected individuals, where CD4 T cells are
naturally depleted [94]. In fact, antiretroviral HIV therapy has been shown to decrease the
incidence of INTS infection in humans, demonstrating that CD4 T cells are among the most
important immune cells mediating immunity against salmonellosis [95]. One mechanism
used by CD4 T cells during Salmonella infection is the activation of innate immune
responses against intracellular bacteria, particularly through the production of IFN-y. IFN-y
helps control intracellular bacterial replication by signaling through the IFN-yR on
phagocytes, which activates JAK/STAT signaling to induce the expression of iNOS, which
reacts with the cellular substrates L-arginine and oxygen to produce nitric oxide, a free
radical that can cause bacterial DNA damage [96]. Th1 cells, which require the transcription
factor T-bet, are essential producers of IFN-y during Sa/monella infection and can activate
macrophages [97,98]. Studies using susceptible mice lacking Th1 cells, due to a deficiency
in T-bet, have confirmed Th1 cells are necessary to resolve a primary, acute Sa/monella
infection [99]. It was also shown in this study that Sa/monella-specific cells were unable to
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produce IFN-v, and mice exhibited increased levels of IL-10. Direct depletion of CD4 T
cells in both resistant [88] and susceptible [87] mice causes a significant increase in bacterial
burdens in multiple organs further demonstrating the importance of maintaining CD4 T cell
immunity during Sa/monella infection. This increase is likely due to a loss in the production
of IFN-y by CD4 T cells, as neutralization of IFN-y causes bacterial burdens to increase in
persistently infected organs [47]. Likewise, mice lacking IL-12, IFN-y or iNOS all have
deficiencies in their ability to clear Sa/monella infection [100]. Notably, Th17 T cells have
been shown to be important for neutrophil recruitment to the gut where those neutrophils
prevent systemic Sa/monella dissemination of [43]; however, Th17 T cells may be
dispensable for controlling systemic Sa/monella infection [101]. CD4 T cells have also been
shown to be important for Sa/monella-specific antibody class switching. Mice deficient in
Th1 cells had significant decreases in the production of Sa/monella-specific 1gG2a, leading
to an increased susceptibility to infection [99]. It is also likely CD4 T cells are needed for
optimal IFN-y expression by CD8 T cells during chronic infection, as mice depleted of CD4
T cells have a reduction in IFN-y producing CD8 effector cells, a phenomenon also
observed during persistent M. tuberculosis infection [102]. It is clear that CD4 T cells play
multiple, essential roles during Sa/monellainfection and targeting these cells with future
vaccines would likely provide the greatest benefit. In fact, it has been shown that a single
CD4 T cell peptide epitope derived from a Salmonella secreted effector protein (Ssel) is
capable of offering a significant level of protection against acute infection [103].

2.3 Organ-specific infection and immunity

While much attention has been paid to the various roles of individual cell types during
Salmonella infection, less is known about how these cells might contribute or potentially
differ functionally in the distinct anatomical tissues where Sal/monella infection occurs. It
has been shown Salmonella attacks the intestinal epithelial layer at the antigen-sampling
microfold (M) cells. Subsequently, Salmonella encounter dendritic cells (DCs) and
macrophages, followed by an influx of neutrophils, monocytes and more macrophages [57].
These phagocytic cells serve as the portals of entry and bacterial dissemination to more
distant anatomical sites [104-107]. Some studies have shown that Sa/monella infection of
the intestine can occur independently of M cells and that this may be attributable to a direct
luminal bacterial interaction with phagocytes such as DCs [108,109]. This allows for a rapid,
systemic dissemination and may bypass M cell-induced inflammation. Less is known
regarding the role for intestinal mucosal associated invariant T (MAIT) cells although it was
recently shown that human B cells infected with S. Typhi can activate MR1-restricted CD8+
MAIT cells in a primary human cell culture system [110]. Notably, a more recent study
showed that human volunteers orally infected with S. Typhi who were susceptible to the
development of typhoid fever, had a drop in activated, peripheral blood MAIT cells, and
these cells expressed the intestinal homing marker CCR9 [111]. This contrasted with
volunteers who weren’t susceptible to disease where MAIT cell numbers fluctuated around
normal and did not appear as activated. This details a possible contribution of these cells in
combatting Sa/monella infection in humans. In another study, Sal/monella secreted effectors
drove inflammasome production of IL-18, which lead to NK cell recruitment and perforin
production, inducing potent, early inflammation at the intestinal site of infection [112].
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Intriguingly, this is a new potential role for gut-homing NK cells which may contribute to
the inflammation-induced diarrhea seen during the early stages of infection.

Following intestinal infection in mice, Salmonella are quickly trafficked to the MLN [113].
It has been demonstrated that the MLN are a major site of persistent infection in the chronic
mouse model and that control of bacterial dissemination is dependent on IFN-y production
in the MLN [47]. Likewise, removal of the MLNs has been shown to correlate with
increased bacterial burdens and severe pathology in systemic organs of infected mice
[105,114]. Control of bacterial replication in the MLN during persistent infection is
dependent on CD4 T cell maintenance and further, long-term preservation of these
Salmonella-specific CD4 T cells requires continuous peptide:MHCII stimulation with
Salmonella antigens [98]. The spleen is the other major lymphoid organ involved during the
systemic phase of infection, which may be due to the presence of multiple subsets of splenic
phagocytic cells, where Salmonellawould likely reside. While the spleen is probably
infected temporally after the MLNSs, the immune response is phenotypically similar, with
Salmonella-specific CD4 T cells producing anti-microbial cytokines, likely contributing to
the control of the bacteria [99]. Why bacteria are not cleared by the potent immune response
during these persistent infections is not clear and is worthy of further study.

While multiple mouse models of infection have shown that the MLNs are the most likely
site of persistent infection, the story is less clear for the human disease. Indeed, it seems that
the hepatobiliary tract and gallbladder are survival niches in humans [19]. This observation
is supported by data collected from S. Typhi positive cadavers, showing S. Typhi present in
85.7% of liver tissues and may contribute to chronic carriage of bacteria [24,115].
Furthermore, chronic carriage of Sa/monella Typhi is a risk factor for gallbladder
carcinomas [25]. It is also clear that Sa/monella does disseminate to the liver in mice, where
they reside in multiple cell types, particularly Kupffer cells, liver sinusoidal endothelial cells
and hepatocytes [116-118]. Kupffer cells (liver-resident macrophages) are numerically the
largest distinct population of macrophages in the body. In the liver, they combine scavenger
functions with immune homeostasis. They can also inhibit T cell activation through the
direct production of PGE, and IL-10, and by triggering regulatory T cells to produce IL-10
[119,120]. Kupffer cells have likewise been shown to have a role in attenuating infection-
induced liver immunopathology during viral infection [121]; however, this phenomenon has
not been demonstrated for bacterial infections. Furthermore, inflammatory Th1 effector CD4
T cells, known to be important in lymphoid tissues for controlling Sa/monella infection, lose
the capacity to produce cytokines, but do not deviate from their Th1 programming upon
entering the liver [122]. While not known currently, it’s possible the immunosuppressive
nature of the liver prevents Sa/monella clearance during infection by attenuating essential
CDA4 T cell responses. The gallbladder also provides a potential niche for Sa/monella
infection; however, the immune response to infection in this organ is almost completely
unknown and understanding what type of immunity occurs here will be essential to
understanding persistent Sa/monella pathogenesis.

Other tissues appear to be involved in some capacity during Sa/monellainfection. It is
known that the bone marrow harbors S. Typhi during infection [123]. Other studies have
shown that systemic Sa/monella infection alters the phenotype and function of
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hematopoietic progenitors, possibly contributing to a dysregulated immune response to
persistent or recurrent infection [124,125]. Some infections, particularly viral, infect the
thymus and affect thymus output. As the thymus is the primary site of T cell maturation, this
is likely an evolutionary adaptation that attenuates the T cell response against the thymus-
infecting pathogen. Interestingly, while Sa/monella also infects the thymus and induces
thymic atrophy, mature CD4 T cell output is largely unaffected [126]. Conversely, double
negative (DN; CD4-CD8-) thymocyte populations do appear to be reduced during both acute
and chronic thymic infection by Salmonella[127]. In this same study, single positive (SP;
CD4+ or CD8+) numbers were largely unaffected; however, it did appear these cells were
somewhat more immature, possibly because they had only recently committed to the SP
lineage to compensate for the loss of DN cells. While these findings are potentially
conflicting, it demonstrates that the thymus has a remarkable capacity to adjust to infection
induced atrophy to maintain thymic output. The implication of these findings is that T cells
output is essential for control of Sa/monella infection; however, this remains to be explored
and would be an important finding for the role of T cells recently released from the thymus
during this infection.

3. Salmonella exploitation and subversion of the immune response

3.1 Type lll secretion system modulation of the anti-Salmonellaimmune response

To invade and disseminate, Sa/monella makes use of Type-I1l secretion systems (T3SS)
encoded on two pathogenicity islands (hereafter SP1-1 and SPI1-2), which serve different
functions. Once the bacteria have reached sufficient numbers in the gut, by outcompeting the
gut flora, they utilize their first T3SS to facilitate entry into the M cells. Effectors secreted
by T3SS/SPI-1 and T3SS/SPI-2 induce changes in host cells, such as rearrangement of the
cytoskeleton and cell membrane and disconnection of epithelial cell junctions, which enable
Salmonella invasion, particularly in macrophages [128,129]. Once phagocytosed,
Salmonella survives acidification of the SCV and utilizes the second T3SS to inject SPI-2
effector proteins into the cell cytoplasm where these effectors mature the vacuole to allow
for intracellular replication [130-132]. Some T3SS products directly modify immune cell
function from within. For example, the T3SS/SPI-2 Salmonella secreted effector | (Ssel)
inhibits DC migration to the spleen which in turn impedes bacterial clearance [133].
Interestingly, a recent strain of iINTS, which is endemic to sub-Sarahan Africa, was recently
shown to hyperdisseminate into systemic organs of mice, correlating with the natural
pseudogenization of Ssel, rendering this effector untranslatable during infection [134]. This
ascribes a direct effect of the T3SS on bacterial dissemination through immune cell
modulation. Notably, S. Typhi, which also causes systemic disease in humans lacks
expression of Ssel [135]. Perhaps evolutionary pressure has induced this effector loss in S.
Typhi to allow for greater organ distribution via infected DCs. Further comparison of INTS
and typhoidal bacterial serovars may provide further insight into what effectors play a role in
this type of disseminated disease.

3.2 Other Salmonella adaptations for avoidance or modulation of immunity

In addition to the T3SS, Sa/monella has evolved other mechanisms to survive and create a
niche during infection. While it is known Salmonella infects phagocytic cells, recent work
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has revealed that during a persistent infection, Sa/monella can invade a specialized subset of
cells known as a hemophagocytic macrophages, which engulf erythrocytes during infection
[136]. Salmonella can influence these macrophages to increase erythrocyte engulfment as
infection progresses, allowing the bacteria to acquire ferrous iron from the engulfed red
blood cells [137,138]. This is a remarkable adaptation to the intracellular niche where the
very cell that would be expected to destroy the invading organism instead provides essential
nutrients. In a twist on the Sa/monellalmacrophage interaction, a recent study demonstrated
that macrophages lacking TLRs led to, paradoxically, reduced bacterial virulence and mice
lacking multiple TLRs were less susceptible to infection [139]. It appears Salmonella
requires cues from the innate immune response normally induced through TLR ligation,
such as acidification of the SCV, to allow the bacteria to recognize that they have entered the
intracellular compartment and should begin replication. Other work has shown that
Salmonellain the SCV is a heterogeneous population and acidification of the vacuole
induces the formation of a group of non-replicating persister bacteria that may provide a
potential pool of Salmonella for long term persistence in host macrophages [140].

As previously discussed, Sa/monella seems well suited for gallbladder colonization in both
humans and mice. In support of this, 3.5% of cholecystectomy (gallbladder removal)
patients in S. Typhi endemic areas harbored antibiotic resistant Sa/monella in the bile or
gallbladder [141]. It is possible that some of these bacteria reside in gallbladder epithelial
tissues, as has been shown in mice [142]; however, nearly 90% of people persistently
infected with S. Typhi also have gallstones, indicating that these may provide a protected
niche for Salmonella persistence [143]. Indeed, in a mouse model of persistent Sa/monella
infection fed a lithogenic diet where cholesterol gallstones develop, the bacteria form stable
biofilms on these gallstones which potentially protects them against antibiotic treatment and
the host immune response [144]. More strikingly, in a typhoid endemic region, some
gallstones removed from people displayed S. Typhi biofilms, while gallstones removed from
patients with £. coliinfection had no biofilm formation [144]. Biofilms are notoriously
difficult to eradicate with antibiotics and so these findings reveal that Sa/monella may have
found the perfect niche for persistence [145].

4. Concluding remarks

Salmonella infection and the resulting immune response is multifaceted, especially given the
systemic nature of some infections, where different tissues are likely to display unique
immunity to infection. This is made more complex by the fact that different Sa/monella
infections can vary from self-limiting gastroenteritis to invasive systemic disease to a
systemic, but persistently infected asymptomatic carrier state. A growing recognition of
these different types of infections and the resulting immune responses has revealed
intriguing mechanisms employed by the immune system to control or eliminate infection
and equally interesting means used by Sa/monellato avoid immune recognition or effector
functions. As this review highlights, the field has made great strides in our understanding of
these host pathogen interactions. Future studies will hopefully further explore the interplay
between immunity and bacteria in different infected organs, such as the liver, gallbladder,
and gut. Such studies may have the potential to reveal novel treatments for hard to clear
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infections and may provide insights into how other systemic bacterial infections (i.e M.
tuberculosis or H. pylori) interact with the immune system.
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Highlights

. Salmonella bacteria causes a different array of diseases and infection can be
acute or chronic and can be limited to the intestine or distributed systemically

. The immune response to systemic Sa/monellainfection is potent diverse and
includes both innate and adaptive immune aspects

. Salmonella uses multiple mechanisms to subvert or modulate the immune
response directed against it
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Figure 1. Overview of the immune response to Salmonella infection
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Salmonella bacteria enter via the intestine and use the T3SS/SPI-1 to induce uptake by the
specialized M cells of the gut. Following translocation into the Peyer’s patches, Sa/monella
are engulfed by phagocytic cells such as macrophages, neutrophils monocytes, and DCs.
Bacterial antigens are transported by DCs to the gut-draining MLNs where Sa/monella-
specific T cells are activated and traffic back to the intestine. These IFN-y producing Thl
cells further activate macrophages while 1L-17 producing Th17 cells recruit large numbers
of neutrophils to combat infection. Sa/monella use the T3SS/SPI-2 to inject effector proteins
from within the SCV to modulate the immune response, such as preventing DC migration to

lymph nodes. Th1 cells in the MLNs and spleen continue to activate antimicrobial

macrophages to combat systemic infection in these organs. The liver is also colonized with
bacteria and while it is possible that Thl cells are important here, far less is known about the
liver immune response to Sa/monella infection; however, it is known that the liver tends
towards an immunosuppressive, tolerant phenotype. Salmonella also infects the gallbladder
where bacteria are known to persist as biofilms attached to gallstones. Almost nothing is
known about the anti- Sa/monella response in the gallbladder. Abbreviations: T3SS, type
three secretion system; SPI, Sa/monella pathogenicity island; DC, dendritic cell; MLN,
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mesenteric lymph node; Th, T helper; IFN, interferon; IL, interleukin; SCV, Salmonella
containing vacuole.
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