
Invasive Salmonella disease in humans has two dis-
tinct forms: enteric fever1 and invasive non-typhoidal 
Salmonella (iNTS) disease2 (BOX 1). Invasive Salmonella 
disease imposes a substantial burden of paediatric and 
adult morbidity and mortality in the developing world3,4 
(FIG. 1), where available control measures are inadequate. 
Advances in our understanding of the immuno biology 
of Salmonella disease will facilitate the delivery of 
improved Salmonella control strategies, in particular 
safe and effective vaccines.

Host susceptibility to infectious disease shows con-
siderable inter-individual variation and a substantial 
portion of this susceptibility is heritable5. Studies defin-
ing the genetic basis of this inter-individual variation 
have provided important insights into human immu-
nity to various infectious diseases, including invasive 
Salmonella disease. Our current understanding of the 
host genetics of human Salmonella susceptibility is 
derived from two principal sources: primary immuno-
deficiencies, partly characterized by iNTS disease, and 
population-based studies of susceptibility to enteric 
fever and iNTS disease. Before the recent publication of 
the first genome-wide association study (GWAS) of enteric 
fever6, population-based assessments of host genetic 
susceptibility to invasive Salmonella disease had been 
restricted to candidate gene studies. Historically, repli-
cation of genetic associations reported in such studies 
in independent populations has been disappointing. In 
some cases, this will be secondary to false-positive asso-
ciations, owing to small sample sizes and inappropriate 
significance thresholds that fail to adequately account 
for multiple-association testing, but a proportion will 
also represent true heterogeneity of genetic effects 

between populations7. Candidate gene studies of invasive 
Salmonella disease are illustrative of this variable repro-
ducibility as they include examples that have replicated 
associations in independent populations8,9, assessed 
variants for which true genetic heterogeneity would be 
expected between iNTS disease and enteric fever (BOX 2) 
and probably reported associations that represent false 
positives. Hence, it is important to consider these studies  
in the context of other published genetic association 
studies and to interpret unreplicated studies assessing 
candidate genes in a single population with caution.

In this Review, we present this evidence within the 
framework of the well-characterized mouse model of 
invasive Salmonella disease. Infection with Salmonella 
enterica subsp. enterica serovar Typhimurium in suscep-
tible mouse strains causes a systemic disease resembling 
human enteric fever (reviewed in REF. 10). Infection in 
this model is described as having broadly distinct phases, 
which are each under distinct genetic control11. These 
studies have provided a detailed picture of Salmonella 
immunity in mice, which can be used to help inter-
pret the human genetic data. Studies assessing host 
genetic susceptibility to invasive Salmonella infection in 
humans, alongside complementary studies in mice, are 
summarized in Supplementary information S1 (table). 
Throughout, experimental Salmonella infections in mice 
refer to non-typhoidal serovars unless otherwise stated.

Innate immune responses to Salmonella
Early host control of primary invasive Salmonella infec-
tion of the reticuloendothelial system (RES) in mice 
depends on several well-defined components of the 
innate immune system and is independent of T cells 
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Genome-wide association 
study
(GWAS). Hypothesis-free 
genetic association study that 
tests for associations between 
a trait of interest and variation 
at millions of single nucleotide 
polymorphisms across the 
genome.

Candidate gene studies
Genetic case-control studies in 
which the exposure of interest 
is variation at a genetic locus 
chosen according to a prior 
biological hypothesis.
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Abstract | Invasive Salmonella disease, in the form of enteric fever and invasive non-typhoidal 
Salmonella (iNTS) disease, causes substantial morbidity and mortality in children and adults 
in the developing world. The study of genetic variations in humans and mice that influence 
susceptibility of the host to Salmonella infection provides important insights into immunity 
to Salmonella. In this Review, we discuss data that have helped to elucidate the host genetic 
determinants of human enteric fever and iNTS disease, alongside data from the mouse model 
of Salmonella infection. Considered together, these studies provide a detailed picture of the 
immunobiology of human invasive Salmonella disease.

R E V I E W S

452 | JULY 2015 | VOLUME 15  www.nature.com/reviews/immunol

© 2015 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/nri/journal/v15/n7/full/nri3858.html#supplementary-information
mailto:calman.maclennan%40ndm.ox.ac.uk?subject=
mailto:calman.maclennan%40ndm.ox.ac.uk?subject=


and B cells12,13. This phase in the mouse is dependent on 
innate pathogen recognition by membrane-bound Toll-
like receptors (TLRs)14 and cytosolic NOD-like receptors 
(NLRs)15, production of pro-inflammatory cytokines 
such as interferon-γ (IFNγ)16 and tumour necrosis fac-
tor (TNF)17, and stimulation of innate effector mecha-
nisms18,19 that result in the control of intracellular and 
extracellular Salmonella infection. The role of these 
innate immune functions in human disease is becoming  
clearer based on studies of rare primary immuno-
deficiencies that predispose individuals to invasive 
Salmonella disease and on a series of population-based 
genetic studies. In this section we outline the frame-
work that the mouse model provides of innate control 
of Salmonella infection and review human host genetic 
susceptibility data within that framework.

TLR signalling. Four of the human-expressed TLRs 
recognize Salmonella pathogen-associated molecular 
patterns (PAMPs)20: TLR2 detects lipoprotein, TLR4 
binds lipopolysaccharide (LPS), TLR5 recognizes flagel-
lin and TLR9 detects CpG DNA (FIG. 2). The role of all 
four molecules in Salmonella infection in vivo has been 
established in the mouse model. TLR4-deficient mice 
demonstrate increased early susceptibility to primary 
Salmonella infection14,21. TLR4 signalling, in particular, 
is critical to host control of Salmonella infection in the 
mouse, and a functional Tlr4 allele can compensate for 
loss of TLR2 (REF. 22), TLR5 (REF. 23) and TLR9 (REF. 24) 
signalling. The roles of TLR2, TLR5 and TLR9 in host 
control of Salmonella infection in mice are apparent only 
in TLR4-deficient mice, and deficiency of each TLR con-
fers additive Salmonella-susceptibility22–24. Interestingly, 

Box 1 | Invasive Salmonella disease in humans

Salmonella enterica is a single species, with human disease-causing serovars divided into typhoidal and non-typhoidal groups. Salmonella enterica 
subsp. enterica serovar Typhi and Salmonella enterica serovars Paratyphi A, B and C are human-restricted and highly adapted organisms that cause  
a systemic disease — enteric fever — in children and adults1. Non-typhoidal Salmonella (NTS) serovars (including Salmonella enterica serovar 
Typhimurium and Salmonella  enterica serovar Enteritidis) have a broad vertebrate host range and cause a self-limiting colitis in the majority of 
immunocompetent individuals2. However, in young children and in immunocompromised individuals in sub-Saharan Africa, NTS serovars cause  
an invasive and frequently fatal disease107. A summary of the invasion and dissemination of Salmonella causing a systemic infection (reviewed in 
REF. 111) is presented in the figure. Bacteria are orally ingested and luminal bacteria can then invade intestinal microfold (M) cells (see the figure, 
step 1). This is followed by uptake of Salmonella by macrophages and dendritic cells in the intestinal submucosa with the bacteria replicating  
in Salmonella-containing vacuoles (SCVs; see the figure, step 2). Failure to control Salmonella infection within phagocytic cells — which is 
contributed to by limited neutrophil recruitment in invasive disease (see the figure, step 3) — is followed by migration to mesenteric lymph nodes 
(see the figure, step 4). The infection spreads systemically 
via the bloodstream as both intracellular and extracellular 
bacteria replicate (see the figure, step 5), which results in 
further Salmonella growth within the reticuloendothelial 
system (see the figure, step 6), and periodic recirculation 
leads to new foci of infection (see the figure, step 7).

Both enteric fever and invasive NTS (iNTS) disease result in a 
clinical syndrome characterized by non-specific febrile illness. 
Enteric fever occurs in immunocompetent children and 
adults, with known risk factors for disease being largely 
behavioural or environmental1. By contrast, risk factors for 
iNTS disease reflect differential susceptibility of the host to 
invasive disease, rather than the environment. iNTS disease  
in African adults is overwhelmingly HIV-associated and in 
African children several co-morbidities — such as HIV, recent 
and current malaria infection and malnutrition — are 
associated with disease107. Population-based data estimate 
the case fatality rate for enteric fever at less than 1%3. This 
estimate is based on a small number of studies not designed 
to assess case fatality rates, and hospital-based studies 
estimate the rate to be 2%112. The case fatality rate for iNTS 
disease in Africa is estimated to be approximately 20%107.

Diagnosis of both forms of invasive Salmonella disease 
requires bacterial culture, which delays appropriate 
treatment and is unavailable in many Salmonella-endemic 
settings. Multidrug-resistant NTS and typhoid strains are 
now widespread113,114, and fluoroquinolone-resistant 
typhoid strains are emerging114, which frequently renders 
empirical antibiotic treatment before diagnosis ineffective. 
None of the currently available vaccines against Salmonella 
target NTS or S. Paratyphi serovars. Widely available 
S. Typhi vaccines are not licensed for use in children under 
the age of 2 years, although Typhi conjugate vaccines are 
now licensed for in-country use only in India and China and 
can be used in infants115.
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Tlr2−/−Tlr4−/−Tlr9−/− mice have reduced susceptibility to 
Salmonella infection compared with Tlr2−/−Tlr4−/− mice 
and Tlr4−/−Tlr9−/− mice24. This observation seems to 
be secondary to a requirement for some TLR signal-
ling for optimal Salmonella virulence. Tlr2−/−Tlr4−/−

Tlr9−/− macro phages have reduced phagolyso somal 
acidification following Salmonella infection, which 
results in failure to induce Salmonella virulence fac-
tors and reduced intracellular replication24. In keeping 

with this, mice genetically deficient in signalling via all 
described TLR molecules — but with intact function 
of myeloid differentiation primary response protein 88 
(MYD88) — do not show intracellular Salmonella rep-
lication within macrophages but are very susceptible to 
Salmonella infection, as lack of TLR-mediated recruit-
ment of inflammatory cells to the RES leads to a highly 
permissive environment for extracellular bacterial 
replication25. This not only highlights a requirement of 

Figure 1 | The global distribution of invasive Salmonella disease. The geographical distribution of enteric fever (part a) and 
invasive non-typhoidal Salmonella (iNTS) disease (part b). High disease burden is defined as greater than 100 cases per 100,000 
population per year, and medium disease burden as 10–100 cases per 100,000 population per year. Globally, Salmonella 
enterica subsp. enterica serovar Typhi is estimated to cause over 21 million episodes of disease annually and over 200,000 
deaths3. The true global burden of mortality may be closer to 400,000 annually if hospital-based studies represent a more 
accurate estimate of typhoid case fatality112. Salmonella enterica serovars Paratyphi A, B and C cause a further 5 million 
episodes of disease annually. In Africa, Salmonellae are the most commonly isolated bacterial pathogens from blood 
culture4, with NTS being the predominant cause of invasive Salmonella disease in sub-Saharan Africa. Image reprinted  
with permission from REF. 115, Landes Bioscience.
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Hypomorphic mutations
Mutations resulting in 
decreased function of the 
encoded protein.

Ectodermal dysplasia
A genetically and 
phenotypically heterogeneous 
group of congenital disorders 
characterized by abnormal 
hair and teeth, and reduced 
perspiration.

Hypermorphic mutations
Mutations that lead to 
increased function of the 
encoded protein.

Missense mutation
Mutation resulting in an amino 
acid change in the encoded 
protein product.

Nonsense mutation
Mutation resulting in a 
premature stop codon in  
the encoded transcript.

Inflammasome
Cytosolic multi-protein 
complex composed of an 
innate pattern-recognition 
receptor, an adaptor molecule 
and a pro-inflammatory 
effector caspase.

TLR signalling for Salmonella virulence factor induc-
tion and intra cellular replication but also demonstrates 
the capacity for extracellular Salmonella replication 
to cause severe, invasive disease in the context of a  
favourable host immune environment.

The role of TLR signalling in human invasive 
Salmonella disease is less clearly defined, but both pri-
mary immunodeficiencies affecting TLR signalling and 
population-based host genetic studies suggest a role 
for TLR signalling as a determinant of human invasive 
disease. iNTS disease has been described in patients 
with primary immunodeficiencies affecting signalling 
downstream of TLR molecules that ligate Salmonella 
PAMPs (FIG. 2). Hypomorphic mutations of IKBKG (which 
encodes nuclear factor-κB (NF-κB) essential modula-
tor (NEMO)) cause anhydrotic ectodermal dysplasia and 
immunodeficiency (EDA-ID)26, which includes suscepti-
bility to iNTS disease. Hypermorphic mutations in NFKBIA 
(which encodes inhibitor of NF-κB-α (IκBα)) prevent 
NF-κB activation in response to phosphorylation by IκB 
kinase (IKK) and are also associated with an EDA-ID 
phenotype27. Recurrent iNTS disease has been reported 
in an individual with complex mosaicism for a dominant 
hypermorphic NFKBIA mutation27. The patient lacks 
production of interleukin-12, p40 subunit (IL-12p40) 
in stimulated monocytes but presents no features of 
EDA27. NEMO deficiency has also been described as a 
rare cause of Mendelian susceptibility to mycobacterial 
disease (MSMD). In NEMO-deficient MSMD, hypo-
morphic IKBKG mutations specifically inhibit IL-12 
production via NF-κB signalling in response to CD40 
ligation, and NTS diarrhoea has been described in one 
out of six patients in one study28. Patients deficient in 

IL-1 receptor (IL-1R)-associated kinase 4 (IRAK4) or 
MYD88 are susceptible to pyogenic bacterial infections, 
and whereas invasive Salmonella disease has not been 
described in patients deficient in IRAK4, iNTS disease is 
reported in 7% of patients deficient in MYD8829.

At the population level, the role of TLR pathway 
variation in determining susceptibility to iNTS disease 
is suggested by data assessing the role of variation in the 
gene that encodes the TLR-specific protein Toll–IL-1R 
(TIR) domain-containing adaptor protein (TIRAP) in 
susceptibility to bacteraemia in Kenyan children (FIG. 2). 
In this study population, a missense mutation (variant 
rs8177374) in TIRAP was associated with bacteraemia —  
NTS was the second most frequently isolated patho-
gen, whereas enteric fever was extremely uncommon9. 
Carriage of the protective allele of TIRAP results in 
increased pro-inflammatory cytokine release in response 
to human experimental endotoxaemia30. Genetic data 
supporting the role of TLR pathway variation in sus-
ceptibility to enteric fever in humans are less clear. 
Co-segregating missense polymorphisms (rs4986790 
and rs4986791) in TLR4 were associated with enteric 
fever in a Malay population31, but TLR4 polymorphisms 
in a Vietnamese population demonstrated no associa-
tion — although the rs4986790 risk allele was found to 
be absent in this population32. A nonsense mutation in 
TLR5 (TLR5392STOP) is not associated with enteric fever 
in Vietnamese individuals33.

It is important to note that iNTS disease is not typical 
of immunodeficiencies affecting TLR signalling — iNTS 
disease is seen in 4% of patients with EDA-ID26 and 7% 
of patients with MYD88 deficiency, and it has not been 
described in patients deficient in IRAK4 (REF. 29) — and 
so probably reflects part of a broader immunodeficiency 
in these patients. This is in keeping with the mouse data 
showing that defects in TLR signalling result in suscep-
tibility to a broad range of pathogens20. Furthermore, 
among the cases of primary immunodeficiency with 
iNTS disease, Salmonella susceptibility seems to be sec-
ondary to a specific deficit of IL-12 production in two 
instances: NEMO-deficient MSMD and EDA-ID second-
ary to hypermorphic NFKBIA. This underlines the key, 
and more Salmonella-specific, role of the IL-12–IFNγ 
axis in the pathogenesis of invasive Salmonella disease 
(see below). Similarly, at the population level, genetic 
variation in TIRAP is associated with a broad range of 
infectious diseases, including invasive pneumococcal 
disease, bacteraemia, malaria and tuberculosis9.

Inflammasome signalling. Analogous to TLRs, cytosolic 
NLRs determine inflammasome PAMP specificity. The 
NLRP3 (NOD-, LRR- and pyrin domain-containing 3) 
and NLRC4 (NOD-, LRR- and CARD-containing 4) 
inflammasomes respond to S. Typhimurium, with 
NLRC4 detecting cytosolic flagellin and type three 
secretion system proteins34. The identity of the 
Salmonella-specific NLRP3 trigger remains unclear. A 
caspase 11-dependent, non-canonical form of inflamma-
some activation, sensing S. Typhimurium LPS, has also 
been described35. Inflammasome activity results in activa-
tion and release of the pro-inflammatory cytokines IL-1β 

Box 2 | Heterogeneity of susceptibility to iNTS disease and enteric fever

It is noteworthy that genetic susceptibility to invasive non-typhoidal Salmonella (iNTS) 
disease has consequences for disease susceptibility that are distinct from those of 
genetic susceptibility to enteric fever. In the case of immunodeficiencies resulting in 
increased susceptibility to iNTS disease, individuals develop a disseminated Salmonella 
infection, which is clinically distinct from the self-limiting gastroenteritis seen in 
immunocompetent individuals107. By contrast, genetic susceptibility to enteric fever 
results in increased risk of disease, but the clinical syndrome is unaltered in genetically 
susceptible individuals. This suggests that, despite the causative agents belonging to 
the same species, genetic susceptibility to iNTS disease or to enteric fever has distinct 
consequences for immunity to disease and that their genetic susceptibility factors  
may well be distinct.

The potential for heterogeneity of genetic susceptibility between enteric fever and 
iNTS disease is highlighted by differences in the biology of Salmonella enterica subsp. 
enterica serovar Typhi and Salmonella enterica serovar Typhimurium. S. Typhi, but not 
S. Typhimurium, binds cystic fibrosis transmembrane conductance regulator (CFTR), 
which facilitates bacterial invasion of intestinal epithelial cells116. The presence of at 
least one of four alleles known to affect CFTR expression levels — which are located  
at three loci: rs4646205, rs1805177 and rs113857788 — was shown to protect against 
enteric fever in an Indonesian population in a candidate gene study117. To date, this 
finding has not been replicated in an independent population, and alone this study 
does not represent compelling evidence of an association of enteric fever with  
the CFTR locus. Nevertheless, as S. Typhimurium does not bind the CFTR, any role for  
CFTR genetic variation in determining susceptibility to invasive Salmonella disease  
will be limited to enteric fever. This therefore provides an example of genetic variation 
resulting in differential Salmonella susceptibility, which would not be expected to  
form part of a shared genetic architecture between iNTS and enteric fever.
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Pyroptosis
Pro-inflammatory programmed 
cell death, with cell lysis 
alongside pro-inflammatory 
cytokine release.

and IL-18 and pyroptosis in infected myeloid cells36. Data 
from experimental Salmonella infection in mice have 
established the role of the canonical caspase 1 inflamma-
some in host Salmonella control in vivo. Mice deficient 
in caspase 1 (REF. 15), NLRP3–NLRC4 (REF. 34), IL-18 or 
IL-1β37 all exhibit increased early systemic bacterial dis-
semination upon Salmonella infection. In a manner analo-
gous to the TLR data, the murine data suggest a degree 
of redundancy in NLR Salmonella PAMP ligation, with 
a Salmonella-susceptibility phenotype becoming evident 
only in mice deficient in both NLRC4 and NLRP3 (and 
not in mice deficient in only one of the proteins)34. Of 
the inflammasome-derived cytokines, IL-18 is the key 

determinant of systemic disease. IL-1β-deficient mice 
exhibit only increased systemic bacterial dissemina-
tion following oral Salmonella challenge (and not fol-
lowing intraperitoneal infection), whereas systemic 
dissemination is greater and seen irrespective of the 
route of Salmonella delivery in IL-18-deficient mice37. 
The role of the non-canonical inflammasome is less 
clear. Caspase 11-deficient mice do not exhibit increased 
Salmonella susceptibility, and mice deficient in both  
caspase 11 and caspase 1 have less systemic bacterial dis-
semination on Salmonella infection than do mice deficient 
in caspase 1 alone15. This effect is informative. It seems 
that caspase 1 deficiency results in increased Salmonella 
susceptibility through defective neutrophil-mediated 
clearance of extracellular bacteria. The defect is par-
tially ameliorated in mice deficient in both caspase 1 and  
caspase 11, in which caspase 11 deficiency results in delayed 
pyroptosis and delayed release of Salmonella from infected 
macrophages. This, in turn, results in a reduced extra-
cellular bacterial burden and a reduction in the effect of 
neutrophil dysfunction secondary to caspase 1 deficiency.

Despite the clear role of inflammasomes in Salmonella 
control in the mouse model, genetic evidence for a role in 
human infection is lacking. Salmonella infection has not 
been described in cases of the rare inflammasom opathies 
with immunodeficiency. A candidate gene study of 
enteric fever in Indonesian patients found no association 
between polymorphisms in IL1A, IL1B, IL1R1 and CASP1 
and disease38. Nevertheless, the function of the canoni-
cal inflammasome in invasive Salmonella disease in the 
mouse model fits well with our understanding of the key 
determinants of human invasive disease. The importance 
of IL-18 in determining systemic Salmonella dissemina-
tion is in keeping with the central role of IL-12-dependent 
IFNγ production in human immunity to NTS (see below), 
with IL-18 acting synergistically with IL-12 to induce 
production of IFNγ by T helper 1 (TH1) cells and natural 
killer (NK) cells. The mouse data are also of interest as, 
in addition to the control of intracellular infection, they 
suggest the importance of clearance of extracellular bac-
teria in the control of invasive Salmonella disease. The 
inflammasome data highlight the importance of neutro-
phils in this role and complement data from experiments 
with neutropenic mice, which fail to control reticulo-
endothelial extra cellular growth of Salmonella in systemic 
infection39. The role of neutrophils in human invasive 
Salmonella disease has been recently highlighted by the 
emerging role of neutro phil oxidative burst in invasive 
NTS pathogenesis40,41, as have neutrophil-independent 
mechanisms of extracellular bacterial clearance, such as 
complement-mediated lysis (see below).

IFNγ and TNF production. One of the key consequences 
of Salmonella-induced TLR signalling is the production 
of inflammatory cytokines42, including IL-12 and IFNγ. 
IL-12 release from the infected phagocyte results in TH1 
polarization and IFNγ production, leading to activa-
tion of the infected phagocyte and control of the intra-
cellular infection (FIG. 3). The key role of these cytokines 
in the early stages of Salmonella infection in vivo was 
established initially in the mouse model16,43, in which 
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Figure 2 | TLR signalling in response to Salmonella PAMPs. Pathogen-associated 
molecular patterns (PAMPs), such as flagellin, lipopolysaccharide (LPS), lipoprotein 
and CpG DNA, are recognized by Toll-like receptor 2 (TLR2), TLR4, TLR5 and TLR9, 
which leads to the recruitment of cytosolic adaptor proteins. Stimulation of TLR2 
and TLR4 leads to activation of myeloid differentiation primary response 88 (MYD88) 
and Toll–interleukin-1 receptor (TIR) domain-containing adaptor protein (TIRAP), 
which in turn activate the interleukin-1 receptor-associated kinase (IRAK) complexes. 
IRAK autophosphorylation (not shown) facilitates recruitment of tumour necrosis 
factor receptor-associated factor 6 (TRAF6) and activation of transforming growth 
factor-β-activated kinase 1 (TAK1). TAK1 in turn activates the inhibitor of NF-κB (IκB) 
kinase (IKK) complex, which is composed of IKKα, IKKβ and nuclear factor-κB (NF-κB) 
essential modulator (NEMO; encoded by IKBKG). IKK phosphorylates IκB proteins  
and targets them for degradation, which enables NF-κB nuclear translocation and 
NF-κB-mediated transcription. Following activation, TLR4 is recruited to the 
phagosome, where it signals via TIR domain-containing adaptor inducing interferon-β 
(TRIF; also known as TICAM1) and TRIF-related adaptor molecule (TRAM; also known 
as TICAM2), inducing late-phase NF-κB activation, and type 1 interferon production 
via IKKε, TRAF family-associated NF-κB activator-binding kinase (TBK1) and  
interferon-regulatory factor 3 (IRF3) activation (reviewed in REF. 20).
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IL-12 depletion results in uncontrolled intracellular 
Salmonella growth in macrophages that lack markers 
of activation44. IFNγ production in response to IL-12 
occurs as part of both the innate and the acquired (see 
below) immune responses to Salmonella. During the 
innate immune response to Salmonella infection, IFNγ 
is mainly derived from NK cells45. The central role of 
this signalling pathway in human immunity to iNTS 
disease is illustrated by a collection of rare primary 
immunodeficiencies, collectively designated MSMD. 
MSMD is caused by deleterious mutations in eight auto-
somal genes (IFNγ receptor 1 (IFNGR1), IFNGR2, sig-
nal transducer and activator of transcription 1 (STAT1), 
IL12B, IL12RB1, IFN regulatory factor 8 (IRF8), IFN-
induced 15 kDa protein (ISG15) and tyrosine kinase 2 

(TYK2)) and two X-linked genes (cytochrome b-245, 
β-polypeptide (CYBB) and IKBKG) and is character-
ized by susceptibility to disseminated infection with 
poorly pathogenic mycobacteria, with iNTS disease 
occurring in half of the patients. All of these disorders 
disrupt IL-12-dependent, IFNγ-mediated immunity 
(FIG. 3). iNTS disease has been described in individu-
als with MSMD secondary to deficiencies of IFNγR1 
(REFS 46,47), IL-12p40 (REF. 48), IL-12Rβ1 (REF. 49), STAT1 
(REF. 50), TYK2 (REF. 51) and NEMO28. The role of IL-12–
IFNγ signalling in host susceptibility to iNTS disease 
is further illustrated by patients with IFNγ-specific 
autoantibodies, who present with adult-onset immuno-
deficiency characterized by disseminated infection with 
non-tuberculous mycobacteria and NTS52.

Figure 3 | IL‑12‑dependent IFNγ‑mediated immunity and IL‑23 signalling in response to Salmonella 
infection. Interleukin-12 (IL-12) and IL-23 are heterodimeric cytokines composed of a common p40 (IL12B-encoded) 
subunit and p35 (IL12A-encoded) and p19 (IL23A-encoded) subunits, respectively. Production of both cytokines by 
phagocytes following innate immune recognition of Salmonella, results in signalling via heterodimeric receptors 
composed of the common subunit IL-12 receptor-β1 (IL-12Rβ1) and the cytokine-specific subunits IL-12Rβ2 for IL-12 
and IL-23R for IL-23. IL-12 receptor signalling induces phosphorylation, dimerization and nuclear translocation of signal 
transducer and activator of transcription 4 (STAT4) via receptor-bound tyrosine kinase 2 (TYK2) and Janus kinase 2 (JAK2). 
This signalling cascade results in interferon-γ (IFNγ) production by T helper 1 (T

H
1) cells and natural killer (NK) cells and 

drives T
H
1 cell polarization of CD4+ T cells. IFNγ binding to its heterodimeric receptor (consisting of IFNγ receptor 1 

(IFNγR1) and IFNγR2) leads to STAT1 phosphorylation by JAK1 and JAK2 and formation of phosphorylated STAT1 
homodimers (also known as GAF). GAF translocates to the nucleus and modifies gene expression regulated by 
γ-activated sequence, leading to phagocyte activation, including oxidative burst (which involves the production of 
bactericidal reactive oxygen species by NADPH oxidase), further IL-12 production, and control of the intracellular 
Salmonella infection (reviewed in REF. 60). IL-23 receptor signalling leads to STAT3–STAT4 heterodimer phosphorylation 
by TYK2 and JAK2, supporting T

H
17 cell proliferation. T

H
17 cells are critical mediators of immunity at mucosal surfaces. 

Activated T
H
17 cells produce IL-17 and IL-22, which induce epithelial cell antimicrobial peptide production and the 

recruitment and activation of inflammatory cells, especially neutrophils (not shown). These effector functions facilitate 
host control of, in particular, extracellular bacteria (reviewed in REF. 93). Non-typhoidal Salmonella (NTS) bacteria are 
shown replicating in Salmonella-containing vacuoles (SCVs).

IL-12Rβ1

IL-12Rβ2

IFNγR2

IFNγR1

IL-23R

IL-12Rβ1

Nature Reviews | Immunology

T cell

NK cell or T cell

Phagocytic cell

• IL-12, IL-23
• Phagocyte

 activation

JAK2

TYK2

IL-12p40 IL-12p35

JAK2

TYK2

IL-23

JAK1

P

STAT1

STAT1

STAT1

STAT4

STAT3STAT4

JAK2

IFNγ IFNγ

IL-12p40 IL-23p19

NADPH
oxidase

GAF

NTS in SCV

TH17 cell
polarization

In both

In humans

In mice

Host genetic evidence

• TH1 cell 
polarization

• IFNγ

P

P

P

P

PP

STAT4

IL-12

R E V I E W S

NATURE REVIEWS | IMMUNOLOGY  VOLUME 15 | JULY 2015 | 457

© 2015 Macmillan Publishers Limited. All rights reserved



Autophagy
Cellular process targeting 
cytoplasmic contents, 
including cytoplasmic 
pathogens, for lysosomal 
degradation via the formation 
of double-membraned, 
intracellular autophagosomes.

Haematocrit
The proportion, by volume,  
of blood that is composed  
of red blood cells.

The MSMD group of primary immunodeficiencies 
and experimental Salmonella infections in mice clearly 
demonstrate the central role that IL-12-dependent 
IFNγ-mediated immunity has in host control of iNTS 
disease. It is important to note that iNTS disease is more 
common in patients with MSMD than in, for example, 
patients with deleterious mutations in the TLR signal-
ling pathways. For instance, iNTS disease is seen in 43% 
of patients with IL-12Rβ1 deficiency, the most common 
cause of MSMD49. Genetic evidence of a role for IL-12–
IFNγ-mediated immunity in determining susceptibility to 
enteric fever is limited to isolated case reports in children 
with MSMD. Severe Salmonella enterica serovar Paratyphi 
infection, with intra-abdominal abscess formation, has 
been reported in a patient with IL-12Rβ1 deficiency53, and 
fatal Salmonella enterica serovar Typhi infection has been 
described in a sibling of a child with complete IFNγR1 
deficiency54. A community-based study in an Indonesian 
population failed to demonstrate an association between 
enteric fever and IFNG, IL12B and IFNGR1 variants38.

TNF, which is produced by macrophages in response 
to TLR stimulation42, has multiple functions that are 
synergistic with IFNγ55. The role of TNF in the host 
control of Salmonella in vivo was first established in the 
mouse model, with TNF-depleted17 and TNF receptor-
deficient mice56 demonstrating increased susceptibility 
to Salmonella challenge, enhanced bacterial dissemina-
tion and early bacterial growth within the RES. The role 
of TNF in human immunity to NTS is supported by 
evidence of increased rates of iNTS disease in patients 
treated with anti-TNF agents. Although the rate of NTS 
disease (including gastroenteritis and invasive disease) 
in a Spanish cohort of anti-TNF-treated patients was not 
found to be statistically significantly increased (compared 
with the disease rate in patients with rheumatoid arthritis 
who were not treated with anti-TNF agents), iNTS disease 
was strikingly common in these patients (bacteraemia was 
seen in 7 of 17 patients)57. An infliximab-treated patient 
with S. Paratyphi bacteraemia and soft-tissue infection has 
been described, suggesting that anti-TNF-treated patients 
may also be at increased risk of enteric fever58.

The role of genetic variation at TNF-related loci has 
been assessed in population-based studies of enteric 
fever susceptibility. A community-based, case-control 
study in Indonesian patients with enteric fever demon-
strated no association at three TNF and TNF receptor 
superfamily, member 1A (TNFRSF1A) genetic vari-
ants38. By contrast, a case-control study of enteric fever 
in a Vietnamese population identified a protective effect 
of an MHC class III haplotype, which included the TNF 
gene, against enteric fever59. Patients with enteric fever 
and the protective haplotype were shown to produce 
statistically significantly less TNF ex vivo on whole 
blood stimulation with LPS on day four of disease59. 
However, this finding should be interpreted with cau-
tion, as this effect was not seen in a better-powered 
GWAS of enteric fever in the same population6.

Oxidative burst. The production of IFNγ and TNF fol-
lowing Salmonella infection in the mouse facilitates 
control of bacterial growth within the macrophage. Host 

genetic data have established the role of IFNγ produc-
tion in immunity to human iNTS disease. To date, host 
genetic data have not established such a role for TNF, 
although the susceptibility of patients treated with anti-
TNF agents to iNTS disease is suggestive of a role in 
human disease. Control of bacterial growth within the 
activated macrophage, in particular stimulated by IFNγ, 
is achieved in several ways, including phagolysosomal 
maturation, oxidative and nitrosative burst, divalent 
cation restriction and autophagy (reviewed in REF. 60).

IFNγ-induced oxidative burst results in the pro-
duction of bactericidal reactive oxygen species by the 
NAPDH oxidase enzyme complex within mature phago-
lysosomes of macrophages61. This process is key to host 
control of Salmonella replication within macrophages; 
mice deficient in components of NADPH oxidase have 
greatly enhanced early Salmonella growth within the 
RES and susceptibility to infection18,62. The susceptibility 
of patients with chronic granulomatous disease (CGD) 
to iNTS disease demonstrates that this is also the case 
in human disease. CGD is a genetically and clinically 
heterogeneous primary immunodeficiency character-
ized by defective phagocyte oxidative burst secondary 
to deficiency of NADPH oxidase subunits63. Patients 
with CGD are susceptible to invasive bacterial and fun-
gal infections caused by catalase-positive organisms, 
most commonly Aspergillus species and Staphylococcus 
aureus64. However, NTS is the most common cause of 
bacteraemia in patients with CGD64.

The importance of oxidative burst in controlling 
NTS infection is not restricted to the macrophage. NTS 
is a common cause of invasive disease in the context 
of haemolysis. NTS bacteraemia is statistically signifi-
cantly associated with sickle cell disease65 and malaria66 
(in particular severe malarial anaemia), and iNTS dis-
ease is described in haemoglobin E/β-thalassaemia67. 
Similarly, mice with haemolytic anaemia secondary 
to pyruvate kinase deficiency68, β-thalassaemia69, and 
ankyrin 1 mutations70 (causing erythrocyte sphero-
cytosis) all exhibit increased early mortality following 
Salmonella challenge. This effect is secondary to haemo-
lysis rather than to anaemia, with mice undergoing  
phenylhydrazine-induced haemolysis showing increased 
susceptibility to Salmonella challenge compared to mice 
venesected to an equivalent haematocrit71. It has recently 
been demonstrated that haemolysis, via the induction of 
haem oxygenase 1, results in the mobilization of oxida-
tive burst-deficient neutrophils from the bone marrow, 
which efficiently phagocytose, but fail to kill, NTS40,41. 
This haemolysis-induced oxidative burst defect is not 
seen in macrophages or monocytes, and further estab-
lishes the role of neutrophils in host control of invasive 
Salmonella disease.

Intracellular divalent cation restriction. A second 
mechanism used by IFNγ-activated macrophages to 
control intracellular Salmonella infection is the restric-
tion of access to key divalent cations. The importance 
of this mechanism has been established in mice. The 
gene underlying the major genetic trait determining the 
early stages of Salmonella infection within the RES11 is 

R E V I E W S

458 | JULY 2015 | VOLUME 15  www.nature.com/reviews/immunol

© 2015 Macmillan Publishers Limited. All rights reserved



Siderophores
High-affinity iron-binding 
molecules that facilitate the 
sequestration of iron by 
microorganisms.

Hereditary 
haemochromatosis
Common autosomal recessive 
disorder characterized by iron 
overload and secondary organ 
dysfunction, most frequently 
caused by mutations in the 
HFE gene.

solute carrier family 11 member 1 (Slc11a1; previously 
termed Nramp1)19. SLC11A1 is a proton-dependent 
divalent cation pump that is upregulated by IFNγ72 and 
localized to the phagosomal membrane of macrophages, 
where it mediates efflux of divalent cations (including 
Mn2+ and Fe2+) from the Salmonella-containing phago-
some73. SLC11A1 further restricts iron availability by 
inducing the expression of lipocalin 2 (LCN2), a bacte-
riostatic peptide that binds bacterial siderophores74. The 
role of iron restriction in murine control of Salmonella 
infection is further illustrated by the enhanced resist-
ance of HFE-deficient mice to Salmonella challenge 
(HFE mutations are the commonest cause of human 
hereditary haemochromatosis)75. This effect is second-
ary to lack of iron availability within macrophages: 
despite the tissue iron overload that occurs because of 
HFE deficiency, HFE-deficient macrophages are iron 
depleted76. However, host genetic data supportive of 
a role for divalent cation restriction in determining 
invasive Salmonella infection in humans are lacking. 
A candidate gene study of variation in SLC11A1 did 
not demonstrate any association with susceptibility to 
enteric fever in a Vietnamese population77.

Autophagy. The above effector functions against 
Salmonella (oxidative burst and divalent cation restric-
tion) can control Salmonella growth only while the 
bacteria remain within phagosomes. A proportion of 
Salmonella bacteria can damage, and escape from, the 
Salmonella-containing vacuole early in intracellular 
infection. These cytosolic bacteria are then targeted 
by another IFNγ-induced intracellular effector func-
tion: autophagy78. Conditional autophagy-deficient 
mice with autophagy-deficient intestinal epithelial 
cells demonstrate loss of Salmonella targeting by the 
autophagy machinery and increased bacterial systemic 
dissemination79. This not only provides evidence of 
the importance of autophagy for Salmonella disease 
in vivo but also shows that loss of control of intra cellular 
Salmonella growth within intestinal epithelial cells 
can lead to disseminated disease. Whether autophagy 
within macrophages is an important determinant of 
invasive Salmonella disease in vivo remains to be seen. 
A regulatory region single nucleotide polymorphism 
(SNP; rs9356058) of the autophagy-related gene PARK2 
(which encodes the ubiquitin ligase PARKIN), has been 
reported to associate with enteric fever in a candidate 
gene study in an Indonesian population80. In the absence 
of studies replicating this finding, this association needs 
to be interpreted with caution, and host genetic evidence 
establishing the role of autophagy in human invasive 
Salmonella disease is lacking.

Role of the complement system. As Salmonella transi-
tion between cells during infection, they are exposed to 
the extracellular space and consequently to immuno-
logical mechanisms that control extracellular bacteria. 
Neutrophils (highlighted above) and the complement 
system have both been implicated in the control of 
extracellular Salmonella and thus susceptibility to inva-
sive disease in vivo. Differential virulence in the mouse 

of isogenic Salmonella strains differing only in LPS side-
chain composition reflects differential rates of comple-
ment fixation and clearance of extracellular bacteria 
by opsonophagocytosis, and is abolished by depletion 
of alternative complement components81. Although 
these experiments establish the role of the alternative 
complement pathway in the mouse, the role of the  
classical complement pathway is less clear. C1q-deficient 
mice exhibit increased susceptibility to Salmonella 
challenge82. However, what underlies that susceptibil-
ity remains unclear, with rates of opsonophagocytosis 
being unaffected but C1q-deficient macrophages being 
permissive of intracellular bacterial replication, suggest-
ing an as yet uncharacterized role for C1q in control of 
intracellular infection.

Host genetic data suggest that the complement  
system may be similarly important in human disease. 
In addition to defective oxidative burst, defective 
opsonophagocytosis and serum bactericidal activity 
second ary to alternative pathway complement deficiency 
is described in sickle cell disease83. The suggestion that a 
portion of NTS-susceptibility seen in sickle cell disease 
may be secondary to complement deficiency is, in part, 
supported by reports of iNTS infection in patients with 
isolated complement deficiencies84. However, it should 
be noted that iNTS disease is uncommon among such 
patients; for example, it was seen in only 2 of 242 patients 
in this study, and the reported cases were deficient in 
classical complement components (C2 and C4) as 
opposed to the alternative component deficiency seen 
in sickle cell disease. The importance of the comple-
ment system is better supported by epidemiological data 
implicating acquisition of serum bactericidal antibody 
in protection against iNTS disease in African children85.

Acquired immune responses to Salmonella
Acquired immune responses play a key part in host con-
trol of Salmonella infection. Bacterial clearance in the 
late stages of a primary infection, and control of a sec-
ondary Salmonella infection, in the mouse is depend-
ent on acquired immune responses. Roles for both 
T cell- and B cell-mediated immunity have been clearly 
defined in the mouse model, and both function to con-
trol intracellular and extracellular Salmonella. In this 
section, within the well-defined framework of acquired 
immunity to invasive Salmonella disease provided by 
the mouse model, we review human host genetic stud-
ies, including the first GWAS of invasive Salmonella 
disease6, that are helping to define the role of acquired 
immunity in human invasive Salmonella disease.

T cell-mediated immunity. Despite being dispensable 
in the early, innate stages of an invasive Salmonella 
infection, T cells are required both for late clearance of 
a primary infection and for effective acquired immu-
nity to a secondary infection. Athymic86 and αβ-T cell- 
deficient13 mice both have increased late susceptibil-
ity to a primary Salmonella challenge. Protective T cell 
immunity is largely mediated by CD4+ T cells13, with a 
smaller, but appreciable, role for CD8+ T cells87. CD4+ 
T cells, CD8+ T cells88 and B cells89 are all required for 
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Severe combined 
immunodeficiency
A group of congenital 
immunodeficiencies defined by 
deficient T cell, B cell and/or 
natural killer cell lineages.

DiGeorge syndrome
Syndrome of hypoplastic 
thymus and parathyroid glands 
and congenital cardiac disease, 
caused by a 22q11.2 deletion.

Imputation
Statistical estimation of 
genotype information not 
directly assayed, by inference 
from surrounding genotype 
data and densely genotyped 
reference panels.

X-linked 
agammaglobulinaemia
Primary immunodeficiency 
secondary to mutations in 
Bruton’s tyrosine kinase (BTK) 
resulting in defective B cell 
development with hypo-
gammaglobulinaemia and 
reduced circulating B cells.

X-linked hyper IgM 
syndrome
Primary immunodeficiency 
secondary to mutations in the 
CD4+ T cell surface-expressed 
molecule CD40 ligand 
(CD40LG; also known as 
CD154), resulting in defective 
B cell activation and isotype 
switching.

effective acquired immunity to secondary Salmonella 
infection following vaccination. In keeping with the 
importance of IFNγ and TNF production in the innate 
immune responses to invasive Salmonella disease, much 
of the function of CD4+ T cells in acquired immune 
responses to Salmonella seems to be secondary to a 
TH1 phenotype, with IFNγ88, TNF88 and TNF receptor-
deficient mice56 all having increased susceptibility to 
Salmonella infection following vaccination. In addition 
to TH1 responses, the role of TH17 responses in immu-
nity to Salmonella infection is being increasingly appre-
ciated. The role of TH17 responses in human disease 
is suggested by the distribution of iNTS disease within 
MSMD90. Individuals with deficiencies in IL-12p40 or 
IL-12Rβ1 are at statistically significantly greater risk 
of iNTS disease than are individuals with deficiencies 
in IFNγR1 or IFNγR2 (REF. 90). Both IL-12p40 and 
IL-12-Rβ1 (but not the IFNγRs) participate in IL-23 
signalling. IL-23 supports the maintenance and prolif-
eration of TH17 cells. TH17 signalling is consequently 
selectively impaired in IL-12p40 and IL-12Rβ1 deficien-
cies91. Simian immunodeficiency virus-infected rhesus 
macaques have blunted mucosal TH17 responses after 
infection with S. Typhimurium, resulting in a failure to 
control local infection and systemic dissemination of 
Salmonella92. A key role of TH17 cytokine production is 
the recruitment of neutrophils93; IL-17R-deficient mice 
pretreated with streptomycin (which results in intestinal 
inflammation in response to oral Salmonella challenge) 
demonstrate increased systemic dissemination follow-
ing Salmonella challenge, accompanied by attenuated 
recruitment of neutrophils to the intestinal mucosa92. 
This again highlights the requirement of neutrophils in 
the host control of iNTS disease.

The importance of T cell-mediated immunity to 
the control of a broad range of pathogens means that 
human T cell-deficiency states provide limited support 
for a specific role for T cell-mediated immunity in inva-
sive Salmonella disease. No reported cases of invasive 
Salmonella disease have been described in severe combined 
immunodeficiency or complete DiGeorge syndrome, and NTS 
infection is reported rarely in patients with idiopathic 
CD4 lymphocytopenia; for example, only 3 of 259 patients 
reported NTS infection in one study94. Bacteraemia 
(including NTS) in Kenyan children has been shown to 
associate with genetic variation in cytokine-inducible 
SH2-containing protein (CISH), a negative regulator of 
IL-2 that is a central determinant of T cell proliferation 
and differentiation8. Again, although this is suggestive 
of a role for T cell-mediated immunity in human iNTS 
disease, this is as part of a broader immune defect with 
genetic variation in CISH mediating susceptibility to 
bacteraemia, malaria and tuberculosis.

By contrast, genetic variation in the MHC is far 
more informative of the involvement of T cells in 
human Salmonella-specific immunity. The involve-
ment of the MHC in Salmonella immunity was ini-
tially demonstrated in inbred mice, with differential 
late susceptibility to primary infection showing linkage 
to MHC (H2) haplotypes95. The role of MHC class II 
molecules, in particular, is suggested by patients with 

MHC class II deficiency, who are susceptible to NTS, 
with NTS infection seen in 7 of 30 cases in one study96. 
The role of MHC class II variation in susceptibility to 
enteric fever has been recently confirmed in a GWAS 
of enteric fever in Vietnamese and Nepalese popula-
tions6. In this study, an HLA‑DRB1 SNP (rs7765379) is 
associated with resistance to enteric fever. Imputation of 
classical HLA alleles demonstrates that this association 
represents a protective effect of the HLA‑DRB1*0405 
allele6. A role for MHC class II variation in enteric 
fever susceptibility had been previously suggested 
by smaller candidate gene studies, with a study in a 
Javanese population reporting a marginal association 
between HLA‑DRB1*12 and protection from compli-
cated disease97, and a study in a Vietnamese population 
reporting the protective effect of a haplotype includ-
ing HLA‑DRB1*04 but lacking the statistical power to 
identify HLA‑DRB1*0405 as the protective allele98. It is 
noteworthy that the importance of MHC class II hap-
lotypes is in keeping with the mouse data in suggesting 
a predominant role for antigen presentation to CD4+ 
T cells. The association of invasive Salmonella disease 
with MHC class II variation is likely to reflect differ-
ential presentation of key Salmonella antigens to CD4+ 
T cells. The importance of this process to Salmonella 
pathogenesis is illustrated by experiments in the mouse 
model which demonstrate that Salmonella tightly regu-
lates expression of key antigens during intracellular 
infection99: this regulation determines the differentia-
tion, proliferation and anatomical site of CD4+ T cell 
responses100. It will be important to understand the 
identity of the Salmonella antigen (or antigens) whose 
presentation is affected by HLA‑DRB1*0405 carriage.

B cells and antibodies. B cells and antibodies are not 
required for control of a primary Salmonella infection 
in the mouse89. By contrast, antibodies (in addition 
to immune cells) are required for the passive trans-
fer of immunity to non-immune mice101, and B cell- 
deficient mice have increased susceptibility to second-
ary Salmonella challenge following vaccination, a defect 
not corrected by passive transfer of immune serum89. 
This has established both antibody-dependent and 
-independent roles for B cells in acquired immunity 
against Salmonella. The antibody-independent func-
tion of B cells in acquired Salmonella immunity in the 
mouse seems to represent a critical role for B cells in the 
development of protective TH1 CD4+ T cells responses, 
with B cell-deficient but not antibody-deficient mice  
exhibiting impaired Salmonella-specific IFNγ pro-
duction in CD4+ T  cells following vaccination102. 
Interestingly, these antibody-independent effects seem 
to dominate the protective effects of B cells in acquired 
Salmonella immunity102. This may, in part, explain why 
human primary immunodeficiencies characterized by 
antibody deficiency provide little evidence of a specific 
susceptibility to invasive Salmonella disease. Although 
NTS infection is described in a minority of patients 
with common variable immunodeficiency103, X-linked  
agammaglobulinaemia104 and X-linked hyper IgM syndrome105, 
this largely presents as chronic or recurrent diarrhoea, 
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with a single episode of iNTS disease reported in 
X-linked agammaglobulinaemia104. These immuno-
deficiencies are characterized by abnormalities of cir-
culating immuno globulin levels, but only X-linked 
agammaglobulinaemia is consistently associated with  
a profound deficit of circulating B cells104.

Epidemiological and vaccine efficacy data provide 
more convincing evidence of the role of antibodies in 
acquired immunity to human invasive Salmonella dis-
ease. The protective role of antibodies against invasive 
Salmonella infection is suggested by the efficacy of the 
(T cell-independent) Vi capsular polysaccharide vac-
cine106. Although this does not establish the role of anti-
bodies in naturally acquired immunity to enteric fever, 
antibody acquisition in Malawian children has been 
established as a correlate of protection against iNTS dis-
ease85. The importance of the aspects of acquired immu-
nity key to control of human invasive Salmonella disease 
outlined above, namely TH1 cell and TH17 cell responses 
and antibodies, is further illustrated by the extreme sus-
ceptibility to iNTS disease seen in adults with HIV107. 
TH1 cell depletion108, mucosal TH17 cell depletion109 and 
dysregulated antibody immunity110 have all been dem-
onstrated in HIV infection and are all likely to contribute 
to the observed susceptibility to iNTS disease.

Conclusions
The study of the host genetic determinants of invasive 
Salmonella disease is providing important insights into 
the immunobiology of human invasive Salmonella infec-
tion. Host genetic data clearly demonstrate the central 

role of innate and adaptive immune mechanisms that 
determine the fate of intracellular Salmonella infection 
within the macrophage. For iNTS disease in humans, this 
is most strikingly demonstrated by the highly Salmonella-
specific immune defect seen in individuals with MSMD. 
The first published GWAS of invasive Salmonella dis-
ease has now highlighted the key role of MHC class II 
antigen presentation in host immunity to enteric fever, 
supporting the role of acquired immunity in facilitating 
the control of intracellular Salmonella. In addition, recent 
studies have highlighted TH17 cell-mediated recruitment 
of neutrophils92 and their oxidative burst capacity40 as 
key determinants of human immunity to iNTS disease,  
facilitating the control of extracellular bacteria.

Our understanding of human susceptibility to invasive 
Salmonella disease is expanding but remains incomplete. 
Key tasks for future studies include defining the roles of 
the inflammasome, autophagy and intracellular divalent 
cation restriction (in particular SLC11A1) in human 
immunity to Salmonella. Candidate gene studies have 
previously suggested a role for some of these processes 
in host susceptibility to enteric fever. An explicit analysis 
within the GWAS dataset of the genetic variation assessed 
to date by candidate gene methodologies would be valu-
able in helping to refute or support these putative asso-
ciations. Future large-scale, population-based, un biased 
genetic association studies (such as GWAS) of iNTS 
disease will enable the assessment of the role of variation 
at established immunodeficiency loci at the population 
level and, hopefully, provide further insights into human  
genetic susceptibility to invasive Salmonella disease.
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