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 INTRODUCTION 
  Salmonella  infections cause intestinal and systemic diseases in 

human and animal hosts and are an important public health 

priority worldwide. 1 – 3  Greater understanding of the immune 

response to  Salmonella  is required to provide a solid founda-

tion for the development of new and improved vaccines against 

these infections. Furthermore, the complex interplay between 

the host immune response and bacterial virulence factors 

 during  Salmonella  infection provides an ideal model to under-

stand the biological intersection of two competing genomes. 

Indeed, there is a long history of microbiologists and immu-

nologists examining the murine model of  Salmonella  infection 

as it allows examination of these important issues while also 

allowing a natural oral route of infection. 4 – 10  This review will 

focus on our current understanding of bacterial dissemination 

and host immunity after oral infection with  Salmonella , with a 

particular emphasis on the most recent findings obtained from 

the murine model.   

 DISEASE CAUSED BY  SALMONELLA  INFECTION 
  Salmonella  is a Gram-negative facultative intracellular patho-

gen that causes a spectrum of clinical diseases depending 

on the infecting bacterial serovar and the underlying host 

susceptibility. 11   Salmonella  infections fall broadly into three 

categories, namely (i) localized intestinal infection (gastro-

enteritis), (ii) systemic infection of an otherwise healthy 

host (typhoid), and (iii) systemic infection of a selectively 

susceptible or an  immune-compromised host (non-typhoidal 

Salmonellosis).  

  Salmonella  gastroenteritis 
 Large  Salmonella  outbreaks associated with the ingestion of con-

taminated food products are now a common occurrence. 12 – 14  In 

the United States,  ~ 50 %  of food-borne infections are caused by 

bacteria, and approximately 30 – 50 %  of these can be attributed 

to  Salmonella  serovars. 15,16  Patients suffer from a localized intes-

tinal infection that includes fever, diarrhea, and cramping, but 

most healthy individuals recover without treatment within 4 – 7 

days. 9  In contrast, patients with a weakened immune status or 

underlying health conditions can develop a fatal infection dur-

ing these outbreaks, and  Salmonella  remains the leading cause 

of food-borne fatalities in the United States. 1,15  Importantly, 

these intestinal infections can be initiated by any 1 of  ~ 2,000 

different  Salmonella  serovars that infect humans and various 

animal reservoirs.   

 Typhoid fever 
  Salmonella enterica  serovars Typhi and Paratyphi are the causa-

tive agents of typhoid fever, a disease characterized by fever and 

hepatosplenomegaly, with subsequent intestinal hemorrhage or 

perforation also possible. 11  These clinically indistinguishable 

infections are responsible for an estimated 27.1 million cases 

and 217,000 deaths every year in developing nations. 17  Unlike 

the  Salmonella  serovars causing gastroenteritis, these particular 
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 Salmonella  serovars are highly restricted to the human host. 

Thus, preventative measures such as improving sanitation, food 

hygiene, and clean drinking water can be effective in disrupt-

ing human-to-human transmission. 18  However, the substantial 

improvements in societal infrastructure that would be required 

to prevent typhoid transmission are cost prohibitive and are 

unlikely to have a significant impact on reducing typhoid inci-

dence in the near future. 19  In contrast, the generation of safe 

and effective typhoid vaccines that could be used routinely and 

safely in endemic areas would be more likely to have a significant 

impact on typhoid. 2  There are currently two licensed typhoid 

vaccines, each with moderate efficacy against this disease 

(3-year cumulative efficacy of 50 – 55 % ); however, neither of these 

vaccines is widely used in endemic areas. 20  The improvement or 

replacement of these existing vaccines will likely require greater 

understanding of host immunity to  Salmonella  infection. 

 There are also several unusual features of typhoid that suggest 

the development of incomplete or partial immunity in naturally 

exposed individuals. First, a chronic carrier condition occurs 

in a proportion of typhoid patients or exposed asymptomatic 

individuals. 8,11  This carrier state is caused by persistent gall 

bladder infection and can result in long-term bacterial shed-

ding in stools with few clinical signs of infection. 8,11  Second, 

there is some evidence that individuals living in endemic areas 

suffer from repeated bouts of typhoid, a finding that suggests 

a relatively poor natural development of acquired immunity. 11  

Third, relapse of the primary typhoid is believed to occur in 

5 – 15 %  of patients after apparent resolution of disease. 11,21  These 

clinical relapses occur in untreated typhoid patients but are also 

commonly observed after antibiotic treatment of primary infec-

tion. 22 – 25  Each of these clinical issues highlights the perplexing 

ability of  Salmonella  to persist for extremely long periods of time 

in an otherwise immune-competent host and / or the failure of 

acquired immune responses to effectively resolve primary or 

secondary infection. Understanding the immunological basis 

of these issues would likely provide a clearer understanding of 

protective immunity in the infected host and may also be key 

to the improvement in vaccine development against typhoid. 

Fortunately, animal models are now available that allow a 

detailed study of persistent bacterial shedding, 26,27  antibiotic-

mediated relapsing disease, 28  and the perplexing failure of the 

host to develop robust immunity after primary infection. 29  

Therefore, it is likely that bacterial virulence factors and immu-

nological parameters associated with these clinical issues can be 

elucidated in the future.   

 Disseminated NTS 
 As noted above, non-typhoidal serovars of  Salmonella  normally 

cause gastroenteritis but can also cause fatal infections when 

host immunity is compromised. 30  These non-typhoidal serovars 

can also cause disseminated infections that lack gastrointestinal 

symptoms and may be transmitted by human-to-human con-

tact rather than through an animal reservoir. 31 – 33  These unusual 

features are likely to be caused by an ongoing host adaptation of 

NTS strains in endemic areas. 34  There is currently no vaccine 

against NTS, and greater understanding of host immunity to 

disseminated infection is required. Although this disease is 

relatively rare in developed nations, disseminated NTS infec-

tions are increasingly associated with HIV (human immuno-

deficiency virus)-infected individuals in Asia and Africa. 30,35 – 37  

In addition, a small cohort of patients with primary interleukin 

(IL)-12 and IL-23 signaling deficiencies display markedly 

increased susceptibility to NTS, 38  and these cytokines are impor-

tant for the differentiation of Th1 and Th17 cells. Disseminated 

NTS has also been reported to occur in HIV-negative young 

children and the fatality rate of these patients is high. 31,32  

Evidence from these young patients suggests that  Salmonella -

specific antibody contributes to the development of protective 

immunity against NTS. 39  Taken together, these findings suggest 

a requirement for CD4 Th1 and Th17 cells, plus an essential role 

for antibody in the resolution of NTS. Indeed, a similar conclu-

sion can also be drawn from mouse studies that will be discussed 

in more detail below.    

 MOUSE MODELS OF  SALMONELLA  INFECTION 
 Microbiologists and immunologists have examined immunity to 

 Salmonella  in mice because this model is easy to work with in the 

laboratory and reproduces many important aspects of human 

Salmonellosis. 40  As might be expected, this animal model has 

some limitations, most notably that  Salmonella -infected mice 

do not develop diarrhea, although this is also a variable symp-

tom in human systemic Salmonellosis. Therefore, studies of the 

bacterial and host processes leading to  Salmonella  gastroenteri-

tis are best examined using larger animal models. 9  However, 

pretreatment of mice with antibiotics allows for rapid develop-

ment of intestinal colitis in response to  Salmonella  infection, 

and this model is now widely used to examine the inflammatory 

responses accompanying intestinal bacterial infection. 41  This 

approach to examining gastrointestinal inflammation has its 

own limitations as it requires the unphysiological elimination 

of the microbiota and uses strains of  Salmonella  that may also 

cause systemic disease. However, it represents a useful murine 

model to understand gastrointestinal inflammation in response 

to oral infection. The murine model of  Salmonella  colitis has 

been reviewed in detail, 42  and will therefore not be discussed in 

any depth in this current review. 

 Another perceived limitation of the mouse model is that 

systemic infection can be initiated after infection with the 

 Salmonella  serovars Typhimurium or Enteritidis, although 

neither of these serovars causes human typhoid. However, it 

should be noted that both these serovars can cause systemic 

Salmonellosis in susceptible humans. As noted above, the sero-

vars that cause typhoid are exquisitely adapted to humans and 

therefore cannot be examined in mice after oral infection. 43  

This discordance in serovar susceptibility between mouse and 

humans causes an inevitable disconnection between clinicians 

working on immunity to human typhoid and basic scientists 

studying immunity to oral  Salmonella  infection in mice. This 

is unfortunate, as a deeper understanding of immunity to sys-

temic Salmonellosis in the mouse model is likely to have impli-

cations for our understanding of systemic human Salmonellosis, 

whether due to NTS or typhoid serovars. However, it is currently 
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unclear whether disseminated Salmonellosis in the murine 

model can serve as a useful preclinical model of typhoid or rep-

resents something more akin to NTS in immune- compromised 

individuals. A decent argument can be made for the latter inter-

pretation as highly susceptible mouse strains that succumb to 

 Salmonella  express a susceptible allele of the solute carrier  family 

11a member 1 ( Slc11a1 ) gene (formerly known as  Nramp-1 ), 

allowing uncontrolled bacterial growth. 8  However, it should also 

be noted that innately resistant mice expressing the resistant 

allele of  Slc11a1  also develop disseminated persistent infections 

with  Salmonella . 26  Perhaps a greater understanding of antigen 

targeting by the adaptive immune response during human 

typhoid, NTS, and murine infection will have the potential to 

resolve whether and how these infections are related and may be 

helpful in validating or excluding murine infection as a relevant 

model for important preclinical vaccine studies.   

 ORAL  SALMONELLA  INFECTION AND THE ESTABLISHMENT 
OF SYSTEMIC INFECTION 
 Although immunity to  Salmonella  in mice is often studied after 

intraperitoneal, intravenous, or subcutaneous infection, in most 

cases, there is no clear justification for using these challenge 

routes. Indeed, one of the clear advantages of the mouse model 

is that  Salmonella  can be administered orally and intestinal 

mucosa penetration will occur by natural expression of bacterial 

virulence factors. 44,45  In some laboratories, orally infected mice 

are pretreated with sodium bicarbonate to neutralize stomach 

pH, or may also be fasted for a short period, before delivery of 

 Salmonella  by gavage. 46  Although these pretreatments are not 

absolutely essential, they serve to reduce mouse – mouse vari-

ability in this model and are therefore experimentally useful. 

Arguably, the most natural method of  Salmonella  delivery is to 

simply add virulent organisms to mouse drinking water. Indeed, 

our laboratory has examined this methodology and have found 

that mice are reliably infected using this approach, and that 

the rate of infection and dissemination is very similar to mice 

administered bacteria by gavage inoculation ( Figure 1 ).  

 PPs are a portal of entry for  Salmonella  
 Upon ingestion of  Salmonella  by the host, bacteria travel from 

the stomach to the small intestine where they can be transported 

across the intestinal epithelium. The primary site of  Salmonella  

infection occurs at specialized microfold, or M cells, which are 

interspersed among the enterocytes covering the follicle-asso-

ciated epithelium (FAE) of the Peyer ’ s patch (PP) 47  ( Figure 2 ). 

 Salmonella  are considered to preferentially invade PPs in the 

distal ileum, but in practice, all intestinal PPs will harbor bacte-

ria after moderate-to-high-dose infection. Early studies found 

that  Salmonella  were associated with PPs of orally infected mice 

within 3 – 6   h of infection 4,48  and this has been confirmed by 

more recent temporal studies. 49,50  

  Salmonella  express a type-III secretion system encoded by 

 Salmonella  Pathogenicity Island 1 (SPI-1), which is required for 

M-cell invasion. 51  The  SPI-1  gene products form a needle-like 

complex on the bacterial surface that allows injection of effector 

proteins into the epithelial cell cytosol and initiates pathogen 

uptake. Characteristic membrane ruffling of M cells occurs after 

attachment of  Salmonella  to glycoprotein 2 in a process mediated 

by the  Ipf  fimbrial operon and SPI-1. 52 – 54   Salmonella  penetra-

tion initiates M-cell destruction, thus disrupting the mucosal 

barrier and also allowing additional entry of bacteria through 

neighboring enterocytes. 47  This process is extremely efficient, 

with M-cell penetration detected within 30   min, and M-cell 

destruction observed  ~ 60   min after infection. 47  After gaining 

access to the PP through the FAE,  Salmonella  encounter various 

phagocyte populations in the underlying subepithelial dome. 

The subepithelial dome contains dendritic cell (DC) subsets 

and macrophage populations, each of which can phagocytose 

 Salmonella  and then undergo apoptosis induced by the bacteria 

through a caspase-1-dependent mechanism. 55  In macrophages, 

this process is known as pyroptosis, 56  and is mediated by a large, 

supramolecular complex termed  “ pyroptosome. ”  57  This mode of 

cell death may be advantageous for bacterial entry, as dissemi-

nation to systemic tissues was found to occur more rapidly in 

wild-type mice than in caspase-1-deficient mice. 58    

 M cell-mediated entry outside PPs 
 Although M cells are concentrated in PPs, they are also found in 

other intestinal locations and can therefore mediate  Salmonella  

infection of non-PP intestinal tissues ( Figure 2 ). The most likely 

non-PP entry route is through bacterial invasion of solitary 

intestinal lymphoid tissues (SILTs), which are heterogeneous 

intestinal lymphoid aggregates found in mice and humans that 

contain certain features of PPs, including the presence of an 

FAE containing M cells. 59,60  As might be expected for a struc-

ture containing M cells, these SILTs are targeted for entry by 

intestinal  Salmonella  in much the same manner as described 

above for PPs. 61  Two days after oral  Salmonella  infection, bac-

teria were detected by histology in 40 %  SILTs of BALB / c mice 

and in 17 %  SILTs of C57BL / 6 mice, likely reflecting the greater 

number of large SILTs in BALB / c mice. 61,62  Given the fact that 

there are     >    1,000 SILT structures in the intestine, 61  it seems very 

likely that this alternative pathway contributes significantly to 

overall bacterial uptake outside the PP. Evidence also suggests 

that SILTs can be important in humans, as both PPs and SILTs 

displayed inflammation in a study of typhoid patients. 63  It has 

been also reported that intravillus M cells, which are sparsely 

located along the intestinal tract, may serve as a portal of entry 

for invasive  Salmonella  64  ( Figure 2 ). Indeed, this seems to be 

the primary route of  Salmonella  entry in mice that lack organ-

ized lymphoid tissues, 64  although the importance of these 

M cells in normal mice is currently unclear.   

  Salmonella  infection of the intestinal lamina propria by direct 
sampling 
 Although the entry routes described above involve  Salmonella  

interactions with M cells, the possibility that  Salmonella  can 

invade the host by an alternative route that does not involve 

M cells has also been discussed in some detail. 65,66  One interest-

ing possibility is that a population of phagocytes in the lamina 

propria can capture bacteria directly from luminal contents, thus 

allowing bacterial entry. 66  Crucially, this route does not involve 
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M cell-mediated uptake and is most commonly studied using 

bacteria that lack  SPI-1  genes. Although these cells have often 

been referred to as DCs, this is by no means clear, 67 – 69  and they 

will therefore be referred to as lamina propria phagocytes in this 

review. Although this pathway of entry has now become a popu-

lar alternative to our conventional understanding of  Salmonella  

entry through M cells, the physiological relevance of this path-

way to systemic Salmonellosis remains undefined. 

 Although the evidence for a non-M-cell pathway is compel-

ling, it derives from a large number of microbiological and 

immunological investigations that are difficult to reconcile 

together in a single coherent model. Recent interest was stimu-

lated by an important study demonstrating that  Salmonella  

strains lacking  SPI-1  and the fimbrial  lpfC  gene retained the 

ability to infect mice in a CD18-dependent manner, and that 

these bacteria were detected in the blood within 15   min of oral 

inoculation. 70  Indeed, previous studies had reported the pres-

ence of  Salmonella  in the blood within 2 – 3   min of oral infection, 

and surprisingly, this mode of entry was found to be permissive 

for bacterial serovars that do not normally infect mice. 71  Given 

the extremely rapid nature of this dissemination to the blood 

and the lack of serovar specificity, there remains some concern 

that bacteria enter the blood stream of the host through abra-

sions caused during gavage. When using a bacterial imaging 

system, we detected several instances of  Salmonella  infection 

of cervical lymph nodes that we attribute to entry through the 

mucosal abrasions that occur during gavage. 28  Although this is 

a relatively infrequent occurrence and unlikely to explain the 

findings described above, it does serve to highlight the ability 

of  Salmonella  to enter the murine host through unconventional 

and potentially unphysiological routes. A more recent study has 

found that bacterial expression of the SPI-2 type-III secretion 

  Figure 1             Comparison of  Salmonella  infection after gavage inoculation or water bottle administration. Groups of C57BL / 6 mice were orally infected 
with 5 × 10 7    c.f.u. of virulent  Salmonella typhimurium  (SL1344) by gavage needle, whereas other mice were supplied with drinking water contaminated 
with SL1344 (1 × 10 7    c.f.u.   ml     −    1 ). Organs were harvested at the indicated time points after infection, and bacterial loads were determined by plating 
organ homogenates on MacConkey ’ s agar. Data show individual mice and mean bacterial load ± s.d. per time point. c.f.u., colony-forming unit; MLN, 
mesenteric lymph node.  

    Figure 2             M cell-mediated entry of  Salmonella  in the small intestine. 
 Salmonella  use  SPI-1  gene products to induce uptake and destruction 
of M cells localized over Peyer ’ s patches, solitary isolated lymphoid 
tissues (SILTs), or scattered throughout the small intestine. The relative 
importance of these pathways to  Salmonella  uptake is likely to be 
Peyer ’ s patches, followed by SILTs, with intravillus M cells having a minor 
role. After entering the underlying tissue,  Salmonella  are engulfed by 
phagocytes, including dendritic cells, which can transport bacteria to the 
draining mesenteric lymph nodes through the afferent lymphatics. SPI-1, 
 Salmonella  Pathogenicity Island 1.  
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system effector protein SrfH was required for very early dis-

semination of  Salmonella  to the blood and spleen. 72  This finding 

is important and supports the idea that extremely rapid entry 

through an alternative pathway involves an active and physi-

ological biological process. Therefore, it is vitally important that 

this pathway be examined in more detail from a microbiological 

perspective, especially with respect to the bacterial virulence 

factors required for entry. 

 The microbiological studies mentioned above are often 

loosely connected to a series of immunological observations 

that have examined the capture of luminal bacteria by cells in 

the lamina propria. However, whether these two processes are 

in any way connected still remains to be determined. In particu-

lar, the extremely rapid kinetics of bacterial entry reported in 

the studies mentioned above are difficult to reconcile with the 

time frame required for cell-mediated lamina propria entry and 

trafficking out of the intestine.  In vitro  studies initially demon-

strated that DCs are able to capture bacteria from the apical sur-

face of epithelial cells by extending processes between the tight 

junctions of a monolayer. 73  Subsequently, a similar process was 

directly visualized  in vivo  when CX3CR1-expressing phagocytes 

in the lamina propria were detected extending transepithelial 

dendrites into the intestinal lumen, and the number of these 

dendrites increased in the terminal ileum after  Salmonella  infec-

tion. 74,75  Taken together, these studies suggested an alternative 

entry model, whereby  Salmonella  might commonly access the 

intestinal lamina propria by cell sampling, and in support of this 

idea, large numbers of bacteria were detected within the lamina 

propria. 74  However,  Salmonella  are not normally recoverable 

in large numbers from the lamina propria unless the bacterial 

flora are first depleted before infection. 4,41,61  Furthermore, the 

formation of transepithelial dendrites has been found to be dis-

pensable for the uptake of other pathogenic microbes. 76  More 

importantly, recent analysis of cellular entry into the mesenteric 

lymph node (MLN) has demonstrated that CX3CR1-express-

ing lamina propria cells are unlikely to migrate to the MLN 

and that these cells have poor immunostimulatory capacity. 67  

Thus, CX3CR1     +      cells most likely represent a population of 

non-migrating phagocytes that provide innate immune defense 

against infection within the lamina propria. Given these signifi-

cant issues, it remains unclear whether this alternative pathway 

of entry has an important physiological role, either in promoting 

bacterial dissemination of  Salmonella  or in initiating immune 

activation. The relative contribution of this pathway to bacte-

rial entry and dissemination deserves further study, but it is 

vitally important that these studies be conducted in the con-

text of unmanipulated mice using wild-type bacterial strains. 

Surprisingly, the role of cell-mediated uptake has not been 

examined carefully in PPs or in SILTs, yet phagocyte popula-

tions are often found in close association with the epithelial 

layer in each of these tissues. 61,77  In summary, the available data 

support a prominent role for M cell-mediated intestinal entry 

by  Salmonella , both in the PPs and SILTs.  Salmonella  entry of 

the lamina propria of unmanipulated mice is less well defined 

and the mechanisms associated with this route of entry remain 

largely speculative.   

  Salmonella  infection of MLNs and systemic tissues 
 After  Salmonella  have gained entry into intestinal lymphoid 

tissues through M cells, it is believed that they travel through 

afferent lymphatics to the draining MLNs, and subsequently 

disseminate through efferent lymphatics to the blood and sys-

temic tissues. 78,79  The evidence for this step-wise migration is 

largely based on our understanding of the flow of lymph and 

the circumstantial finding that bacteria are initially detected in 

PPs, followed by the MLN, and finally in the spleen and liver. 4,49  

The trafficking of  Salmonella  from PPs and SILTs to MLNs is 

most likely accomplished by migration of infected DCs as MLN 

bacteria were found to be associated with CD11c     +      cells, and 

the number of bacteria in the MLN was also reduced in C-C 

chemokine receptor (CCR)7-deficient mice. 80  However, other 

studies have noted the migration of free bacteria in the afferent 

lymph, suggesting that some bacteria in the MLN may arrive 

in an extracellular form. 78  After reaching the MLN,  Salmonella  

can access efferent lymphatics and spread to systemic tissues 

through the thoracic duct and blood. 78,79  It is not yet clear which 

cell population mediates this transport of bacteria to the blood 

and other tissues; however, intestinal DCs are usually discussed 

as a possibility. In a large animal model that allowed visualiza-

tion of bacterial transport, the majority of  Salmonella  were found 

free in the lymph or were associated with non-DC phagocytes, 81  

but it is not clear whether this also occurs during exit from the 

MLN. Therefore, greater analysis of lymph-mediated transport 

of  Salmonella  from the MLN to the blood is required. 

 Disseminated  Salmonella  show a tropism for tissues that con-

tain a high number of phagocytic cells, and in most circum-

stances, this involves the spleen, liver, and bone marrow. 51,78  

Bacteria are found to be closely associated with mononuclear 

phagocytes and to induce further recruitment or expansion 

of monocytic / macrophage cells in each of these locations. 51,78  

 Salmonella  also disrupt erythropoiesis, and splenomegaly can 

be explained in large part by the expansion of immature erythro-

cytes in the spleen in an erythropoietin-dependent manner. 82  

Cancer studies in mice have demonstrated that  Salmonella  pref-

erentially accumulate in primary and metastatic tumors, 83,84  

suggesting that bacteria do not have a precise organ tropism 

other than finding tissues that contain a sufficient number of 

cells that support bacterial replication. Although  Salmonella  will 

continue to colonize PPs and MLNs, the large size of the spleen, 

liver, and bone marrow means that these tissues gradually com-

prise the major sites of bacterial replication. 4,49  Thus, although 

 Salmonella  may be described as an intestinal pathogen, it leads 

to a systemic infection in mice that simply uses intestinal lym-

phoid tissues as a portal of entry. This also means that clearance 

of bacteria from the host and resistance to secondary  Salmonella  

infection requires the coordinated action of both systemic and 

mucosal immunity.    

 INITIAL BACTERIAL REPLICATION AND THE INNATE 
IMMUNE RESPONSE TO  SALMONELLA  
 After phagocytosis by macrophages,  Salmonella  survive 

and replicate within modified intracellular vesicles, termed 

 “  Salmonella -containing vacuoles. ”  85,86  Infected macrophages 
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can be activated to kill or limit the replication of  Salmonella  

by producing lysomal enzymes, reactive oxygen intermedi-

ates , reactive nitrogen intermediates, and other antimicrobial 

peptides. 87,88  The ability of  Salmonella  to survive within the 

phagosome is mediated by  Salmonella  Pathogenicity Island 

2 (SPI-2), which encodes a type-III secretion system, which 

prevents movement of reactive nitrogen intermediates and 

reactive oxygen intermediates into the phagosome where 

 Salmonella  reside. 87,89  In addition, the  Salmonella phoP / phoQ  

regulon inhibits fusion of the  Salmonella -containing vacuole 

with toxic lysosomes and endosomes. 90,91  Mice expressing 

the wild-type allele for the solute carrier family 11a member 1 

 Slc11a1  gene, which enables macrophages to transport ions 

into the  Salmonella -containing vacuole, are more resistant to 

infection with  Salmonella . 92  In contrast, mice expressing the 

susceptible allele of the same gene are innately susceptible to 

very-low-dose infection (    <    10 bacteria) and succumb to infec-

tion within 7 – 10 days of oral infection. 29  Intracellular survival 

within tissue phagocytes is key to the virulence of  Salmonella , 

and mutants that cannot survive and replicate within macro-

phages are severely attenuated for virulence. 93  

 The initial invasion of PPs and SILTs induces a massive 

inflammatory response, characterized by recruitment of neu-

trophils, DCs, inflammatory monocytes, and macrophages. 61,94  

Neutrophils are believed to be important in preventing dissemi-

nation of the bacteria from the intestine to systemic tissues, and 

patients with reduced numbers of neutrophils have increased 

risk of bacteremia during infection with non-typhoidal strains 

of  Salmonella.  95,96  It has also been found that depletion of neu-

trophils allows  Salmonella  to grow extracellularly, 97  suggesting that 

neutrophils confine and reduce bacterial replication immediately 

after entry. Inflammatory monocytes are also important  during 

the initial stages of infection in the PPs and MLNs, and are an 

important source of anti-microbial factors, such as tumor necro-

sis factor- �  and inducible nitric oxide synthase. 94  Recruitment of 

these inflammatory cells is driven by Myd88-dependent chem-

okine production initiated within the PP. 98  Indeed,  Salmonella  

express several pathogen-associated molecular patterns, including 

lipopolysaccharide and flagellin, which can be detected by Toll-like 

receptors (TLRs) expressed by enterocytes and phagocytes. 99  In 

addition, macrophages can sense cytosolic flagellin using NLRC4 

(also known as Ipaf, or IL-1 � -converting enzyme-protease activat-

ing factor), which activates caspase-1 and induces the production 

of the proinflammatory cytokine IL-18. 100 – 103  

 DCs are professional antigen-presenting cells and respond 

to recognition of  Salmonella  lipopolysaccharide or flagellin by 

increasing the expression of major histocompatibility complex 

class II and the co-stimulatory molecules CD80, CD86, and 

CD40. 104,105  This maturation process allows DCs to efficiently 

present antigen to naive CD4 T cells, thus providing a vital link 

between innate immune responses and the induction of adap-

tive immunity. In the PP, flagellin also induces the secretion of 

the inflammatory chemokine CCL20, which is an important 

ligand for CCR6. 106  This inflammatory response rapidly recruits 

CCR6-expressing DCs to the FAE, a very early process that is 

required for efficient activation of CD4 T cells in the PP. 50    

 ADAPTIVE IMMUNE RESPONSE TO  SALMONELLA   
 Early T-cell activation in the intestine 
 Given the small size of intestinal lymphoid tissues and the low 

frequency of naive CD4 T cells specific for any given antigen, 107  

detecting initial  Salmonella -specific T-cell activation in these 

tissues is challenging. However, a number of studies have used 

T-cell receptor transgenic mice to visualize the earliest processes 

of  Salmonella -specific CD4 T cells responding to oral infec-

tion. 49,108  Although these studies use an artificially elevated 

naive precursor frequency of CD4 T cells and a high dose of 

infection to assist visualization, they still provide the most accu-

rate assessment of  Salmonella -specific CD4 T-cell activation. 109  

Taken together, these studies concur that the earliest  Salmonella -

specific CD4 T-cell activation occurs within the PP and is initi-

ated around 3 – 6   h of infection. 49,108  Early activation of CD4 

T cells requires the presence of CD11c     +      DCs in the PP and is 

dependent on the expression of CCR6 to recruit DCs to the 

FAE. 50  Interestingly, the T-cell receptor transgenic mouse used 

most frequently in these experiments recognizes a  Salmonella  

peptide from the carboxy terminal region of flagellin, 110  which 

as noted above is also a ligand for TLR5. 111  It is generally 

assumed that the very early activation of flagellin-specific CD4 

T cells in the PP is representative of the naive CD4 response 

to other  Salmonella  antigens. 109,112  However, this is difficult 

to demonstrate conclusively as very few natural  Salmonella  

major histocompatibility complex class-II peptides are 

known. 113  In more recent studies, the kinetics of flagellin-spe-

cific CD4 T-cell activation was found to be delayed in mice 

lacking TLR5, adding support to the idea that TLR5 ligation 

preferentially enhances the adaptive response to flagellin 

 in vivo . 114  

  Salmonella -specific T cells also become activated in the MLN 

after oral infection, but this response usually peaks  ~ 3   h after 

that in the PP. 49,50  At these very early time points,  Salmonella -

specific CD4 T cells were not found to be activated in any other 

secondary lymphoid tissue. 49,50  This is important because it 

suggests that whatever the explanation for early bacterial dis-

semination to blood as discussed above, this does not initiate 

an early adaptive immune response outside the gut-associated 

lymphoid tissue. Interestingly, activation of  Salmonella -specific 

CD4 T cells in the MLN is also dependent on CD11c     +      DCs 

and CCR6, indicating that T-cell activation in the MLN and 

PP has similar requirements. There is clear evidence that sug-

gests that the MLNs are an important site for immune protec-

tion during the course of  Salmonella  infection. Indeed, mice 

that have had MLNs surgically removed suffer from elevated 

bacterial loads and severe immunopathology in the liver. 80  The 

importance of the MLN was also highlighted using a relapsing 

model of murine typhoid in which primary infection returns 

after apparent antibiotic clearance. 28  Mice without MLNs had 

increased bacterial numbers in systemic tissues after the relapse 

of primary  Salmonella  infection. 28  Thus, although the MLN is 

often considered a potential site of  bacterial persistence, 26,115  it 

actually provides an important protective function as a firewall 

preventing bacterial dissemination in primary and relapsing 

 Salmonella  infection.    
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 DEVELOPMENT OF EFFECTOR RESPONSES AGAINST 
 SALMONELLA  
 Despite the fact that  Salmonella  is an intracellular pathogen, 

the development of robust protective immunity requires the 

coordinated activity of B and T cells in susceptible mice. 116  

In this model, CD4 T cells have a critical role in clearing pri-

mary  Salmonella  infection and are also required for acquired 

resistance to secondary infection. 117 – 119  In contrast, B cells are 

dispensable for resolving primary  Salmonella  infection but are 

required for protection against secondary challenge. 120 – 122   

 CD4 T cells 
 The development of  Salmonella -specific CD4 effector responses 

has been examined in both susceptible and resistant mice. Taken 

together, these studies suggest massive expansion of  Salmonella -

specific CD4 T cells and rapid acquisition of Th1 effector func-

tions, namely the enhanced ability to secrete interferon- � , tumor 

necrosis factor- � , and IL-2 upon restimulation. 123 – 125  These acti-

vated Th1 cells can be clearly detected  ~ 1 week after  Salmonella  

infection, 124  consistent with the rapid tempo of CD4 T-cell acti-

vation described in studies mentioned above. Optimal expansion 

of these Th1 cells has been shown to require expression of both 

Programmed Death Ligand-1 (PD-L1) and the tumor necrosis 

factor receptor family members, OX40 and CD30, 126,127  although 

the timing and context in which these particular signals are 

delivered is not yet clear. Appropriately activated Th1 cells will 

continue to expand and can eventually comprise  ~ 50 %  of all 

CD4 T cells around 2 – 3 weeks after infection. 124  Furthermore, 

these effector Th1 cells acquire the capability to rapidly secrete 

cytokines in response to innate signals such as lipopolysaccha-

ride, 128  although it is not clear whether T cells respond directly 

or indirectly to this inflammatory stimulus. This innate activa-

tion is unexpected as effector Th1 cells are normally considered 

to be stimulated to produce effector cytokines only after recog-

nition of cognate peptide and major histocompatibility com-

plex. 129  A similar capacity to respond to innate stimuli has been 

reported for activated CD8 T cells during viral infection and has 

been shown to involve increased sensitivity to local IL-12 and 

IL-18. 130,131  This innate immune responsiveness of  Salmonella -

specific CD4 T cells suggests a means by which the host can 

rapidly produce interferon- �  to activate macrophages within an 

infected tissue, even if bacteria are capable of inhibiting antigen 

presentation by infected phagocytes 132 – 134  ( Figure 3 ). 

 However, despite the rapid and efficient development of 

a large number of CD4 Th1 effector cells during primary 

 Salmonella  infection, there is actually very little evidence to 

suggest that they contribute to bacterial clearance at this early 

stage of infection. Thus, mice that completely lack all CD4 or 

CD4 Th1 cells will only display enhanced bacterial growth  ~ 3 

weeks after infection, 119,135  indicating that Th1 cells do very lit-

tle to regulate bacterial growth before this point. This confusing 

finding can be explained by active inhibition of the early Th1 

effector response by replicating bacteria  in vivo . It is important 

to emphasize the fact that this inhibitory effect is on expanded 

effector Th1 cells rather than an effect on the initial activation 

of naive T cells. Although many  in vitro  studies would point 

to an inhibitory effect of  Salmonella  on antigen presentation 

to naive T cells  in vitro , 132,136 – 138  this does not seem to affect 

 Salmonella -specific CD4 expansion  in vivo . 50,124,139  In contrast, 

the gradual loss of effector CD4 T cells has been detected in 

 Salmonella -infected mice in a process that required the presence 

of live bacteria and the expression of  SPI-2  genes. 140  Therefore, 

even though a large population of  Salmonella -specific Th1 cells 

is generated very early after infection with  Salmonella , the effec-

tor function of these cells is actively and specifically inhibited 

by replicating bacteria.   

 Treg and Th17 cells 
 Although many studies have demonstrated the importance of 

Th1 cells in protective immunity to  Salmonella , 135,141,142  recent 

studies have also suggested a contribution by other effector CD4 

subsets including regulatory T cells (Tregs) and Th17 cells. Tregs 

suppress effector T-cell responses and either arise from the thy-

mus or develop after activation of naive T cells in the presence 

of transforming growth factor- � . 143  In contrast, Th17 cells arise 

after stimulation of naive CD4 T cells in the presence of IL-6 and 

transforming growth factor- �  and are important in mediating 

immunity to extracellular bacterial infections. 144,145  A recent 

study examined the development of Th1 cells and Tregs after 

 Salmonella  infection of resistant mice and found that alterations 

in the potency of Tregs during infection reduced the effective-

ness of Th1 responses and increased bacterial growth. 125  It is 

not yet clear whether similar alterations in Treg potency can 

affect the function of Th1 responses in the susceptible mouse 

model or in humans. 

   Figure 3              Salmonella -specific CD4 T cells acquire the capacity to 
produce IFN- �  in response to various stimuli.  Salmonella  infection 
induces the expansion of antigen-specific CD4 T cells in secondary 
lymphoid tissues. These activated CD4 T cells acquire the ability to home 
to sites of infection and produce IFN- �  to activate infected macrophages. 
Restimulation of these activated (CD11a HI )  Salmonella -specific CD4 
T cells can occur (1) after ligation of the TCR, or can be initiated by 
bacterial products, such as LPS. It is not yet clear whether this involves 
(2) direct recognition of PAMPs by activated T cells or (3) a response to 
inflammatory mediators such as IL-12 and IL-18. IFN- � , interferon - � ; 
IL, interleukin; LPS, lipopolysaccharide; PAMP, pathogen-associated 
molecular pattern; TCR, T-cell receptor.   
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 After oral infection with  Salmonella , cytokines associated 

with Th17 cells, IL-17, and IL-22, are rapidly produced within 

the intestinal mucosa. 146,147  In these studies, IL-17 and IL-22 

production is induced by innate responses to bacterial infection 

rather than Th17 cells; however, they still indicate the potential 

for Th17 cytokines to participate in intestinal defense against 

 Salmonella . Indeed, IL-17-deficient mice were reported to 

develop increased bacterial loads in systemic tissues compared 

with wild-type control mice. 148  In a subsequent study, IL-23-

dependent production of IL-22, rather than IL-17, was found 

to contribute to bacterial clearance  in vivo . 149  Taken together, 

these studies suggest an important additional contribution of 

Th17 cells to protection against  Salmonella  infection. A Th17 

response might be protective by initiating or enhancing neu-

trophil infiltration to intestinal tissues. Indeed, it was found that 

IL-17-deficient mice exhibited a defect in the ability to recruit 

neutrophils to sites of infection during  Salmonella  infection. 147  

Interestingly, highly susceptible SIV (simian immunodeficiency 

virus)-infected macaques were found to have a deficiency in 

IL-17 and IL-22, but not in interferon- � , 147  perhaps indicating 

that Th17 cells represent an important effector cell population 

particularly in the intestinal mucosa. In addition to neutrophil 

recruitment, Th17 cytokines induce production of antimicro-

bial peptides by epithelial cells that are effective against lume-

nal bacteria. 9  Indeed, during  Salmonella  infection of rhesus 

macaques, IL-22 was important in the production of lipocalin-2, 

which prevents iron acquisition by bacteria. 150  In summary, 

recent data have suggested an additional role for Th17 cells 

in defense against  Salmonella  in the intestine and a role for 

Tregs in modulating the potency of  Salmonella -specific Th1 

cells  in vivo . Greater study of each of these T-helper popula-

tions in the mouse model of  Salmonella  infection and in human 

Salmonellosis is warranted.    

 PROTECTIVE ANTIBODY RESPONSE AGAINST 
 SALMONELLA  
 As noted above, there is good evidence from human infections 

and the mouse model that suggests that  Salmonella -specific 

B-cell responses can contribute to bacterial clearance. 39,120,121  

However, the mechanism by which B cells contribute to protec-

tive immunity against  Salmonella  remains unclear. 

 Although  Salmonella  are generally found within  Salmonella -

containing vacuoles in phagocytic cells, there is a short period 

during the infection cycle when bacteria are expected to be 

extracellular.  Salmonella  are tightly associated with mononuclear 

phagocytes  in vivo , 70,85,86  but also induce these infected cells to 

undergo apoptosis. 55  After this cell death, bacteria are presum-

ably found in the extracellular compartment before infecting a 

neighboring phagocyte. Therefore, it is possible that antibody 

has direct access to  Salmonella  during this short period of time 

and prevents cell-to-cell transmission. 109  Indeed, opsonization 

of bacteria with  Salmonella- specific antibody impeded bacterial 

colonization  in vivo . 151  Antibody has also been suggested to have 

an important role in amplifying the processing and presentation 

of  Salmonella  antigens to CD4 T cells, thus affecting the quantity 

and quality of the Th1 response. 152,153  Innate B-cell responses to 

TLR ligands have also been shown to be important for the devel-

opment of Th1 responses  in vivo , 154,155  suggesting another route 

by which effector T-cell development can be regulated by B-cell 

responses to  Salmonella . However, recent work suggests that 

B-cell signaling through MyD88 can also suppress the develop-

ment of protective immunity during  Salmonella  infection. 156  

Thus, the role of innate immune signaling in B cells serves an 

important regulatory function but requires further analysis. The 

presence of  Salmonella -specific IgA in the intestinal mucosa may 

also prevent or reduce bacterial penetration of the intestinal 

barrier. 157  It is not yet clear which of these mechanisms makes 

the greatest contribution to protective immunity to  Salmonella  

infection but an important role for antibody is also suggested 

from human studies. 158  Although the specificity of these anti-

body responses are mostly undefined, antibodies specific for the 

lipopolysaccharide O-antigen, flagellin, the ViCPS antigen, and 

OmpD are all believed to be protective. 116,159    

 CONCLUDING REMARKS 
 Immunologists and microbiologists have long appreciated 

murine infection with  Salmonella  as a model that allows a natu-

ral route of challenge and detailed study of bacterial virulence 

factors and innate and adaptive immunity. The powerful genetic 

and immunological tools that are available in this model make 

it ideal for dissecting the complicated issues of bacterial patho-

genesis and immunity to infection. Despite the uncertainty of 

translating murine data to human typhoid or NTS, it is likely 

that each of these infections has similar immunological aspects 

as all three involve disseminated Salmonellosis. Bacterial entry 

is a complex process involving the interaction of bacterial  SPI-1  

gene products with M cells overlying PPs and SILTs. Recent data 

have suggested that protective immunity requires coordinated 

interaction of  Salmonella -specific Th1 and Th17 cells and the 

activation of  Salmonella -specific B cells. Interestingly, this com-

bined requirement bears many similarities to data examining the 

dissemination of NTS in humans. Greater study of the immune 

parameters associated with protection in the mouse model is 

therefore likely to inform the generation of new vaccines against 

disseminated  Salmonella  infections in humans.     
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