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Our immune system is indispensable in the defense against harmful pathogens. If the 

innate immune system fails to clear the pathogens immediately, an acquired immune 

response is initiated to protect against further infection and to help clearing the pathogens. 

T cells play a pivotal role in the acquired immune response. In the case of infection with 

Salmonella typhimurium, the bacteria cannot be cleared in absence of T cells.1 Two 

types of T cells are required for immunity against the facultative intracellular Salmonella 

bacterium. CD8+ cytotoxic T lymphocytes (CTLs) kill cells that are infected by Salmonella. 

This reduces immune escape and reduces further spreading of Salmonella through the 

body. CD4+ T helper cells are activated to elicit and support other anti-bacterial immune 

responses, such as antibody secretion by B cells and help for macrophage and CD8+ T 

cell responses. Antigen presenting cells play a crucial role to activate T cells. Dendritic 

cells (DCs) are specialized in the efficient internalization of all kinds of antigens, and 

subsequent presentation onto MHC class I and MHC class II, to activate CD8+ CTLs and 

CD4+ T helper cells respectively.2 B cells that recognize the same antigen via their B cell 

receptor (BCR) can obtain help from T helper cells and differentiate into plasma cells that 

secrete antigen-specific antibodies. It has become clear that antibody secretion is not the 

only role that B cells play in the acquired immune response.  

Phagocytosis of bacteria by B cells

The activation of B cells is initiated by binding of a specific antigen to the BCR. These 

antigens may bind as free antigens or are presented to the B cell by classical DCs 3 or follicular 

dendritic cells (FDCs).4 Especially large antigens, for instance derived from bacteria, are 

thought to be provided by FDCs, since human B cells were considered to be unable to 

directly phagocytose large particles. According to dogma, FDCs, residing in the lymphoid 

follicles of the spleen, lymph nodes and mucosal tissue, bind incoming opsonized antigen 

via complement and Fc receptors and subsequently present these antigens to B cells.5 

Also normal DCs were shown to present internalized antigen in an unprocessed form,3 

which can be captured by B cells. Indeed, antigen extraction from the surface of other 

cells may be a way to internalize bacterial antigens, since B cells were shown to extract 

other antigens from a ‘non-internalizable’ solid surface.6 On the other hand, bacteria 

like Salmonella can also make direct contact with B cells. After crossing the epithelial 

barrier via M cells,7, 8 bacteria meet up with B cells in the lamina propria, after which both 

may translocate to regional lymph nodes or to B cell areas in the spleen and mucosa-

associated lymphoid tissue.9 Can B cells therefore extract antigens from whole bacteria 

and process them to initiate T cell activation? Human B cell lines were demonstrated to 

present particulate antigens to MHC class II.10, 11 In Chapter 2, we show that the Ramos B 

cell line as well as primary B cells are able to phagocytose whole particles. Using anti-IgM 
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coated beads to initiate binding to the IgM-BCR, Ramos cells internalize intact beads. In 

contrast, beads coated with non-specific antibodies are not phagocytosed. To investigate 

a more physiological model, we studied Salmonella bacteria and primary human B cells. 

We show that intact living Salmonella bacteria are phagocytosed by primary naive and 

memory B cells. The internalization of Salmonella is mediated via the BCR. Internalization 

of Salmonella results in secretion of Salmonella-specific antibodies, confirming that 

internalization was mediated by B cells carrying a Salmonella-specific BCR. The relatively 

high percentage of circulating B cells that recognize Salmonella via their BCR may be 

explained by the expression of a polyreactive BCR (also reactive to other bacteria) by 

CD27 expressing circulating B cells.12

Internalization of Salmonella leads to effective antigen presentation and activation of 

CD4+ T helper cells that in turn help B cells to induce antibody secretion. Antibody levels 

increase significantly if B cells that had phagocytosed Salmonella were cocultured with 

autologous CD4+ T cells. Thus, phagocytosis of bacteria by primary B cells forms a new 

pathway to elicit efficient CD4+ T help for antibody production.

B cells as antigen presenting cells

Activation of T helper cells by B cells demonstrates that the interaction between B and 

T cells is not only beneficial for B cells in antibody responses, but is also helpful for the 

induction of T cell responses. Hence, B cells are not only antibody secreting cells, but 

function also very efficiently as APC. The expression of an antigen-specific B cell receptor 

makes B cells unique in the selection of antigens to present to T cells, in contrast to DCs 

that sample all kind of different antigens. The specificity of the BCR selects for specific 

antigen to be internalized. DCs, on the other hand, internalize many different antigens 

simultaneously. In case of a limiting amount of a certain antigen, it is possible that DCs 

will not present this antigen, since other antigens are more abundant and are more likely 

to be presented. Thus, since their B cell receptor is antigen-specific, B cells can take up 

antigens at low concentrations and activate T cells responses in situations where DCs are 

less effective.13

B cells can activate both naive and memory T helper cells as effective as dendritic cells in 

vitro.14 In vivo B cells are not obligatory for T cell activation, although depletion of B cells 

in mice reduces the magnitude of the T cell response.15-17 Naive T cells can be activated by 

B cells, but this seems to play a minor role in the initiation of a primary T cell response in 

vivo.18  In the regulation of memory T cells however, B cells were shown to be critical.17-20 

This suggests that other antigen presenting cells (e.g. DCs) induce the primary activation 

of naive T cells, whereas upon reimmunisation B cells become the main participating 

APC. Localization of T and B cells in the germinal center may play an important role in this 
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second phase. Activated T cells express CXCR5, which allows migration from the T cell 

zone to the border of the B cell follicle. Activated B cells also migrate to the B-T border. 

Here B and T cells can have strong interactions and induce two-way signaling: B cells 

obtain signals from T cells (e.g. CD40 and cytokine signaling) and T cells obtain signals 

from B cells (e.g. IL-6). The high number of antigen-specific B cells near memory CD4+ T 

cells after primary immunization may play a role in the preference of B cells as APC upon 

antigen recall. 

B cells induce Th cell differentiation for optimal help

The B and T cell crosstalk regulates differentiation of both cell types. T cells provide help 

in antibody response by B cells, B cells act on the differentiation of Th cells. The Th cell 

help in antibody secretion is partly cell-cell contact mediated via CD40-CD40L interaction, 

which promotes B cells proliferation and survival.21, 22 Upon CD40 ligation, B cells migrate 

into the follicle and start the formation of a germinal center.23 Furthermore, class switch 

recombination is induced. 24, 25 In addition, cytokines secreted by specific Th subsets play 

an important role in B cell help. The Th2 cytokine IL-4 was studied intensively,26-28 and 

also IL-10 and IL-17 have been implicated in the process.29 In the past decade, it has 

become clear that IL-21 forms probably the most crucial player in antibody secretion.30  In 

Chapter 3, we show that Salmonella-infected B cells polarize CD4+ T helper cells towards 

IFN-γ-secreting Th1 and IL-21-expressing Tfh. The classical Th2 cytokine IL-4 was induced 

to a lesser extent. The observation of a significant population of cells producing both 

IFN-γ and IL-21 let us further investigate the phenotype of this subset. This IFN-γ+/IL-21+ 

double positive (DP) population shows shared characteristic of both Th1 and Tfh cells, as 

demonstrated by expression of the subset-specific transcription factors T-bet (Th1) and 

Bcl-6 (Tfh). Johnston and colleagues demonstrated in mice that IL-12 induced IFN-γ+/

IL-21+ DP population, with a mixed Th1 and Tfh phenotype.31 In this mouse-model, IL-

21 expression and Bcl-6 expression were transitional and the Tfh phenotype was lost in 

time. In contrast, we showed that Salmonella-infected B cells induce Tfh differentiation 

via IL-6, and not via IL-12. IL-12 signaling via STAT4 induces T-bet, which leads to the 

decrease in IL-21. IL-6 activates STAT3 and is not associated with T-bet upregulation. Thus, 

in our system, the IL-6 induced IL-21 is not attenuated, resulting in a stable IFN-γ+/IL-21+ 

DP population. 

Expression of both Th1 (T-bet and IFN-γ) and Tfh (Bcl-6 and IL-21) characteristics 

suggests the transition of one T helper subset into another subset, indicating plasticity 

of T cell subsets.32-34 Plasticity of T helper subsets can be a very efficient way to attack 

a pathogen, like Salmonella, at a multidisciplinary level. Secretion of IFN-γ is important 

in Salmonella infection, and lead to activated macrophages that clear Salmonella.35-37 
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Macrophages are resistant against bacterial infection and actively suppress intracellular 

bacterial replication. Salmonella replication in macrophages is suppressed by the protein 

Slc11A1 (also known as natural resistance-associated macrophage protein 1; NRAMP1) 

via impaired bacterial iron acquisition.38 In addition, IFN-γ was also demonstrated to 

contribute to the containment of Salmonella by macrophages via a similar mechanism.39 

IL-21 has its main function in enhancing the humoral response, via stimulation of antibody 

secretion by B cells.40 Whether the IFN-γ+/IL-21+ DP population we observe finds its origin 

in a Th1 subset or is derived from Tfh precursor is currently unknown and remains to be 

resolved.  

Although IL-4 has been described to be an excellent player in B cell help,26, 27, 41, 42 in our 

B-T cell culture Th2 cells are induced to a lesser extent. Like other studies, we show that 

IL-4 is beneficial for B cell expansion and slightly induce antibody secretion.26-28, 43-46 In 

contrast, whereas IL-21 is superior in enhancing antibody secretion, B cell expansion 

was reduced. We and others demonstrated that IL-4 and IL-21 reciprocally regulate each 

other: IL-4 downmodulates IL-21+ Tfh differentiation,41, 47 whereas IL-21 decreases IL-4+ 

Th2 differentiation. Salmonella-infected B cells induce more Tfh differentiation, thereby 

repressing induction of expansion of the Th2 subset. 

To provide optimal help to B cells, Tfh should migrate into the germinal center (GC). This 

GC-Tfh subset is characterized by coexpression of CXCR5 and PD-1. Salmonella-infected 

B cells induce expression of CXCR5 and PD-1 especially in naive T cells. Memory T cells 

show a less pronounced CXCR5+PD-1+ phenotype. This might suggests that naive T cells 

are induced to migrate into the germinal center and provide optimal B cell help, while 

memory T cells reside at the B-T cell border. However, in our in vitro system, it is difficult 

to determine the contribution of migratory capacities of naive and memory T cells to B 

cell help, since no germinal centers are formed. Investigating migratory capacities of the 

different subsets could further determine the phenotype of this induced Th phenotype, 

and its contribution in antibody responses. Overall, Salmonella-specific B cells induce T 

cell differentiation which is optimal for B cell help in antibody secretion.

Induction of follicular T helper cells

The pathways that induce Tfh cell differentiation and IL-21 secretion are still unclear. Over 

the past view years, different models have been proposed (reviewed in 48). A first model 

proposed that Tfh were derived from a precursor Th1, Th2, Th17 or iTreg subset.49 This 

model is in line with plasticity of T cells and might explain the existence of Tfh cells sharing 

characteristics of other Th subsets. A second model is that B cells are crucial in the Tfh 

response.50 In the absence of B cells, Tfh could not be detected.51-54 Crotty and coworkers 

proposed a model in which DCs activate CD4+ T cells and that B cells are important in the 
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maintenance of Tfh subset.48, 54 However, we demonstrated that DCs were not able to 

induce a proper IL-21+ Tfh subset, and that B cells themselves already induce a strong, 

stable Tfh differentiation. It has further been proposed that Tfh cells are a distinct CD4+ T 

cell subset. IL-6 and IL-21 were demonstrated as inducing factors, since they upregulate 

Bcl-6 and CXCR5, both key markers of Tfh cell differentiation.55, 56 This model however, has 

been challenged, since in vivo Tfh differentiation still occurs in absence of IL-6 or IL-21.57, 

58  Although IL-21 seems not to be critical, is does show maintenance capacities of the 

Tfh phenotype.59 Finally, IL-12 has been implicated in Tfh cell differentiation.60 Our data 

in Chapter 3 shows no role of IL-12 in the induction of Tfh by B cells. However, blocking 

IL-6 does show a decrease in IL-21+ T cell differentiation from naive T cells. Signaling via 

the IL-6 receptor activates signal transducer and activator of transcription 3 (STAT3).61 

IL-21 also induces STAT3 phosphorylation and both cytokines have been implicated to 

induce Bcl-6, which is the hallmark transcription factor for Tfh cells.56, 62 We did not find a 

significant role for IL-21 in Tfh differentiation. Signaling via STAT3 might play an important 

role in the induction of a Tfh subset in our system. In Chapter 5 we showed a link between 

CD5 costimulation and STAT3 activation. We also investigated a role for CD5 in Tfh 

differentiation. Blocking CD5 did not alter T cell proliferation, but did strongly decrease 

IL-21+ as well as IFN-γ+ T cell polarization (our unpublished observations). This suggests 

that in our Salmonella system CD5 plays a role in Th effector functions in a more general 

context. It is also possible that blocking with anti-CD5 mAbs disrupts the immunological 

synapse in such a way, that T cell activation is less efficient. Besides CD5, other cell-cell 

contact might also influence Tfh differentiation. Signaling lymphoidic activation molecule 

(SLAM) or the inducible costimulator (ICOS) were implicated in the Tfh differentiation.54, 

63 The exact role of IL-6, IL-21, CD5 and possibly other STAT3 activating factors in the 

induction of Tfh cells has to be further investigated. 

IL-2 and IL-21 in T cell differentiation

Over the past few years it has become clear that IL-2 plays an important role in the 

differentiation of T helper cells. IL-2 signals via the IL-2R, which consists of a high 

affinity IL-2Rα (CD25), low affinity IL-2Rβ (CD122) and the common γ (γc) chain (CD132). 

IL-2 upregulates expression of IL-2Rα and IL-2Rβ, and promotes T cell survival and 

differentiation into effector and memory cells.64-66 Therefore, IL-2 was initially thought 

to be mainly involved in T cell expansion and a stimulatory factor for immune responses. 

Nowadays, our view on the functions of IL-2 has changed, and is still changing. 

Absence of IL-2 or IL-2R showed systemic, inflammatory autoimmunity rather than 

immunodeficiencies.67-70 Thus IL-2 was linked to immunosuppression, via Tregs, instead 

of immune activation. However, it is unclear how IL-2 is involved in Treg development. 
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IL-2 is not necessary for induction of the Treg specific transcription factor, Foxp3,71 but 

likely enhances Foxp3 levels.72 Tregs are characterized by high expression of IL-2Rα,73 

suggesting a  high dependency on IL-2. Indeed, IL-2 was demonstrated to be critical in 

the survival of peripheral Tregs.74.

It has become clear that IL-2 does not significantly contribute to the initial activation 

and survival of activated T cells. T cell receptor signaling was shown to be sufficient to 

induce expansion and induction of classic activation markers, such as CD44 and CD25.75, 

76 However, a reduction in numbers of fully differentiated Th1 and Th2 cells was seen 

in absence of IL-2.64, 75-77 Thus, IL-2 seems to play a role in the second phase of T cell 

activation. Abbas and colleagues showed that IL-2 signaling is important in the generation 

of memory responses.78 IL-2 promotes expression of the IL-7R.78 IL-7R was shown to be 

indispensable for CD4+ T cell survival.79-81 IL-7R is normally downregulated after T cells 

activation, but IL-2 mediated re-expression of IL-7R leads to memory formation of T 

helper cells.78

Besides enabling memory T cell formation, IL-2 has also been linked to differentiation 

of CD4+ T helper cells. Signaling via IL-2R leads to transcription of IL-12Rβ which induces 

expression of the Th1 associated transcription factors T-bet and Blimp-1, which favors Th1 

skewing.82 The role of IL-2 signaling in Tfh differentiation is not fully understood. In mice 

it was described that the expression of IL-2Rα is significantly lower in cells expressing the 

Tfh marker CXCR5, compared to CXCR5- population.83 This may point to a negative role of 

IL-2 in Tfh differentiation, a concept supported by a recent paper, showing IL-2 mediated 

decrease of Tfh generation.31

In Chapter 4 we investigated the role of IL-2 and IL-21 on T cell differentiation. Addition 

of IL-21 leads to enhanced T cell proliferation in the first phase of activation. However, at 

the second phase of T cell activation, extra IL-21 has a negative role in proliferation and 

cytokine production by T cells is decreased. We showed that IL-21 inhibits autologous 

IL-2 transcription. As a result of less IL-2 production, IL-2R is also decreased, which could 

be restored by exogenous IL-2. The restore of IL-2 signaling by adding IL-2 also results 

in improved cytokine production, at levels similar to conditions with no extra IL-21. IL-2 

signaling was described to induce Blimp-1 and T-bet.82, 84 In line with our observation that 

IL-21 inhibits autologous IL-2 transcription, we observed a suppressive effect in Blimp-1 

and T-bet mRNA levels. Blimp-1 was shown to be highly expressed in Th1, Th2, Th17 and 

iTreg subsets (non-Tfh).52, 60, 85 Thus, IL-21 mediated inhibition of Blimp-1 might result in 

decreased Th differentiation towards non-Tfh subsets. The specific transcription factor 

for Tfh cells is Bcl-6.52, 56, 86 Blimp-1 and Bcl-6 are reciprocally antagonistic transcription 

factors.52 Since extra IL-21 decreases Blimp-1 transcription, one might expect a better 

induction of Tfh cells. However, we observed that IL-21 also attenuates Tfh differentiation. 
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It is therefore interesting to investigate the effects of IL-21 on Bcl-6 levels in activated T 

cells that were stimulated in presence of IL-21.

In our system, IL-2 seems to play a role especially in the second phase of activation, 

since adding IL-2 later in time was still sufficient to restore cytokine production. Naive 

and memory T cells respond similar to the addition of IL-21, which leads to decreased 

cytokine production and inhibition of autologous IL-2. Adding IL-2 could completely 

restore cytokine production in naive T cells. Memory T cells seem to be differently 

regulated. IL-21 also decreases full reactivation of memory Th cells but IL-2 could not 

completely counteract this downmodulatory effect. Thus, memory T cells are differently 

regulated by IL-21 and IL-2, but how remains to be elucidated.

What may be the physiological use of downmodulation of Th effector functions through 

IL-21? Upon activation, Th cells that differentiate into Tfh cells acquire CXCR5 expression 

and migrate to the border of the B and T cell zone.87-89 Here they secrete IL-21 which is 

consumed by activated B cells to induce B cell differentiation and antibody production. 

After further differentiation of B cells into memory cells or antibody secreting plasma 

cells, B cells migrate out of the B cell zone or bone marrow. At this stage, IL-21 secreted 

by Tfh cells is no longer consumed and IL-21 could now provide a negative feedback 

loop to counteract continued effector function of the activated T cells. IL-21 produced in 

the germinal center will shut down GC-Tfh effector function. IL-21 production by pre-Tfh 

at the B-T border will also negatively regulate cytokine secretion by other subset that 

(transiently) express CXCR5 and also reside at the B-T border. Thus, IL-21 might form a 

self-regulatory mechanism to return to homeostasis after infection and to form a safety 

valve to prevent uncontrolled inflammatory responses. Further research will obtain more 

insight in this hypothesis.

Th17 differentiation

Besides Th1 and Tfh polarization, B cells that have phagocytosed Salmonella also reactivate 

Th17 memory cells (our unpublished data). IL-17 attracts and activates neutrophils, which 

can participate in the clearance of Salmonella infection. Like for Tfh, the differentiation 

of naive CD4+ T cells into the Th17 subset is a matter of debate in human. The role of the 

cytokines IL-23, IL-1β, IL-6 and TGF-β has been established for the Th17 differentiation in 

mice and human.90-93 The role of costimulation in the differentiation into IL-17 secreting 

cells is poorly understood. Classical costimulation via CD28 has been described to 

downregulate Th17 responses.94 In Chapter 5, we demonstrate a role for non-classical 

costimulation via CD5 or CD6 in Th17 differentiation. In Th17 inducing conditions, CD5 or 

CD6 costimulation is superior to classical CD28 costimulation in the induction of Th17 cells. 

The superior induction of Th17 lineage can be explained by enhanced expression of IL-
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23R. IL-23R has been shown to be important in the stabilization of the Th17 phenotype.95 

The CD5 mediated elevated expression of IL-23R results in prolonged activation of STAT3, 

a key regulator in Th17 differentiation.

Impaired CD5 signaling has been associated with decreased Th17 differentiation in 

mice.96 Moreover, we show that CD28 stimulation decreases the CD5 induced Th17 

differentiation. CD28 is defined as the classical costimulatory signal which in combination 

with T cell receptor signaling, induces T cell activation and proliferation.97 The CD28 

ligands CD80 and CD86 are commonly expressed by activated antigen presenting cells. 

Thus, optimal Th17 differentiation via CD5 is unlikely to be induced by professional 

APC, expressing high levels of CD80/CD86. APCs expressing low levels of costimulatory 

molecules CD80/CD86 are more likely to better induce Th17 differentiation. A possibility 

is the human analogs of the CD103+ lamina propria DCs that have been described in 

mice.98 Upon LPS stimulation in vitro, these DCs upregulate MHC class II, but do not show 

increased levels of CD80 and CD86. Alternatively, B cells have also lower expression of 

these costimulatory molecules upon activation than DCs (our unpublished observations). 

Since they are very capable in CD4+ T cell activation, it might be interesting to study Th17 

induction by B cells. The ligands for CD5 on antigen presenting cells are poorly defined. 

CD5, which can be expressed by B cells, is proposed to be the ligand for CD5 itself.99 

Alternatively, CD5 and CD6 are also implicated as a pathogen recognition receptor. CD5 

can bind polysaccharide β-glycan, which is present on fungi. Indeed, Candida albicans is 

associated with Th17 responses.100 LPS and LTA on the other hand can activate T cells via 

CD6,101 and may play a role in Th17 responses against intestinal bacteria.102 It would be 

interesting to further investigate the role of these ligands in Th17 differentiation.

IL-17 secretion by Th17 cells attracts neutrophils, which help in the clearance of 

pathogens. In other systems, basophils, which are activated by the Th2 cytokine IL-4, 

were shown to be involved in the differentiation of T cells towards this Th2 subset. In this 

regard it is tempting to suggest that neutrophils may be involved in Th17 differentiation, 

either directly or indirectly through modulation of T cell interaction with more classical 

APCs. It would be interesting to study the role of neutrophils in Th17 differentiation.

B cells as a vehicle for Salmonella spreading

Intestinal bacteria, such as Salmonella, can cross the epithelial barrier in the intestines 

to cause infections. Macrophages and neutrophils are specialized to destroy bacteria via 

the NADPH-oxidase system,103 preventing further spreading of Salmonella. Upon crossing 

the intestinal epithelium, Salmonella can enter the Peyer’s Patches where many B cells 

reside. In Chapter 2 we have shown that B cells are also able to phagocytose Salmonella. 

However, unlike macrophages, B cells are not able to destroy the internalized bacterium. 
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In Chapter 6 we demonstrated that Salmonella survives in B cells in a latent state. At 

later stages Salmonella is excreted from B cells and can reinfect other cell types, and 

resume replication. We show that both living and dead Salmonella are excreted, which 

implies a B cell mediated process. These data suggest that in vivo B cells may act as 

transport vehicles for Salmonella, enabling systemic spreading. In line with this concept, 

is our finding that replication of Salmonella is actively repressed in primary B cells, but 

not in the B cell line Ramos via a yet unidentified mechanism. Repression of replication 

probably enhances B cell survival. In addition, Salmonella does not induce apoptosis of the 

infected B cell. Others have shown that DCs and erythrocytes can be used by pathogens 

for systemic spreading.104, 105 In an animal model, we show that B cells indeed can be 

misused by Salmonella for systemic spreading to blood and spleen. These data imply that 

immunological targeting of intracellular Salmonella in B cells is not only important to 

eliminate a survival niche for Salmonella, but that it would also contribute to counteract 

and limit spreading of Salmonella infection. Indeed, a CTL response is required to clear 

Salmonella.106, 107

Cross-presentation by B cells

To initiate a CTL response to clear intracellular residing Salmonella, bacterial antigens have 

to be presented via MHC class I to CD8+ T cells. Dendritic cells activate Salmonella-specific 

CD8+ CTLs via direct infection and cross-presentation or via suicide cross-presentation 

upon ingestion of infected apoptotic cells.107 B cells induce a strong anti-Salmonella CD4+ 

T helper response. In Chapter 7 we demonstrate that primary human B cells that have 

phagocytosed Salmonella also elicit a specific CD8+ CTL response after cross-presentation 

of Salmonella antigens. This in contrast to findings in mice, in which B cells were not 

able to present Salmonella antigens on MHC class I.108 This might be explained by the 

fact that Salmonella is not able to replicate in primary human B cells, but survives 

intracellularly. For infection and intracellular survival, Salmonella make use of its Type 

III Secretion System (TTSS), consisting of SPI-1 and SPI-2. Both inject effector proteins 

into the cell, allowing internalization and intracellular survival.109 Using Salmonella with a 

defect in SPI-1 or SPI-2, we demonstrated that both secretion devices contribute to cross-

presentation of antigens to MHC class I. It is therefore likely that antigens secreted by the 

TTSS are processed and presented to CD8+ CTLs. The CD8+ T cell response initiated by B 

cells is a recall response of CD8 memory cells. This addresses the requirement of other 

professional APC cells like DCs to prime naive CD8+ T cells. Upon reinfection however, B 

cells seem to elicit a stronger CD8+ T cell response in which B cells activate both central 

memory and effector memory CD8+ T cells. DCs were shown to induce effector memory 

T cells, but not central memory.107 This suggests that DCs may be probably less important 
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Figure 1. B cell responses upon Salmonella infection. Salmonellae that have crossed the intestinal epithelium 
are phagocytosed by resting B cells in the Peyer’s Patches, after which the B cells form a local survival reservoir 
for Salmonella. Migration of Salmonella-infected cells and subsequent excretion of Salmonella and infection of 
other tissues causes systemic spreading and dissemination of Salmonella. B cells presenting Salmonella antigen 
can activate Th cells and induce follicular Th (Tfh) and Th1 differentiation. Plastic Tfh/Th1 or fully polarized Tfh 
cells enhance Salmonella-specific antibody production. Cross-presentation results in activation of memory CTL, 
partly via IL-2 mediated help by Th1 or plastic Tfh/Th1 cells. CTLs kill Salmonella-infected cells. The combined 
anti-Salmonella immune response counteracts the supportive function of B cells in further spreading of 
Salmonella infection.
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upon reinfection with Salmonella. The CD8+ response was dependent on the help by CD4+ 

T helper cells, likely via IL-2. Thus, via cross-presentation, B cells enable the attack of 

intracellular residing Salmonella by CTLs.

Model of the role of B cells in Salmonella infection

When we take our data together, the picture emerges that B cells play a dual role in the 

defense against bacterial infections, in that they are crucial for antibody secretion, but 

also can induce the appropriate anti-bacterial T cell responses. In the immune response 

against Salmonella we propose the following model.

After oral ingestion, Salmonella can be taken up by specialized DCs via intestinal sampling 

(Figure 1).110, 111 This will result in DC differentiation, which induces their migration to the 

mesenteric lymph nodes, where they can prime Salmonella-specific naive CD4+ T cells, 

and naive CD8+ T cells. As Salmonella can also survive in DC,112, 113 migration of infected 

DC may also mediate infection of naive Salmonella-specific B cells in the lymph node. 

Although DC-sampling may be one route for bacterial entry, most invading Salmonella 

cross the epithelium via transcytosis through M cells. This route allows immediate access 

of the bacteria to the Peyer’s Patches that lie beneath the M cells. Therefore the B cell-rich 

Peyer’s Patches form another likely anatomic site where Salmonella will initially encounter 

B cells. B cell follicles in other sites of the gut associated lymphoid tissue may also play a 

role. Salmonella-specific B cells will phagocytose the whole bacterium via their specific 

BCR. Phagocytosis provides an intracellular survival reservoir for Salmonella, hiding for 

other immune cells. Subsequently, Salmonella can be excreted in the lamina propria and 

infect other cells to sustain the local survival reservoir. Alternatively, activated B cells 

that have phagocytosed Salmonella will migrate to mesenteric lymph nodes or spread 

via blood to spleen and liver. Both actions have consequences for Salmonella infection.

At the border of the B and T cell zone, activated B cells that have processed Salmonella 

antigen can activate CD4+ T helper cells (Figure 2). This B-T cell interaction induces T cell 

differentiation towards Th1, Tfh and a plastic Th1/Tfh intermediate. Alternatively, naive 

Th cells have been activated by DCs in the T cell zone and migrate to the B-T cell border, 

where they may receive further differentiation signals by the B cells. For memory CD4+ 

T cells, it less clear. Recently it was postulated that central memory CD4+ T cells also 

reside at the B-T border,114 where they may become reactivated by Salmonella-infected 

B cells during reinfection. Salmonella-specific activated T cells interact with Salmonella-

specific B cells to induce further B cell differentiation. B cells having received further 

differentiation signals next migrate into the B cell follicle and start germinal center 

formation. Activated Tfh cells that express CXCR5 and PD-1 may migrate into the germinal 
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center. Here, Tfh cells may provide 

further help in Salmonella-specific 

antibody production, among others 

via IL-21 secretion. Further B cell 

differentiation and migration away 

from the GC may lead to excess IL-

21. IL-21 production then negatively 

regulates differentiation of Tfh and 

other Th subsets via inhibition of 

IL-2 transcription. This negative 

feedback loop results in loss of 

effector functions of the Tfh cell and 

may for a safety loop to return to 

homeostasis after infection.

Spreading of Salmonella-infected 

B cells causes systemic spreading 

of Salmonella. Excretion of the 

living bacteria leads to infection 

of other cells (Figure 1). DCs and 

B cells however, will cross-present 

Salmonella antigens and elicit a CD8+ CTL response which kills Salmonella infected 

cells. IFN-γ, produced by activated CD4+ T helper cells, helps macrophages to destroy 

Salmonella. Additionally, IL-17 secretion will lead to activation of neutrophils, which 

will help to also clear Salmonella. Finally, antibodies secreted by B cells will opsonize 

extracellular Salmonella and further enhance clearance of the pathogen (Figure 1).

Together our data show that phagocytosis of Salmonella by B cells may generate a survival 

niche and transport vehicle for Salmonella, but that simultaneously Salmonella-infected 

B cells induce an optimal anti-Salmonella response through activation of multiple arms 

of the adaptive immune response. This thesis thus forms a clear example how pathogens 

and the eukaryotic immune system have coevolved. It enables transient survival of the 

pathogen within the host, while simultaneously eliciting integrated pathogen-optimized 

immune responses that eventually clear the pathogen while minimizing host damage. 

Figure 2. B and T cell interaction in the germinal center. 
Salmonella-infected B cells interact with Th cells at the border 
of the T and B cell zone. Cross talk results in Th differentiation 
towards Tfh and Th1. B cells migrate into the follicle and form 
a germinal center (GC). CXCR5 and PD-1 expressing Tfh migrate 
into the GC, providing B cell help via IL-21. B cells become 
antibody secreting cells (ASC). In the absence of activated B 
cells, excess IL-21 affects further Th differentiation by inhibiting 
IL-2 transcription, resulting in loss of cytokine secretion and 
downmodulation of Th activation.
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