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Abstract

Although cognate encounters between CCR7-expressing antigen-bearing dendritic cells (DCs) and 

CCR7+ naïve T cells take place within the T cell zone of lymph nodes, it is unknown whether co-

localization of the DCs and T cells within the T cell area is obligate for effector generation. Here, 

we show that, following nematode infection, antigen-bearing DCs and CD4+ T cells upregulate 

CXCR5 and co-localize in a CXCL13, B cell and lymphotoxin-dependent fashion outside of the T 

zone. Importantly, lymphotoxin-expressing B cells, CXCL13 and CXCR5-expressing DCs and T 

cells are also necessary for development of interleukin 4 (IL-4) producing TH2 cells, suggesting 

that TH2 differentiation can initiate outside of the T cell zone.

Introduction

According to the current paradigm1,2 naïve CCR7+ T cells and antigen-bearing mature 

CCR7+ dendritic cells (DCs) enter lymph nodes (LNs) and migrate in a CCL19-dependent 

fashion to the T cell zone where antigen-specific encounters and T cell priming takes place. 

However, plt/plt mice3 which lack the CCR7 ligands, CCL19 and CCL21a, can make 

normal or even enhanced CD4+ T cell responses4,5, suggesting that DC-dependent priming 

of some CD4+ T cell responses may occur outside the T zone. Indeed, emerging evidence 

suggests that T cells and DCs may also have the opportunity to engage one another in the B 

cell area. For example, T follicular helper (TFH) cells6–8 and some DCs in the marginal zone 

of the spleen9 and the dermis of the skin10 express CXCR5 and localize near the CXCR5+ B 
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cells and the stromal-derived follicular dendritic cells (FDCs)11,12, and marginal reticular 

cells (MRCs)13. These stromal cell subsets, which are located below the subcapsular sinus 

(SCS), within the B cell follicles and in the inter- and perifollicular regions between the B 

cell follicles, express CXCL13 and can attract or retain CXCR5-expressing cells. Although 

it makes sense that TFH development, which is dependent on antigen-presenting DCs and B 

cells14–16, might take place near B cell follicles, it is less obvious whether other types of 

CD4 effector responses can be initiated in the B cell area of the LN.

Here we show that a population of CXCR5-expressing DCs that migrate to the LN and 

localize adjacent to B cell follicles are induced in mice infected with the intestinal nematode, 

Heligmosomoides polygyrus (Hp). Deletion of CXCR5 in either DCs or the CD4+ T cells 

prevents the co-localization of the DCs and CD4+ T cells near the B cell area and impairs 

both TFH and TH2 effector development. Interestingly, lymphotoxin (LT)-expressing B cells 

control CXCL13 transcription and regulate the CXCL13-dependent positioning of the DCs 

and T cells in the LN. Most importantly, TH2 effector responses in the LN and peripheral 

tissues are substantially impaired in mice treated with therapeutics that either cause transient 

B cell depletion or that block LT or CXCL13 signaling. Thus, Hp-induced IL-4-expressing 

TFH and TH2 effector cell responses are initiated in a CXCL13, LT and B cell dependent 

fashion within an specialized microenvironment outside of the T zone.

Results

Hp infection alters DC chemokine receptor expression

Mature DCs typically localize within the T cell zone of the LN17,18. However CXCR5+ DC 

populations have been identified and found to localize near B cell follicles9,10. To determine 

whether we could detect DCs that preferentially localize near B cells following different 

types of infections, we determined the localization of the DCs in either the mediastinal LN 

(medLN) of influenza-infected C57BL/6J (B6) mice or the mesenteric LN (mesLN) of mice 

infected with the nematode Hp. As expected, CD11c+ DCs were predominantly found in the 

T cell areas of the uninfected animals (Fig. 1a). Similarly, medLN CD11c+ DCs from 

influenza-infected mice were also found primarily in the T cell area (Fig. 1a). By contrast, 

CD11c+ DCs in the mesLNs of Hp-infected mice were observed below the SCS, in the 

interfollicular areas and at the T:B border (Fig. 1a,b). Thus, DCs accumulate in different 

regions of the LN following influenza and Hp infections.

Given the unexpected positioning of the CD11c+ cells within the mesLN of Hp-infected 

mice, we phenotypically and functionally characterized the CD11c+ DCs in the LN on day 8 

– at the peak of the DC response (Supplementary Fig. 1a). We identified two major 

populations of DCs – the MHCII+CD40hiCD11cintDEC205+ mature DCs and the 

MHCIIloCD40loCD11chiDEC205− immature DCs (Fig. 2a,b). As expected, the number of 

the mature mesLN DCs increased 8–10 fold following Hp infection (Supplementary Fig. 

1a). Importantly, we identified similar migratory DC subsets in the medLN of influenza-

infected mice19 (Supplementary Fig. 1b-i).

Since the MHCII+CD11cintCD40hiDEC205+ DCs in the medLN of influenza-infected mice 

present influenza antigens19, we postulated that the corresponding DCs in the mesLN of Hp-
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infected mice would present Hp antigens to T cells. We therefore sorted MHCII+CD11cint 

mature DCs and MHCIIloCD11chi immature DCs from the mesLN of day 8 Hp-infected 

mice, co-cultured them with CD4+ T cells purified from mesLN of day 5 Hp-infected IL-4 

reporter mice20 and measured the in vitro expansion of the IL-4 mRNA expressing (EGFP+) 

T cells. Approximately 10% of the input CD4+ T cells expressed EGFP before culture with 

DCs (Fig. 2c). The EGFP+ T cells expanded 10-fold when co-cultured with mature DCs 

from Hp-infected mice (Fig. 2c,d), suggesting that these phenotypically mature DCs are 

competent to present Hp antigen and expand Hp-specific CD4+ T cells.

Next, we compared CCR7 and CXCR5 expression on immature (MHCIIloCD11chiCD40lo) 

and mature (MHCII+CD11cintCD40hi) DCs from the mesLNs or medLNs of uninfected, 

influenza-infected or Hp-infected mice. As expected, the vast majority of the immature DCs 

were CCR7 and CXCR5 negative (Fig. 2e). However, ~80% of the mature DCs from the 

uninfected medLN and mesLNs and from the medLN of influenza-infected mice (Fig. 2f-h) 

expressed CCR7. By contrast, only 25–30% of the mature DCs from the mesLNs of Hp-

infected mice expressed detectable amounts of CCR7 (Fig. 2g,h). Instead, the majority of 

these DCs expressed CXCR5 (Fig. 2g,h), either alone or in combination with CCR7 

(Supplementary Fig. 2a).

To determine whether mature DCs from Hp-infected mice were altered in their ability to 

respond to CCR7 and CXCR5 ligands, we performed in vitro chemotaxis assays. Immature 

DCs did not migrate to CCL19 or CXCL13 (Fig. 2i), while mature LN DCs from uninfected 

or influenza-infected mice responded to CCL19, but only marginally to CXCL13 (Fig. 2j). 

Conversely, mature DCs from Hp-infected mice exhibited increased migration to CXCL13 

and diminished migration to CCL19 (Fig. 2j). In fact, the percentage of mature DCs capable 

of migrating to CCL19 declined from 22% to 8% following Hp infection while the 

percentage of DCs that migrated to CXCL13 more than doubled from 3% to 8% 

(Supplementary Fig. 2b). Not surprisingly, given the lower CXCL13 expression in mature 

DCs relative to B cells (Supplementary Fig. 2c), the mature DCs from Hp-infected mesLNs 

did not migrate as effectively to CXCL13 as the B cells from the same LN (Supplementary 

Fig. 2d-e). Regardless, the antigen-bearing migratory mesLN DCs from Hp-infected mice 

clearly exhibited altered responsiveness to chemokines that control the positioning of cells 

within the LN.

TH2 responses to Hp are regulated by CXCL13 but not CCL19

Given the altered responsiveness of the mature DCs from Hp-infected mice to CCL19 and 

CXCL13, we postulated that the development of TH2 responses to Hp might be less reliant 

on CCR7 ligands and more dependent on CXCR5 ligands. To test this hypothesis, we first 

evaluated T cell responses in Hp-infected CCL19-deficient plt/plt mice. As expected3, the 

number of mature DCs was decreased in the mesLN of naïve plt/plt mice (Supplementary 

Fig. 3a,b). However, by 8 days post-Hp infection, the frequencies and numbers of immature 

and mature mesLN DCs were equivalent between the B6 and plt/plt mice (Fig. 3a,b). 

Furthermore, the DCs in both groups of mice were found below the SCS and in the 

interfollicular areas (Fig. 3c). More importantly, both the frequency and number of CD4+ T 

cells that produced IL-4 following restimulation were almost identical in the plt/plt and B6 
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mice (Fig. 3d,e), indicating that CCL19 was not required for Hp-dependent TH2 

development.

Next, we treated mice with control or CXCL13-specific antibodies at the time of Hp 

infection and examined the DC and T cell response 8 days later. CXCL13 blockade had no 

effect on LN cellularity or on the number of immature and mature DCs in the reactive LN 

(Fig. 3f). However, DCs in anti-CXCL13-treated mice localized within the T cell area rather 

than near the B cell follicles (Fig. 3g). Despite the presence of the DCs in the T zone of the 

anti-CXCL13 treated mice, the frequency and number of mesLN CD4+ T cells that produced 

IL-4 following restimulation were significantly decreased (Fig. 3h,i). Similar results were 

observed in Hp-infected Cxcl13−/− (ref. 21) and Cxcr5−/− mice22 (Fig. 3h,i). Interestingly, 

the frequency and number of IL-4 producing TH2 cells present in a peripheral site, the 

peritoneal cavity (PEC), were also significantly decreased in the anti-CXCL13 treated group 

(Fig. 3j,k). By contrast, anti-CXCL13 treatment did not impair the development of IFN-γ-

producing TH1 cells following influenza infection (Fig. 3l,m). Therefore, although CXCL13 

is important for the development of a Hp-specific TH2 response in the LN and periphery, it 

is dispensable for the development of a TH1 response to influenza.

CXCR5+ DCs regulate Hp-induced TH2 development

To test whether TH2 responses to Hp are dependent on CXCR5-expressing DCs, we 

reconstituted irradiated B6 recipients with an 80:20 mix of bone marrow (BM) from CD11c-

diphtheria toxin receptor mice (CD11c-DTR)23 and Cxcr5−/− mice (DC-Cxcr5−/− chimeras 

– Supplementary Fig. 4) or with an 80:20 mix of BM from CD11c-DTR mice and B6 mice 

(DC-WT chimeras – Supplementary Fig. 4). Following reconstitution, we treated both 

groups with diphtheria toxin (DT) to ablate the CD11c+ cells derived from the CD11c-DTR 

BM. We then transferred purified naïve CD4+ T cells from B6.CD45.1+ mice into both 

groups of chimeras and infected the mice with Hp. Although the frequency (Fig. 4a) and 

number (not shown) of mesLN DCs were similar in both groups of mice, the majority of 

responding DCs remaining in the DT-treated Hp-infected DC-WT chimeras expressed 

CXCR5, while the responding DCs from DC-Cxcr5−/− chimeras were largely CXCR5 

negative (Fig. 4b). DCs from Hp-infected DC-WT chimeras were positioned in the 

interfollicular regions (Fig. 4c), whereas DCs from Hp-infected DC-Cxcr5−/− chimeras 

accumulated mostly in the T zone (Fig. 4c). Interestingly, the frequency and number IL-4 

producing wild-type CD45.1+ CD4+ T cells present in the mesLN (Fig. 4d,e) and PEC (Fig. 

4f,g) of the DC-Cxcr5−/−chimeras were significantly decreased relative to those in DC-WT 

chimeras. Thus, CXCR5 expression by CD11c+ cells controlled the positioning of DCs 

within the infected LN and was also necessary for the development of maximal TH2 

responses in LN and peripheral sites.

TFH and TH2 development requires CXCR5+ T cells

Our data suggested that Hp-induced TH2 responses might also be dependent on a CXCR5-

expressing T cell population. To address this possibility, we examined CXCR5 expression 

on TFH and TH2 cells from day 8 Hp-infected IL-4 reporter mice. Using PD-1 we 

subdivided the IL-4 committed (EGFP+) CD44hiICOS+ CD4+ T cells into PD-1hi TFH and 

PD-1lo TH2 subpopulations (Fig. 5a). As expected, PD-1lo TH2 cells produced both IL-4 
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(Fig. 5b) and IL-13 (Supplementary Fig. 5a) following restimulation and were found in 

peripheral sites like the PEC (Supplementary Fig. 5b). By contrast the PD-1hi TFH 

population was not detected in the PEC of Hp-infected mice (Supplementary Fig. 5b) or in 

the LNs of Hp-infected B cell-deficient IL-4-reporter mice (Supplementary Fig. 5c). None 

of the restimulated PD-1hi TFH cells produced IL-13 (Supplementary Fig. 5a) and only a 

small fraction made IL-4 (Fig. 5b). However, as expected, PD-1hi TFH cells expressed 

abundant CXCR5 and intracellular Bcl6 (Fig. 5c,d and Supplementary Fig. 5d). 

Surprisingly, the EGFP+PD-1lo TH2 cells in the mesLN also expressed CXCR5 and Bcl6, 

albeit in lower amounts than observed in the TFH cells (Fig. 5c,d and Supplementary Fig. 

5d).

Since both TFH and TH2 cells in Hp-infected mesLNs expressed CXCR5, we expected to 

find these cells localized in a CXCL13-dependent fashion near B cell follicles. Using anti-

CD8 to define the T cell zone and anti-B220 to define B cell follicles, we first examined the 

positioning of the CD4+ T cells and CD11c+ DCs in Hp-infected mesLNs. Some CD4+ T 

cells co-localized with the CD8+ T cells in the T zone. However, unlike the CD8+ T cells, 

CD4+ T cells were also present in the perifollicular area and B cell follicles (Fig. 5e). 

Following anti-CXCL13 treatment, CD4+ T cells no longer accumulated in the perifollicular 

region and instead accumulated in the T cell area (Fig. 5f). Despite anti-CXCL13 treatment 

facilitating co-localization of the CD4+ T cells and DCs in the T zone, the numbers of 

ICOS+PD-1hi TFH cells (Fig. 5g) and IL-4-producing ICOS+PD-1lo TH2 cells (Fig. 5h) were 

significantly decreased.

To address whether CXCR5-expressing T cells are necessary for Hp-induced TH2 and TFH 

development, we reconstituted irradiated B6.CD45.1+ recipients with a 50:50 mixture of 

B6.CD45.1+ BM and Cxcr5−/− (CD45.2+) BM (Supplementary Fig. 6). We infected the 

reconstituted chimeric mice with Hp and determined the frequencies of B6 (CD45.1+) and 

Cxcr5−/− (CD45.2+) cells within the mesLN and PEC on day 8 post-infection. The 

percentages of total B6 and Cxcr5−/− mesLN cells were equivalent in the chimeras (Fig. 5i) 

and the frequencies of naïve CD44loCD4+ T cells from both genotypes were identical (Fig. 

5j). However, the percentages of Cxcr5−/− ICOS+PD-1hi TFH cells and Cxcr5−/− 

ICOS+PD-1lo effectors were significantly decreased compared to the equivalent populations 

of B6 cells (Fig. 5j). Strikingly, the percentages of IL-4-producing Cxcr5−/− CD4+ T cells in 

the mesLN (Fig. 5k) and PEC (Fig. 5l) were also significantly lower than the percentage of 

IL-4-producing B6 T cells in these tissues. Therefore, optimal development of LN TFH 

responses and LN and peripheral TH2 responses to Hp were dependent on a CXCR5-

expressing T cell population.

B cell depletion impairs TFH and TH2 development

Given that CXCR5 expression by both CD4+ T cells and DCs was required for maximal TFH 

and TH2 responses to Hp, we reasoned that co-localization of B cells with DCs or CD4+ T 

cells may be necessary for optimal TH2 generation. To test this, we treated B6 mice with 

control antibody or B cell depleting anti-CD20 4 days before infection with Hp and, on day 

8 post-infection, we evaluated the architecture of the mesLN and the CD4+ T cell response. 

In control mice, DCs and CD4+ T cells were positioned in close proximity to the B cells 
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(Fig. 6a and Supplementary Fig. 7). By contrast, in the anti-CD20–treated group, B cell 

follicles were ablated (Fig. 6b) and the DCs and CD4+ T cells were disorganized and found 

throughout the LN (Fig. 6a,b and Supplementary Fig. 7). As expected, the number of 

ICOS+PD-1hi TFH cells was significantly reduced in B cell-depleted mice (Fig. 6c). 

However, the frequencies and numbers of ICOS+PD-1lo IL-4 (Fig. 6d,e) and IL-13-

producing (Supplementary Fig. 8a,b) TH2 cells in the LN (Fig. 6d,e) and IL-4+ CD4+ T cells 

in PEC (Supplementary Fig. 8c,d) were also significantly decreased in B cell-depleted mice. 

Similar results were observed in Hp-infected MD4μMT mice, which express a monoclonal 

repertoire of transgenic B cells specific for an irrelevant antigen (Supplementary Fig. 8e-g). 

As a control, we also infected anti-CD20 treated, B cell-depleted mice with influenza and 

determined the number of nucleoprotein (NP)-specific ICOS+PD-1hi TFH and ICOS+PD-1lo 

effector T cells in the medLN on day 8. Although B cell depletion suppressed the NP-

specific TFH response (Fig. 6f), it had no effect on the day 8 NP-specific IFN-γ-producing 

CD4+ TH1 response (Fig. 6g,h). Thus, B cells and CXCL13 were dispensable for the 

development of a primary TH1 response to influenza, but necessary for the generation of an 

optimal TH2 response to Hp.

LT regulates CXCL13 expression and TH2 development

CXCL13 expression by stromal cells in the spleen is controlled by lymphotoxin (LT)-

expressing B cells24. To address whether LT-expressing B cells might regulate the CXCR5-

dependent TH2 response by controlling CXCL13 expression in the mesLNs, we first 

examined membrane LT expression in the mesLNs following Hp infection. Although LT 

was only marginally expressed by mesLN T cells (Supplementary Fig. 9a), LT was detected 

on a fraction of mesLN B cells from uninfected mice (Fig. 7a) and was upregulated 

following Hp infection (Fig. 7b) on activated (FAS+PNAlo) and PNAhiFAS+ germinal center 

B cells (Supplementary Fig. 9b). Interestingly, neither non-specific B cells from BCR 

transgenic MD4μMT mice (Fig. 7c) nor B cells from DC-depleted CD11c-DTR mice (Fig. 

7d) upregulated LT following Hp infection.

Next, to determine whether CXCL13 expression in the LNs of Hp-infected mice was 

controlled by LT or B cells, we treated mice with anti-CD20 or with a blocking LTβR-Fc 

fusion protein, infected the mice with Hp and quantified CXCL13 mRNA in the mesLN. 

CXCL13 expression in the mesLNs was significantly lower in B cell-depleted and in LTβR-

Fc-treated mice compared to controls (Fig. 7e).

Finally, we treated mice with LTβR-Fc at the time of Hp infection and then examined the 

positioning of DCs and CD4+ T cells in the LN and the development of the Hp-induced TH2 

response. Neither the frequency nor the number of mature DCs was affected by the LTβR-Fc 

treatment (Fig. 7f,g). Although LTβR-Fc treatment did not ablate the B cell follicles (Fig. 

7h,i), DCs and CD4+ T cells in the LTβR-Fc-treated mice no longer accumulated in the 

interfollicular areas and were instead found mostly in the T cell areas of the LN (Fig. 7h,i 

and Supplementary Fig. 10). Furthermore, the number of IL-4-producing T cells was 

significantly reduced in the LTβR-Fc treated Hp-infected mice compared to controls (Fig. 

7j). Thus, CXCL13, B cells and LT were each required for the proper positioning of DCs 
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and T cells near the B cell follicles following Hp infection and were also required for 

optimal TH2 development.

B cell-derived LT controls TH2 responses to Hp

Collectively, our data suggested that LT, produced by B cells, regulates CXCL13 

expression, and thereby controls the positioning of DCs and T cells within the mesLN and 

the development of an Hp-specific TH2 response. To test this model, we generated 80:20 

mixed BM chimeras in which B cells were either LT-deficient25 (B-Lta−/− chimeras) or LT-

sufficient (B-WT chimeras) (Supplementary Fig. 11). We infected the chimeric mice with 

Hp and evaluated the DC response, CXCL13 expression and the TH2 response in the mesLN 

on day 8 post-infection. The numbers of mature and immature DCs in the mesLN of Hp-

infected B-Lta−/− chimeras were equivalent to those found in B-WT chimeras (Fig. 8a,b). 

While DCs from Hp-infected B-WT chimeras were found adjacent to the B cell follicles 

(Fig. 8c), DCs from B-Lta−/− chimeras largely accumulated in the T cell area with the CD4+ 

T cells (Fig. 8d). Consistent with these results, CXCL13 mRNA expression was reduced in 

Hp-infected B-Lta−/− chimeras relative to that in B-WT chimeras (Fig. 8e). Furthermore, the 

frequency and number of CD4+ T cells able to produce IL-4 following restimulation were 

significantly less in B-Lta−/− chimeras compared to those in B-WT chimeras (Fig. 8f,g). 

Taken altogether, these data argue that Hp-induced TH2 and TFH responses develop in a 

CXCL13-dependent manner outside of the T cell zone and are regulated by CXCR5-

expressing DCs and LT-expressing B cells.

Discussion

Although current models suggest that naïve T cells are first primed by antigen-bearing DCs 

in the T cell zone17,26,27, we show that optimal development of Hp-induced TFH and TH2 

cells requires CXCR5, CXCL13 and LT and appears to take place outside of the T zone, 

adjacent to B cell follicles. In fact, anti-CXCL13 and LTβR-Fc treatment, which impair TH2 

development to Hp, do not prevent co-localization of the CD4+ T cells and DCs in the T 

zone, but do prevent these cells from accumulating near the B cell follicles. Thus, TH2 

responses to Hp are not only dependent on DC:T cell interactions but are also controlled by 

the microenvironment where these interactions occur.

The data indicate that expression of CXCR5 by DCs is required for optimal TFH and TH2 

responses to Hp. Although activated DCs typically upregulate CCR7 (ref. 18), we found 

very few CCR7+CXCR5− DCs following Hp infection. Instead, we identified populations of 

CXCR5+CCR7− and CXCR5+CCR7+ mature DCs. Some of these DCs are responsive, at 

least in vitro, to CCL19 and CXCL13. Although these Hp-induced DCs are less responsive 

to CXCL13 than B cells, the DCs are also less responsive to CCL19 than the “prototypic” 

mature DCs from influenza-infected mice. This dual, but modest, responsiveness to CCR7 

and CXCR5 ligands appears sufficient for the migratory DCs to reach the LN. However, 

once the DCs enter the LN through the SCS, the DCs first encounter CXCL13 that may 

provide a retention signal and prevents the DCs, which are only modestly responsive to 

CCL19, from migrating to the T cell area. CXCR5-expressing DCs were previously 

identified in the marginal zone of the spleen and the dermis of the skin9,10. While the 
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function of these DCs was not evaluated, the CXCR5+ skin-derived DCs responded to 

CXCL13 and migrated to the B cell area of the LN upon adoptive transfer10. Furthermore, 

the marginal zone CXCR5+ DCs disappeared in mice lacking B cells or LT9. Thus, these 

splenic and skin-derived populations of DCs may be quite similar to the CXCR5-expressing 

DC population induced upon Hp infection.

CXCR5 expression by T cells is also required for optimal TFH and TH2 responses to Hp. 

Although TFH cells express CXCR5 (refs. 6–8), a role for CXCR5 in TH2 development has 

not been evaluated. We found a population of CXCR5 and Bcl6-expressing mesLN T cells 

that also exhibited the phenotypic and functional hallmarks of bona fide IL-4 and IL-13 

committed TH2 cells28. Given that both the TFH and TH2 cells in the mesLNs of Hp-infected 

mice express IL-4 mRNA and Bcl6 and require B cells and CXCL13 for their optimal 

development, it appears that Hp-induced TFH and TH2 cell differentiation are linked. In 

support of this conclusion, TFH and TH2 cells responding to Schistosoma mansoni egg 

antigens are reported to arise from a common precursor29. Similarly, it was recently reported 

that TH1 differentiation is marked by a TFH cell-like transition30. Our data further argue that 

the development of this common TFH-TH2 precursor is controlled, in part, by the unique 

microenvironment in which the cells are located. We speculate that naïve Hp-specific T cells 

that enter the LN near B cell follicles are detained at this site by the CXCR5+ antigen-

presenting DCs and are directed to activate the transcription networks that control TFH
7, 8 

and TH2 differentiation28. T cells that receive reinforcing signals from the nearby antigen-

presenting B cells can maintain expression of Bcl6 and CXCR5 and become fully committed 

TFH cells14–16 that retain their capacity to produce IL-4 (refs. 29,31). By contrast, those T 

cells that do not interact with antigen-presenting B cells lose Bcl6 and CXCR5 

expression14–16 and become fully committed TH2 cells that can eventually leave the LN and 

migrate peripheral effector sites.

One unique feature of the microenvironment where TFH and TH2 cells develop is the 

presence of B cells. Our data showing that B cells regulate TH2 and TFH development 

following Hp infection are consistent with results showing that B cells maintain TFH 

responses14–16, regulate the magnitude of primary TH2 responses32–35 and facilitate the 

development and maintenance of memory TH2 cells32,34. Our data show that one way in 

which B cells modulate the development of TFH and TH2 effectors is by ensuring that 

CXCL13 is abundantly expressed in the B cell area of the reactive LN, thereby enhancing 

the retention of the CXCR5+ DCs and CD4+ T cells in this location. Given our data showing 

that B cells control CXCL13 abundance in a LT-dependent fashion in the LN, we speculate 

that the LT-expressing B cells communicate with the nearby LTβR-expressing stromal 

cells24,36–38 and induce these cells to produce more CXCL13, allowing for more effective 

retention of the CXCR5-expressing DCs. This infection-induced response in the LN appears 

similar to the homeostatic feedback loop by which LT-expressing B cells organize the T cell 

area and the CXCL13-expressing FDCs in the spleen21,39.

It is not immediately obvious why TFH and TH2 dependent responses to Hp are more 

effective when T cells and DCs co-localize in the perifollicular area, rather than in the T cell 

zone. One possibility is that B cells that present antigen and express cytokines or 

costimulatory molecules may be needed to drive TH2 and TFH cell differentiation. 
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Alternatively, other cells, such as macrophages that line the SCS and transfer antigens to B 

cells, also populate the perifollicular area40,41 and may contribute to the process. It is also 

possible that IL-4 producing cells such as mast cells28, which can express CXCR5 (ref. 42), 

may be able to interact with T cells in the B cell area. Finally, CXCR5+ DCs may receive 

additional conditioning signals from the nearby B cells, FDCs or MRCs, that will direct the 

DCs to induce IL-4 and Bcl6 expression in the responding T cells. Each of these possibilities 

will need to be addressed.

Collectively, our results support a model of DC-driven CD4+ T cell differentiation in which 

pathogen-derived signals instruct DCs to upregulate CXCR5, migrate to a unique 

microenvironment in the LN and initiate TFH and TH2 development. Although we do not 

know whether this model is applicable to all TH2 responses, we recently found that TH2 

responses in Leishmania major-infected BALB/c mice are controlled in a similar CXCR5 

and CXCL13-dependent fashion (B. Leon and F. Lund, unpublished). Finally, and perhaps 

most importantly, our data suggest that some TH2 responses may be attenuated with 

therapeutics that deplete B cells or block CXCL13 or LT signaling.

Methods

Mice and infections

All animals were bred within the University of Rochester Animal Facilities and all 

procedures were approved by the the University of Rochester Animal Care and Use 

Committee. C57BL/6J (B6), B6.SJL-PtprcaPepcb/BoyJ (CD45.1+ B6 congenics), 

B6.129S2-Ighmtm1Cgn/J (μMT), B6.FVB-Tg(Itgax-DTR/EGFP)57Lan/J (CD11c-DTR), 

B6.129X1-Cxcl13tm1Cys/J (Cxcl13−/−), B6.129S2(Cg)-Cxcr5tm1Lipp/J (Cxcr5−/−), 

C57BL/6J-Ltahlb382/J (Lta−/−) were originally obtained from Jackson laboratory. B6.129-

Il4tm1Lky/J (B6 4get IL-4 reporter mice) and B6.129-Il4tm1Lky/J.IgHmtm1Cgn/J (4getμMT), 

were obtained from M. Mohrs (Trudeau Institute), C57BL/6-Tg(IghelMD4)4Ccg/

J.IgHmtm1Cgn/J (MD4μMT) mice were obtained from J. Kearney (Univ. Alabama-

Birmingham) and B6N.DDD-plt/NknoJ (plt/plt) mice were obtained from J. Cyster (Univ. 

California-San Francisco). Adult mice were infected by gavage with 200 L3 Hp larvae or 

intranasally with 0.1 LD50 of influenza H3N2 A/X31.

BM chimeras

Recipient mice were irradiated with 950 Rads from a 137Cs source delivered in a split dose 

and reconstituted with 107 total BM cells. To generate CD11c-DTR BM chimeras B6 

recipients were reconstituted with 100% CD11c-DTR BM. To generate DC-Cxcr5−/− and 

DC-WT chimeras, B6 recipients were reconstituted with either 80% CD11c-DTR BM + 

20% Cxcr5−/− BM or 80% CD11c-DTR BM + 20% B6 BM. To generate B-Lta−/− and B-

WT chimeras, μMT recipients were reconstituted with 80% μMT BM + 20% Lta−/− BM or 

80% μMT BM + 20% B6 BM. To generate B6:Cxcr5−/− 50:50 mixed BM chimeras, 

CD45.1+ B6 congenic recipients were reconstituted with 50% CD45.1+ B6 BM and 50% 

Cxcr5−/− BM. Experiments were initiated with the chimeric mice 8–12 weeks post-

reconstitution.
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In vivo depletion and blocking studies

To block LTβR signaling in vivo, mice were treated i.p. at the time of infection, with 100 μg 

of either LTβR-Ig fusion protein43 (Biogen Idec) or control human Ig protein. To block in 

vivo CXCL13 activity, mice were injected (i.p.) at the time of infection with either 200 μg 

anti-mouse CXCL13 (clone 43614, R&D Systems) or isotype control antibody. To deplete 

CD20+ B cells, mice were injected i.p. 4 days before infection with 250 μg of mouse anti-

mouse CD20 (ref. 44) (clone 18B12, IgG2a isotype, Biogen Idec) or isotype control 

antibody (clone 2B8). To deplete CD11c+ cells in vivo, CD11c-DTR BM chimeras were 

treated with 60 ng DT (Sigma-Aldrich) and then immediately infected. Mice received 

additional injections of DT on day 3 and 5.

Cell preparation and flow cytometry

Cells, isolated from the LNs, spleen or peritoneal cavity were pre-incubated with anti-mouse 

CD16/32 (5 μg/ml; clone 2.4G2, BD-Biosciences) and then stained with fluorochrome-

conjugated Abs. Conjugated antibodies to CD205 (NLDC-145), CD11c (HL3), B220 

(RA3-6B2), CD19 (1D3), CD40 (3/23), MHCII (AF6-120.1), CD4 (GK1.5), CD44 (IM7), 

CCR7 (4B12), CXCR5 (2G8), PD-1 (J43), ICOS (7E.17G9), CD45.1(A20) and CD45.2 

(104) were purchased from from Cedarlane Laboratories (CD205) or BD-Biosciences (all 

others). The I-A(b)class II tetramers containing NP311–325 peptide were generated by NIH 

Tetramer Core Facility (Atlanta, GA). For intracellular staining, LN single-cell suspensions 

were stimulated on anti-CD3-coated plates (2 μg/ml) in the presence of Brefeldin-A (BFA, 

10 μg/ml) for 4 h. Restimulated cells were surface stained, fixed in 4% paraformaldehyde, 

permeabilized with 0.1% saponin, and stained with Abs against IL-4 (BVD4-1D11), IL-13 

(13A) or IFN-γ (XMG1.2) (BD-Biosciences). Bcl6 (clone K112-91, BD-Biosciences) 

intracellular staining was performed using the Mouse regulatory T cell staining kit 

(eBioscience). To detect LT, cells were stained with LTβR-Ig or human Ig control protein, 

followed by conjugated Fab’2 anti-human IgG, mouse absorbed Abs (Southern 

Biotechnology Associates, Inc.). In some experiments cells were preincubated with 

unconjugated anti-LTβ antibody (BBF6; Biogen Idec) to inhibit LTβR-binding to LT. Cells 

were analyzed using FACSCanto II (BD-Biosciences) and C6 (Accuri) Flow Cytometers 

located in the University of Rochester Flow Cytometry Core Facility.

Cell purifications, T cell transfers and in vitro cultures

DCs from pooled LNs were purified on LS columns using anti-CD11c MACs beads 

(Miltenyi Biotec) and then stained with fluorochrome-labeled Abs to MHCII (AF6-120.1), 

B220 (RA3-6B2) and CD11c (HL3). DC subsets were purified using a FACSAria sorter in 

the Univ. of Rochester Flow Cytometry Core. CD4+ T cells were isolated by MACs from 

the spleens of naïve CD45.1+ B6 congenics or from the mesLNs of Hp-infected IL-4 

reporter mice (day 5 post-infection). All T cell preparations were more than 95% pure. 

CD45.1+ B6 naïve T cells (1 x 107/mouse) were injected (i.v.) into BM chimeric mice that 

were subsequently infected with Hp. 2 x 104 DCs and 1 x 105 CD4+ T cells purified from 

mesLNs of Hp-infected or uninfected mice were co-cultured in round-bottomed 96-well 

plates for 96 h at 37°C in 200 μl of complete medium containing RPMI 1640m sodium 
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pyruvate, HEPES (pH 7.4), non-essential amino acids, penicillin, streptomycin, 2-

mercaptoethanol and 10% heat-inactivated FBS (Gibco).

Migration assays

CXCL13 (1 μg/ml) or CCL19 (0.1 μg/ml) in RPMI-1% FBS (R&D Systems) was added to 

the bottom chamber of 24-well transwell plates (polycarbonate filter with 5 μm pore, 

Costar). DCs or B cells (1 × 105 cells/transwell) were added to the upper chamber and 

incubated at 37°C for 90 min. Transmigrated cells were collected from the lower chamber, 

stained and counted on a flow cytometer, using Accuri C6 CFlow software. Results are 

represented as the mean ± SD of the chemotaxis index (CI) or as the percentage of input 

cells that migrated in the assay. The CI represents the fold increase in the number of 

migrated cells in response to chemoattractants over the spontaneous cell migration (to 

control medium).

Immunofluorescence

Frozen sections (5 μm), prepared from OCT (Sakura Finetek) embedded LNs,, were 

incubated with 10 μg/ml of Fc block and 5% normal donkey serum in PBS and then stained 

with FITC-labeled anti-CD11c (HL3), biotin-labeled anti-CD4 (L3T4), biotin-labeled anti-

CD8α (53-6.7) or Alexa Fluor 648-labeled anti-B220 (RA3-6B2). Primary antibodies were 

detected with Alexa Fluor 488 labeled goat anti-FITC and streptavidin–Alexa Fluor 555 

(Invitrogen Life Sciences). Slides were mounted with Slow Fade Gold Antifade 

(Invitrogen). Images were collected with a Zeiss Axioplan 2 microscope and recorded with a 

Zeiss Axiocam digital camera (Zeiss). The images were taken with a 20x objective for 200x 

final magnification. Images were collected using Zeiss Axiovision Image software and 

saved as JPEG files.

Real-time PCR

2 μg of DNase-treated RNA, extracted from mesLNs (RNeasy, QIAGEN), was reverse 

transcribed with random hexamers and Superscript II (Invitrogen). Quantitative PCR was 

performed using Taqman master mix and primers and probes for Cxcl13 (Applied 

Biosystems). All reactions were run on a Lightcycler 480 Real-time PCR System (Roche). 

Clxc13 mRNA abundance was determined and then normalized to Gapdh mRNA 

abundance. Data are reported as the fold-change in expression relative to mesLN cells from 

Hp-infected control mice. The data are represented as the average of three independent 

samples.

Statistical Analyses

GraphPad Prism software (Version 5.0a) was used for data analysis. Data were analyzed 

using the unpaired Student’s t test. Values of P ≤ 0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DCs migrate to the peri- and interfollicular areas of LNs following Hp infection
(a,b) B6 mice were infected by gavage with 200 L3 Hp or intranasally with 0.1 LD50 of x31 

influenza virus. Cryosections from the medLNs or mesLNs of uninfected or day 8 infected 

mice were stained anti-CD11c, anti-B220 and anti-CD21. The region within the box in panel 

(a) was enlarged in panel (b). Scale bar = 400 μm. All data are representative of three or 

more independent experiments.
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Figure 2. Hp antigen-bearing mature DCs express CXCR5 and display increased responsiveness 
to CXCL13 and reduced responsiveness to CCL19
(a,b) mesLN cells from day 8 Hp-infected B6 mice were analyzed by flow cytometry. Gated 

mature (mat) MHCII+CD11cint and immature (imm) MHCIIloCD11chi DCs (a) were 

analyzed for expression of DEC205 and CD40 ((b), filled histograms). Open histograms 

represent non-specific control staining. (c,d) CD4+ T cells from mesLNs of day 5 Hp-

infected IL-4 reporter (4get) mice were purified and co-cultured with total DCs (tot DCs) 

purified from uninfected (UI) mice or with sort-purified mature (MHCII+CD40hiCD11cint 

DCs) and immature (MHCIIloCD40loCD11chi) DCs isolated from the mesLNs of day 8 Hp-

infected mice. The population expansion (c) of IL-4 mRNA-expressing (EGFP+) CD4+ T 

cells was measured at 72 h and the fold increase (d) in EGFP+ CD4+ T cells was determined 

(mean ± SD n = 5). (e–h) MHCIIloCD40loCD11chi immature (e) and 

MHCII+CD40hiCD11cint mature (f–h) DCs from day 8 x31-infected mice (e,f), day 8 Hp-

infected mice (e,g) and uninfected mice (f–h) were analyzed by flow cytometry for 

expression of CCR7 and CXCR5. The frequency of positive cells is shown as the Mean ± 

SD (n = 4–5). (i,j) MHCIIloCD40loCD11chi immature (i) and MHCII+CD40hiCD11cint 
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mature (j) DCs from x31-infected and Hp-infected mice were analyzed in transwell 

chemotaxis assays using CCL19 or CXCL13 as chemoattractants. Data are expressed as the 

mean ± SD (n = 3) of the chemotaxis index (CI). The data are representative of at least three 

independent experiments. (*P<0.001)
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Figure 3. CXCL13, but not CCL19 or CCL21a, control DC positioning in the LN and Th2 
development following Hp infection
(a–e) B6 and plt/plt mice were infected with Hp and analyzed on day 8. The frequencies (a) 

and numbers (b) of MHCIIloCD11chi immature DCs and MHCII+CD11cint mature DCs in 

the mesLNs were determined. (c) Cryosections of mesLNs from Hp-infected mice were 

stained with anti-CD11c and anti-B220. Scale bar = 400 μm. (d–e) mesLN cells from Hp-

infected plt/plt or B6 mice were restimulated with anti-CD3 + BFA for 4 h. The frequencies 

(d) and numbers (e) of IL-4-producing CD4+ T cells were determined by ICCS. (f–m) B6 

mice were treated with 200 μg anti-CXCL13 or control antibody at the time of infection with 

Hp (f–k) or influenza x31 (l–m). Analyses were performed 8 days post-infection. (f) The 

numbers of total cells, MHCIIloCD11chi immature DCs and MHCII+CD11cint mature DCs 

in the mesLNs of Hp-infected mice were determined using flow cytometry. (g) Cryosections 

of mesLNs from Hp-infected mice were stained with anti-CD11c and anti-B220. Scale bar = 

400 μm. (h–k) Cells from Hp-infected Cxcl13−/− or Cxcr5−/− mice or anti-CXCL13-treated 

or control-treated B6 mice were restimulated with anti-CD3 + BFA for 4 h. The frequencies 

(h,j) and numbers (i,k) of IL-4-producing CD4+ T cells present in the mesLN (h–i) and PEC 

(j,k) were determined by ICCS. (l,m) Cells from the medLN of influenza-infected anti-

CXCL13 or control-treated B6 mice were restimulated with anti-CD3 + BFA for 4 h. The 

frequencies (l) and numbers (m) of IFN-γ-producing CD4 T cells were determined by ICCS. 
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Data are representative of two or more independent experiments (mean ± SD of five mice 

per group, *P<0.01 vs control).
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Figure 4. Development of IL-4 producing T cells following Hp infection is controlled by CXCR5-
expressing DCs
(a–g). DC-WT and DC-Cxcr5−/− chimeras were infected with Hp, treated with DT on days 

0, 3 and 5 post-infection and analyzed on day 8. (a,b) The frequencies of total DCs (a) and 

CXCR5-expressing MHCII+CD11cint mature DCs (b) are shown. (c) Cryosections from 

mesLNs of infected chimeras were stained with anti-CD11c and anti-B220. Scale bar = 400 

μm (d–g). mesLN (d,e) and PEC (f,g) cells from infected chimeras were restimulated with 

plate-bound anti-CD3 + BFA for 4 h. The frequencies (d,f) and numbers (e,g) of IL-4+ 

donor wild-type CD45.1+ CD4 T cells in each tissue were determined by flow cytometry. 

Data are representative of two or more independent experiments (mean ± SD of five mice 

per group, *P<0.001).
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Figure 5. CXCR5 is expressed by LN TFH and TH2 cells and is required for TFH and Th2 cell 
development following Hp infection
(a–d) mesLN cells from day 8 Hp-infected IL-4 (EGFP) reporter mice were analyzed by 

flow cytometry. (a) CD4+ T cells were divided into naïve (CD44loEGFP−) and antigen-

experienced (CD44hiEGFP+) populations, analyzed for expression of ICOS and PD-1 and 

subdivided into naïve (CD44loEGFP−ICOS−PD-1−), TFH (CD44hiEGFP+ICOS+PD-1hi) and 

T effector (CD44hiEGFP+ICOS+PD-1lo) subsets. (b) mesLN cells were restimulated with 

anti-CD3 + BFA for 4 h and the frequencies of IL-4+ naïve, ICOS+PD-1lo and ICOS+PD-1hi 

CD4 T cells were determined by ICCS. (c,d) Intracellular staining to detect Bcl6 was 

performed on non-restimulated mesLN cells. Bcl6 expression in naïve, ICOS+PD-1lo and 

ICOS+PD-1hi gated CD4 T cells is shown in (c) and CXCR5 and PD-1 expression on gated 

naïve, EGFP+Bcl6lo and EGFP+Bcl6hi CD4+ T cells are shown in panel d (see also gating 

strategy in Supplementary Fig. 5d). (e) Serial cryosections of mesLNs from uninfected or 

day 8 Hp-infected B6 mice were stained with anti-CD8, anti-B220, anti-CD11c or anti-CD4 

(Scale bar = 400 μm). (f–h) B6 mice were treated with anti-CXCL13 or control antibody, 

infected with Hp and analyzed on day 8. Cryosections (f) of mesLNs were stained with anti-

CD4 and anti-B220 (Scale bar = 400 μm). mesLN cells were analyzed by flow cytometry 

immediately ex vivo (g) or following 4 h restimulation with anti-CD3 + BFA (h). The 

numbers of ICOS+PD-1hiCD44hi TFH cells (g) and IL-4+ICOS+PD-1lo TH2 cells (h) are 
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shown. (i–l) Chimeric mice reconstituted with 50% CD45.1+ B6 BM and 50% CD45.2+ 

Cxcr5−/− BM were infected with Hp and analyzed on day 8 post-infection. (j) The 

frequencies of total CD45.1+ and CD45.2+ cells in the mesLN and within the gated naïve 

(CD44lo), ICOS+PD-1hi TFH and ICOS+PD-1lo effector CD4 populations were determined 

by flow cytometry. (k,l) The mesLN cells were restimulated with anti-CD3 + BFA for 4 h 

and the frequencies of CD45.1+ and CD45.2+ cells within the gated IL-4+ CD4 T cell 

population were determined in the mesLN (k) and PEC (l) by ICCS. Data are representative 

of three independent experiments (mean ± SD of five mice per group, *P<0.01, **P<0.001).
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Figure 6. B cells depletion alters the site of co-localization between DCs and CD4 T cells in the 
LN and prevents the development of TFH and TH2 cells, but not TH1 cells
(a–h) B6 mice were treated with 250 μg of anti-CD20 or control antibody 4 days before 

infection with either Hp (a–e) or influenza x31 (f–h). Analyses were performed on day 8 

post-infection. (a,b) Cryosections of mesLNs from Hp-infected control-treated (a) or anti-

CD20 treated (b) mice were stained with anti-B220, anti-CD11c, and anti-CD4. Scale bar = 

400 μm. (c–e) Cells from Hp-infected mesLNs were analyzed by flow cytometry either ex 

vivo (c) or following 4 h restimulation with anti-CD3 + BFA (d,e). The numbers of 

ICOS+PD-1hi TFH cells (c) and the frequencies (d) and numbers (e) of IL-4+ ICOS+PD-1lo 

CD4+ T cells are shown. (f–h) NP+ (influenza-specific) CD4+ T cells from medLN of 

influenza-infected anti-CD20 or control treated mice were analyzed by flow cytometry 

either ex vivo (f) or following 4 h restimulation with anti-CD3 + BFA (g,h). The numbers of 

flu-specific NP+ICOS+PD-1hi TFH cells (f) and the frequencies (g) and numbers (h) of IFN-

γ-producing NP+ICOS+PD-1lo CD4+ T cells are shown (mean ± SD of five mice per group, 

*P<0.001). Data are representative of three independent experiments.
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Figure 7. LT blockade downregulates CXCL13 expression, prevents co-localization of DCs and T 
cells within the B cell area and impairs TH2 development in LNs of Hp-infected mice
(a,b) Membrane LT expression on mesLN cells from naïve (a) and day 8 Hp-infected B6 

mice (b) were were determined by flow cytometry. Control staining in the presence of anti-

LTβ blocking antibody is shown. (c) CD19+ B cells from day 8 Hp-infected B6 and 

MD4μMT mice were stained with mLTβR-Fc (open histograms) or control antibody (filled 

histogram). (d) CD11c-DTR BM chimeric mice, treated with PBS (DC sufficient) or DT on 

days 0 and 3 (DC depletion), were infected with Hp. LT expression (open histogram) is 

shown on CD19+ B cells. Isotype control staining is shown in filled histogram. (e–j) B6 

mice were treated (i.p.) with 100 μg of LTβR-Fc fusion protein or control protein at the time 

of Hp infection or with 250 μg of anti-CD20 or control Ab four days before Hp infection. 

Analyses were performed on day 8 post-infection. (e) Cxcl13 mRNA in mesLN cells were 

determined by quantitative PCR. Data show mean ± SD of three samples. nd=not detected. 

(f,g) The frequencies (f) and numbers (g) of MHCII+CD11cint mature and MHCIIloCD11chi 

immature mesLN DCs in LTβR-Fc and control-treated B6 mice were determined by flow 

cytometry. (h,i) Cryosections from mesLNs of control (h) and LTβR-Fc treated mice (i) 
were stained with anti-B220, anti-CD11c and anti-CD4. Scale bar = 400 μm. (j) mesLN cells 

were restimulated with anti-CD3 + BFA for 4 h and the numbers of IL-4+ CD4+ T cells 

from LTβR-Fc-treated mice and B6 controls were determined by ICCS. Data are 

representative of three independent experiments (mean ± SD of five mice per group, 

*P<0.001 vs control, **P<0.05, ***P<0.01).
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Figure 8. B cell-derived LT facilitates DC migration to the B cell area of LNs following Hp 
infection and modulates TH2 development
(a–g) B-WT and B-Lta−/− chimeras were infected with Hp and analyzed on day 8 post-

infection. (a,b) The frequencies (a) and numbers (b) of MHCII+CD11cint mature and 

MHCIIloCD11chi immature DCs in mesLNs were determined by flow cytometry. (c,d) 

Cryosections of mesLNs from infected chimeras were stained with anti-B220, anti-CD11c 

and anti-CD4. Scale bar = 400 μm. (e) Cxcl13 expression in mesLN cells were determined 

by quantitative PCR (mean ± SD of three samples). (f–g) The mesLN cells were 

restimulated with anti-CD3 + BFA for 4 h and the frequencies (f) and numbers (g) of IL-4+ 

CD4 T cells from the chimeras were determined by ICCS. Data are representative of three 

independent experiments (mean ± SD of five mice per group, *P<0.001, **P<0.01).
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