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Summary

Here we test the role of FoxP3+ regulatory T cells (Tregs) in controlling T follicular helper (Tfh) 

and germinal-center (GC) B cell responses to influenza. In contrast to the idea that Tregs suppress 

T cell responses, we find that Treg depletion severely reduces the Tfh cell response to influenza 

virus. Furthermore, Treg depletion prevents the accumulation of influenza-specific GCs. These 

effects are not due to alterations in TGFβ availability or a precursor-progeny relationship between 

Tregs and Tfh cells, but are instead mediated by increased availability of IL-2, which suppresses 

the differentiation of Tfh cells and as a consequence, compromises the GC B response. Thus, 

Tregs promote influenza-specific GC responses by preventing excessive IL-2 signaling, which 

suppresses Tfh cell differentiation.

Introduction

T follicular helper cells (Tfh) cells are specialized CD4+ T cells that provide help to B cells 

via the expression of CD40 ligand and IL-21 1-4, factors that promote B cell proliferation, 

isotype switching, germinal center (GC) formation and the differentiation of memory B cells 

and long-lived plasma cells 4, 5, 2, 3. Tfh cells are distinguished by expression of the 

chemokine receptor, CXCR5, the inhibitory receptor, PD-1, and the transcription factor, 

Bcl6, which is the signature transcription factor of the Tfh lineage 4, 6-8. Mice in which Bcl6 

is eliminated from the T lineage fail to develop Tfh cells, do not form GCs and have defects 

in memory B cells and long-lived plasma cells6-9.

The differentiation of Tfh cells is governed by a variety of cellular and molecular 

interactions that together enforce the expression of Bcl6 and repress the expression of 
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competing transcription factors, particularly BLIMP-1 6, 3, 4, 10. For example, signaling by 

IL-2 through the IL-2Rα (CD25) on CD4+ T cells inhibits the formation of Tfh by 

preventing Bcl6 expression via the STAT5 pathway 10-13. As a consequence of prolonged 

IL-2 signaling, Tfh cells do not develop and the development of GCs and long-lived plasma 

cells is impaired 11. Thus, the factors that control the physiological availability of IL-2 are 

likely to regulate Tfh development and the ensuing B cell response.

Whereas IL-2 signaling inhibits the development of Tfh cells, it also promotes the 

generation, maintenance and function of FoxP3-expressing CD4+ regulatory T cells 

(Tregs)14, 15 which suppress self-reactive T cells and contribute to the maintenance of 

peripheral tolerance 15-18. Importantly, Tregs constitutively express CD25 and compete with 

other T cells for available IL-2 16, 19-22. Although IL-2 deprivation is proposed to be an 

important mechanism by which Tregs suppress effector T cell responses 19-21, 23, this same 

mechanism may paradoxically promote Tfh responses, since IL-2 is a potent negative 

regulator of Tfh differentiation 10-13. However, most studies suggest that Tregs, particularly 

the CXCR5-expressing T follicular regulatory (Tfr) cells 24, 25, suppress Tfh and GC B cell 

responses 24-29. In fact, mice with natural or targeted mutations in FoxP3 fail to develop 

Tregs and spontaneously accumulate autoreactive-Tfh and germinal centers cells 25.

Despite their reputation as suppressor cells, Tregs may also promote antigen-specific B cell 

responses under some circumstances24. In support of this idea, adoptively transferred 

FoxP3+ Tregs can convert to Tfh in Peyer's patches and promote B cell responses to 

intestinal antigens 30. Similarly, Tregs promote systemic IgG and mucosal IgA antibody 

responses following mucosal immunization with protein antigens and cholera toxin 31. Thus, 

in addition to suppressing B cell responses to autoantigens, Tregs may also help B cell 

responses to foreign antigens under some circumstances. However, the mechanisms 

underlying the potential B cell helper activity of Tregs are incompletely understood.

Here we show that Treg depletion compromises influenza-specific GC responses. Treg 

depletion also impairs the differentiation of influenza-specific Tfh cells, while increasing the 

number of IFNg and IL-2-producing effector CD4+ T cells. Consistent with increased IL-2 

production in Treg-depleted animals, CD25 expression is sustained on influenza-specific 

CD4+ T cells. The loss of Tfh following Treg depletion is not due to a precursor-progeny 

relationship between FoxP3-expressing cells and Tfh or the lack of TGFβ. Instead, Tregs 

favours influenza-specific Tfh responses by regulating the availability of IL-2, a potent 

suppressor of Tfh differentiation. Our findings offer a new perspective for how Tfh and 

germinal center responses are controlled and reveal an unexpected, non-suppressive function 

of Tregs.

Results

FoxP3+ cell depletion impairs GC response to influenza

To test whether Tregs influenced the GC B cell response to influenza virus, we intranasally 

infected C57BL/6 (B6) and FoxP3-DTR 32 mice with influenza A/PR8/34 (PR8), treated 

them with diptheria toxin (DT) on days 0, 4 and 7 and determined the frequency (Fig. 1a) 

and number (Fig. 1b) of FoxP3+CD4+ Tregs as well as the frequency (Fig. 1c) and number 
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(Fig. 1d) of CD19+PNAhiCD38loCD138- GC B cells in the mediastinal lymph nodes 

(mLNs) on day 10. As expected, Tregs were efficiently depleted in DT-treated FoxP3-DTR 

mice (Fig. 1a-b). Surprisingly however, both the frequency (Fig. 1c) and number (Fig. 1d) of 

total GC B cells were also reduced in Treg-depleted mice.

To determine whether Treg depletion prevented the accumulation of influenza-specific GC 

B cells, we used fluorochrome-labeled recombinant influenza nucleoprotein (NP) 

tetramers 11 to identify NP-specific GC B cells in Treg-depleted and control mice (Fig. 1e-

f). We found that both the frequency (Fig. 1e) and number (Fig. 1f) of NP-specific GC B 

cells was decreased in Treg depleted mice. Taken together, these data suggested that FoxP3+ 

cells promote, rather than inhibit, the generation or maintenance of influenza- specific GC B 

cells.

FoxP3+ cell depletion impairs Tfh cell response to influenza

Since GC B cell responses are dependent on help from CD4+ T cells 3, we next 

characterized the CD4+ T cells responding to influenza in the mLNs (Fig. 2a-b) and lungs 

(Fig. 2c-d) of B6 mice infected 10 days previously. We found that the NP-specific CD4+ T 

cell population in the mLN could be separated into two major subsets based on the 

expression of PD-1 and CXCR5 (Fig. 2a). In addition, we found that the NP-specific 

PD-1hiCXCR5hiCD4+ T cells expressed more Bcl6 than the NP-specific 

PD-1loCXCR5loCD4+ T cells (Fig. 2b). We next characterized the NP-specific CD4+ T cell 

response in the lungs and found that the vast majority of NP-specific CD4+ T cells were 

PD-1loCXCR5lo (Fig. 2c) and failed to up-regulate Bcl6 (Fig. 2d). Thus, we designated the 

NP-specific Bcl6hiPD-1hiCXCR5hi cells as NP-specific Tfh cells, which were confined to 

the mLN, whereas we designated the NP-specific Bcl6loPD-1loCXCR5lo cells as NP- 

specific effector CD4+ T cells (Teff), which we found in both the mLN and lung. As 

expected, the total number of NP-specific Tfh cells in the mLN increased after influenza 

infection and peaked around day 7 (Fig. 2e).

To test whether Tregs inhibited the Tfh response to influenza, we infected B6 and FoxP3- 

DTR mice with influenza, treated them with DT on days 0, 4 and 7 and enumerated NP- 

specific Tfh and Teff in the mLN on day 10. We found that, although NP-specific CD4+ 

cells were easily detected in Treg-depleted mice (Fig. 3a-b), the frequency of NP-specific 

CD4+PD-1hiCXCR5hi Tfh cells (Fig. 3c top) and NP-specific CD4+Bcl6hi cells (Fig. 3c 

bottom) was decreased in the absence of Tregs. As a consequence, the number of NP- 

specific Tfh cells was dramatically reduced in the mLNs of Treg-depleted mice (Fig. 3d). In 

contrast, the number of NP-specific Teff cells was similar in the mLNs of DT-treated B6 

and FoxP3-DTR mice (Fig. 3e). We also found that the frequency (Fig 3f) and number (Fig. 

3g) of NP-specific CD4+ T cells (all Teff cells) was similar in the lungs of Treg-depleted 

and control mice. Taken together, these data suggested that FoxP3- expressing cells 

promote, rather that inhibit, the influenza-specific Tfh response.

We next tested whether Tregs promoted NP-specific Tfh responses beyond the initial 

priming. Thus, we infected B6 and FoxP3-DTR with influenza, treated them with DT on 

days 6 and 9 and enumerated NP-specific Tfh cells on day 12. We found that NP-specific 

CD4+ T cells expressed less Bcl6 (Fig. 3h) and that the number of NP-specific Tfh cells was 
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decreased (Fig. 3i) in mice depleted of Tregs starting on day 6 after infection. In contrast, 

Treg depletion starting on day 6 did not affect the number of NP-specific Teff cells (Fig. 3j). 

These results indicated that Treg depletion compromised the maintenance of NP-specific 

Tfh cells, rather than diverting the differentiation of NP-specific CD4+ T cells responses 

towards the Teff pathway.

NP-specific Tfh cells are not derived from FoxP3+ precursors

Under some circumstances, FoxP3-expressing Tregs can up-regulate Bcl6, PD-1 and 

CXCR5 and down-regulate Foxp3, resulting in their differentiation into Tfh cells 30. In 

addition, CD4+ T cells may transiently express FoxP3 following activation 33. Thus, the 

reduction in NP-specific Tfh cells that we observed in DT-treated FoxP3-DTR mice could 

be due to the depletion of NP-specific, FoxP3-expressing Tfh precursors. To address this 

possibility, we first analyzed whether NP-specific CD4+ T cells expressed FoxP3. We found 

that although FoxP3 expression was easily detected in the total CD4+ T cell population, no 

FoxP3 expression was detected in either NP-specific CD4+PD-1hiCXCR5hi or NP-specific 

CD4+PD-1loCXCR5lo cells on day 10 after infection (Fig. 4a).

To test whether FoxP3 was ever expressed in NP-specific Tfh cells or their precursors, we 

reconstituted irradiated CD45.1 mice with a 50:50 mix of bone marrow (BM) from CD45.1 

donors and FoxP3-DTR donors (CD45.2). Eight weeks post-reconstitution, we infected the 

chimeric animals with influenza, treated them with DT on days 0, 4 and 7 and enumerated 

FoxP3+CD4+ T cells and Tfh cells derived from either the CD45.1- expressing or CD45.2-

expressing donors. As expected, DT treatment ablated all of the CD4+FoxP3+CD45.2+ cells, 

but had no effect on the CD4+FoxP3+CD45.1+ cells (Fig. 4b). In contrast, we found similar 

frequencies of NP-specific CD4+CXCR5hiPD-1hi Tfh cells derived from both CD45.1+ or 

CD45.2+ donors (Fig. 4c). We observed similar results when we examined the total Tfh pool 

(Fig. 4d). Thus, we concluded that the loss of NP-specific Tfh cells in Treg-depleted mice 

was not due to the depletion of FoxP3-expressing Tfh cells or FoxP3-expressing precursors 

of Tfh cells.

Following immunization, some Tregs up-regulate Bcl6, PD-1 and CXCR5 and continue to 

maintain FoxP3 expression, resulting in their differentiation into T follicular regulatory 

(TFR) cells 24, 25, 34. Thus, we also tested whether Tregs differentiated into TFR cells 

following influenza infection. We found only a small percentage of PD-1hiCXCR5hi cells in 

the Foxp3+CD4+ population (Fig. 4e), whereas we found a much higher frequency of 

PD-1hiCXCR5hi cells in the Foxp3-CD4+ population. Similarly, we found almost no Bcl6hi 

cells in the FoxP3+CD4+ population (Fig. 4f). These results demonstrated that TFR cells are 

not a significant component of the FoxP3+CD4+ population following flu infection and 

suggested that the depletion of NP-specific Foxp3+PD-1hiCXCR5hiCD4+ T cells was not the 

likely cause of the reduced NP-specific Tfh response observed in the DT-treated FoxP3-

DTR mice.

Normal Tfh and GC B cells responses in the absence of TGF-β

Tregs suppress T and B cell responses by a variety of mechanisms, including the secretion 

of the immunosuppressive cytokine, transforming growth factor β (TGF-β) 35. To directly 
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test whether TGF-β signaling was important for the development of NP- specific Tfh and 

GC B cells, we treated B6 mice with control or anti-TGF-β antibody, infected them with 

influenza and measured NP-specific Tfh cell responses on day 10 after infection. We found 

that NP-specific CD4+ T cells accumulated similarly in mice treated with anti-TGF-β and 

control IgG (Fig. 5a-b). We also found that NP-specific CD4+ T cells expressed similar 

amounts of Bcl6, regardless of whether they were from mice treated with anti-TGF-β or 

control IgG (Fig. 5c). Moreover, the frequency of NP- specific CD4+PD-1hiCXCR5hi cells 

(Fig. 5d), and the number of NP-specific CD4+PD-1hiCXCR5hi cells (Fig. 5e) was similar in 

anti-TGF-β treated and control IgG-treated mice. Finally, we found that the number of total 

PNAhiCD38loFAShi GC B cells (Fig. 5f) and NP-specific PNAhiCD38loFAShi GC B cells 

(Fig. 5g) was similar in anti-TGF-β–treated and control mice. Thus, the impaired NP-

specific Tfh and GC B cell responses observed in the absence of Tregs were not due to the 

loss of TGF-β signaling.

Tregs help Tfh cell response to influenza by limiting IL-2

Tregs compete with other T cells for IL-2 and can regulate T cell responses by IL-2 

consumption 16, 19, 20. Since excessive IL-2 signaling prevents Bcl6 expression and 

suppresses the differentiation of Tfh cells 10-13, we next tested whether the loss of Tregs 

resulted in excess IL-2 that prevented the Tfh differentiation. To address this possibility, we 

first infected B6 and FoxP3-DTR mice with influenza, treated them with DT on days 0, 4 

and 7 and determined the frequency of IL-2-producing CD4+ T cells in the mLN on day 10 

after infection. We found that the frequency of both IFNγ-producing (Fig. 6a) and IL-2-

producing (Fig. 6b) CD4+ T cells was increased in Treg-depleted mice compared to control 

animals.

Given that CD25 expression is induced in response to IL-2 36, 37 , we next determined 

whether Treg-depletion affected the expression of CD25 on NP-specific CD4+ T cells after 

influenza infection. We found that more than 30% of the NP-specific CD4+ T cells 

expressed CD25 on day 7 after infection in B6 mice (Fig. 6c), but that only about 5% of the 

cells continued to express CD25 on day 10. In contrast, nearly 30% of the NP-specific CD4+ 

T cells continued to express CD25 in Treg-depleted mice on day 10 (Fig. 6d). Similarly, the 

frequency of CD25-expressing cells within the total Foxp3-CD4+ population was elevated in 

the absence of Tregs (Fig. 6e). Taken together, these results suggest that NP-specific CD4+ 

T cells receive quantitatively different signals from the IL-2 receptor in control and Treg 

depleted mice.

To directly determine whether excessive IL-2 signaling was responsible for the loss of Tfh 

in Treg-depleted mice, we reconstituted irradiated Tcrbd-/- recipient mice with a 50:50 mix 

of Cd25-/- BM (CD45.2) and FoxP3-DTR BM (CD45.1) (Fig. 7a). Because Tregs cannot be 

produced from Cd25-/- precursors, all the FoxP3+ Tregs in the chimeras developed from the 

CD45.1-expressing Cd25+/+-FoxP3-DTR BM (Fig. 7b), whereas the FoxP3-CD4+ cells 

developed equally from both donors (Fig. 7c). We subsequently infected groups of chimeric 

mice with influenza, treated them with either DT or PBS on days 0, 4 and 7 and enumerated 

Tregs, Tfh cells and GC B cells on day 10 in the mLN. We found that Tregs were present 

only from CD45.1-expressing donors in PBS-treated chimeras (Fig. 7d-e), whereas Tregs 
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were not found from either donor in DT-treated chimeras (Fig. 7d-e). Consistent with the 

idea that the loss of Tregs is associated with increased IL-2 signaling, we found that CD25 

was expressed by a higher frequency of CD45.1+ NP-specific CD4+ T cells in DT- treated 

chimeras than in PBS-treated chimeras (Fig. 7f). Interestingly, we observed that the number 

of NP-specific Tfh cells was reduced by about 50% in DT-treated chimeras (Fig. 7g), which 

is about what we expected, since only half of the T cells can respond to IL-2. Importantly, 

the frequency of NP-specific CD4+ T cells that expressed Bcl6 was reduced only in the 

CD45.1+ cells from the DT-treated chimeras (Fig. 7h). As a result, the number of NP-

specific CD4+PD-1hiCXCR5hiBcl6hi Tfh cells derived from CD25+/+ donors was reduced in 

DT-treated chimeras (Fig. 7i), but not in PBS-treated chimeras. Thus, the loss of Tregs 

preferentially suppresses the development of Tfh that have the ability to respond to IL-2.

To determine whether Treg depletion differentially affected influenza-specific GC B cell 

responses from CD25+/+ or CD25-/- donors, we infected chimeric mice with influenza, 

treated them with DT or PBS on days 0, 4 and 7 and enumerated NP-specific GC B cells on 

day 10. We found that Treg depletion significantly compromised the accumulation of NP-

specific GC B cells (Fig. 5j-k). However, the NP-specific GC B cell population was derived 

equally from Cd25+/+ and Cd25-/- cells in both control and DT-treated mice (Fig. 7l). Thus, 

the ability of B cells to receive IL-2 signals had no impact on their ability to form GCs. 

Taken altogether, our results indicated that Tregs enhanced influenza-specific Tfh responses 

by preventing the accumulation of IL-2, which impairs the differentiation of Tfh and 

indirectly leads to reductions in germinal center responses.

Discussion

Tregs are well-documented to suppress the activity of both T cells and B cells 14, 25, 26, 32. 

However, our data show that overall, Tregs promote, rather than suppress, antigen- specific 

Tfh and B cell responses to influenza. The ability of Tregs to promote Tfh responses to 

influenza is not due to the differentiation of antigen-specific Tfh cells from FoxP3-

expressing precursors, as can occur in lymphoid tissues draining the gut 30. Instead, we find 

that Tregs indirectly promote influenza-specific Tfh responses by regulating the availability 

of IL-2 and preventing excessive IL-2 signaling. Since IL-2 prevents the differentiation of 

Tfh cells by preventing Bcl6 expression 10-13, the Treg- mediated reduction in IL-2 

availability allows more Tfh cells to differentiate and, as a consequence, promotes GC 

formation. Thus, one of the same mechanisms used by Tregs to suppress effector T cell 

responses 19-21, 23, IL-2 deprivation, actually enhances Tfh and B cell responses to 

influenza.

Importantly, these results do not preclude a suppressive function of Tregs in immune 

responses to influenza infection. In fact, we observe that although the magnitude of the 

influenza-specific Teff response is not noticeably increased upon Treg depletion, more CD4 

T cells produce IL-2 and IFNγ in Treg-depleted mice than in control mice. Similarly, both 

the magnitude and cytokine-producing ability of influenza-specific CD8 T cells is increased 

in Treg-depleted mice (not shown). The increased production of IL-2 by effector CD4 and 

CD8 T cells in Treg-depleted mice is likely one mechanism that increases IL-2 availability. 

However, Tregs also consume IL-2 via the activity of CD25. Thus, the lack of IL-2 
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consumption may also contribute to the increased overall availability of IL-2 in Treg-

depleted mice. As a result, Treg depletion leads to increased IL-2 production and reduced 

IL-2 consumption, which promotes effector T cell differentiation, but paradoxically reduces 

the numbers of Tfh, and by extension, impairs the ability of B cells to form germinal centers.

The idea that Tregs can enhance Tfh and B cell responses to influenza is at odds with their 

well-known ability to suppress autoreactive Tfh and B cells 24, 25, 28, 34. For example, 

mice32, 38 and humans39-42 that lack Tregs due to natural or gene-targeted mutations of 

FoxP3 develop severe autoimmune disease, including the spontaneous accumulation of 

autoreactive Tfh cells and GCs 25. However, it is important to distinguish between the 

ability of Tregs to suppress the activation of autoreactive T cells and their ability to alter the 

differentiation pathway of CD4 T cells responding to foreign antigens. For example, when 

Tregs are depleted or congenitally absent, autoreactive cells become activated. Although the 

depletion of Tregs obviously abrogates their ability to regulate IL-2 availability, we would 

expect that IL-2 is sufficiently limiting in this scenario to allow the differentiation of 

autoreactive T cells into Tfh cells even in the absence of Treg. Thus, Tfh and GC B cells 

accumulate over time in Treg-deficient individuals. Interestingly, T cells from autoimmune 

mice and patients make less IL-2 than their normal counterparts 43 and perhaps allow the 

more efficient differentiation of autoreactive Tfh cells. Conversely, treatment of 

autoimmune mice and humans with IL-2 improves disease in some cases 44-47, possibly by 

increasing Treg numbers or activity, but perhaps also by limiting Tfh differentiation. Thus, 

the involvement of IL-2 and Tregs in the regulation of autoreactive Tfh and GC reactions is 

complex and somewhat paradoxical.

Although Tregs obviously prevent the initial activation of autoreactive cells, this suppressive 

activity must be overcome in responses to foreign antigens. For example, Treg activity is 

suppressed by cytokines like IL-6 during the acute inflammatory response that occurs 

following influenza infection48. As a result, the initial activation of influenza- specific CD4 

T cells likely proceeds in the absence of Treg suppressor activity. Nevertheless, Tregs will 

likely continue to consume IL-2, leading to an enhanced differentiation of influenza-specific 

CD4 T cells into Tfh cells, which subsequently promote the expansion of influenza-specific 

GCs. Other investigators have observed a similar decrease in antigen-specific B cell 

responses following Treg depletion 2431. For example, mucosal IgG and IgA responses to 

protein antigens and cholera toxin are reduced following Treg depletion 31. Another study 

shows that although the number of total GC B cells is increased in DT-treated FoxP3-DTR 

mice following immunization with NP-KLH, the number of NP-specific GC B cells is 

actually decreased 24. Although the mechanism underlying the decreased GC responses was 

not determined in these studies, we suspect that increased IL-2 availability is a likely cause.

Despite their ability to enhance Tfh differentiation via the control of IL-2 availability, Tregs 

also have mechanisms that directly suppress B cell responses. For example, Tregs can 

directly prevent B cell proliferation 27, 28 inhibit antibody production25 and in some cases, 

kill activated B cells via a perforin and granzyme B-dependent mechanism 27. These 

mechanisms are likely to be used by TFR cells in the GC, where they suppress ongoing GC 

reactions 24, 25, 34. Interestingly, we observed very few TFR cells following influenza 

infection, perhaps because the elevated IL-2 response at the peak of influenza infection 
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prevents Tregs from up-regulating Bcl6 and differentiating into TFR cells. Given the 

scarcity of TFR cells in our experiments, it makes sense that their ability to directly suppress 

GC reactions is minimal. Thus, the ability of conventional Tregs to consume IL-2 and 

promote Tfh differentiation may be more noticeable following influenza infection than it is 

following immunization with protein antigens.

Another explanation for why the suppressive activity of Tregs on GC responses is more 

evident in some studies may be the amount of IL-2 generated during a particular immune 

response. If the amount of IL-2 generated following influenza infection is relatively high 

compared to the amount generated following immunization with protein antigens, then the 

ability of Tregs to regulate IL-2 availability may be more important in the context of 

influenza infection. For example, when IL-2 is abundant, Tfh differentiation will be 

suppressed and the ability of Tregs to regulate IL-2 availability will be important to 

overcome the negative effect of IL-2. In contrast, when IL-2 is scarce, Tfh differentiation 

will not be impeded and the ability of Tregs to regulate IL-2 will not make a difference, 

allowing the suppressive activity of Tregs to be more noticeable. Thus, the ability of Tregs 

to promote Tfh and GC responses by regulating IL-2 may be context dependent.

The activity of Tregs is also likely to be location dependent. Following initial encounter with 

antigen, some activated CD4+ T cells up-regulate CXCR5 and migrate to the interfollicular 

zone, where they further up-regulate Bcl6 and complete the Tfh differentiation 

program 49-52. Thus, one way by which Tregs might promote Tfh cell development is by 

limiting IL-2 availability within the interfollicular area, which would in turn allow pre-Tfh 

cells to maintain Bcl6 expression. Thus, placement of Tregs near the B follicles would be 

required for their ability to promote Tfh cell responses, an idea that is consistent with the 

presence of FoxP3+ cells in the proximity of the T:B border 26, 28, 29, but at odds with our 

results showing that Tregs do not express CXCR5 following influenza infection. 

Interestingly, stromal cells within the interfollicular area also produce CXCL9 and attract 

CXCR3-expressing T cells to the interfollicular and medullary zones 53. Thus, Tregs may 

gain access to the interfollicular zone by a CXCR3-dependent mechanism. In agreement 

with this view, Tregs up-regulate CXCR3 after influenza infection and other type 1 

inflammatory responses 14, 54. Additionally, Tregs may regulate IL-2 availability in the T 

cell area, which may prevent pre-Tfh from up-regulating Bcl6 and, at the same time, favor 

CD8 T cell expansion.

Collectively our findings offer a new perspective for how Tfh cell development is regulated 

in vivo and open new roads in the study of non-suppressive functions of Tregs in the control 

of the immune response to infection.

Methods

Mice and infections

C57BL/6 (B6), B6.129S4-Il2ratm1Dw/J (Cd25-/-), B6.IgHa.Thy-1a.Ptrpca (CD45.1), and 

B6.129P2-Tcrbtm1MomTcrdtm1Mom (Tcrbd-/-) mice were originally obtained from Jackson 

Laboratories and were bred in the University of Alabama at Birmingham animal facility. 

B6.129S6-Foxp3tm1DTR (FoxP3-DTR) mice were originally obtained from Dr. Alexander 
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Rudensky (Memorial Sloan-Kettering Cancer Center). B6.129S6-Foxp3tm1DTR-CD45.1+ 

mice were generated by crossing FoxP3-DTR mice with CD45.1 mice. Influenza virus 

infections were performed intranasally with 500 egg infectious units of A/PR8/34 (PR8) in 

100 μl of PBS. Eight weeks old males were used for all the experiments described.

BM chimeras and in vivo treatments

BM chimeric mice were generated by lethally irradiating the indicated recipient mice with 

950 Rads from an X-ray source delivered in 2 equal doses administered 4-5 hours apart. 

Following irradiation, mice were intravenously injected with 5 × 106 total BM cells and 

allowed to reconstitute for 8-10 weeks before influenza infection. In indicated experiments, 

experimental animals received an intraperitoneal injection of 50 μg/kg of diphtheria toxin 

(DT - Sigma) at the indicated time points. In some experiments, mice were treated 

intraperitoneally with 250 μg of anti-TGFβ antibody (clone 1D11.16.8; Bioxcell) or isotype-

matched control antibody (MOPC-21 Bioxcell). All experimental procedures involving 

animals were approved by the University of Alabama Institutional Animal Care and Use 

Committee and were performed according to guidelines outlined by the National Research 

Council.

Cell preparation and flow cytometry

Cell suspensions from mLNs were prepared by passing tissues through nylon mesh. Lungs 

were cut into small fragments and digested for 45 min at 37 °C with 0.6 mg/ml collagenase 

A (Sigma) and 30 mg/ml DNAse I (Sigma) in RPMI-1640 medium (GIBCO). Digested 

lungs were mechanically disrupted by passage through a wire mesh. Cells from lungs and 

mLNs were resuspended in 150 mM NH4Cl, 10 mM KHCO3 0.1 mM EDTA for 5 min to 

lyse red cells. Cell suspensions were filtered through a 70 mm nylon cell strainer (BD 

Biosciences), washed and resuspended in PBS with 5% donor calf serum and 10 mg/ml 

FcBlock (2.4G2 -BioXCell) for 10 min on ice before staining with fluorochrome-conjugated 

antibodies or tetramer reagents. Fluorochrome-labeled anti- CD45.1 (clone A20, dilution 

1/400), anti-CD45.2 (clone 104, dilution 1/400), anti-PD-1 (clone J43, dilution 1/100), anti-

FoxP3 (clone FJK-16s, dilution 1/200), anti-CD19 (clone 1D3, dilution 1/200), anti-CD138 

(clone 281.2, dilution 1/500), were from eBioscience. Anti-CD8α (clone 53-6.7 dilution 

1/200), anti-Bcl6 (clone K112.91, dilution 1/50), anti-CXCR5 (clone 2G-8, dilution 1/50), 

anti-CD4 (clone RM4-5, dilution 1/200), anti-CD95 (clone RM4-5, dilution 1/500), anti IL-2 

(clone JES6-6H4, dilution 1/200) and anti-CD25 (clone PC61, dilution 1/200) were from 

BD Biosciences. Peanut agglutinin (PNA) was obtained from Sigma (L7381; Sigma) and 

conjugated with FITC or Pacific Blue. The IAbNP311-325 MHC class II tetramer was 

obtained from the NIH Tetramer Core Facility and used at a 1/100 dilution.

To generate the NP-tetramer preparation for detection of influenza-specific B cells, the 

coding sequence of NP from the A/PR8/34 virus was synthesized in frame with the coding 

sequence for a 15 amino acid biotinylation consensus site (Schatz) on the 3′ end (GeneArt, 

Regensburg, Germany). The modified NP sequence was then cloned in frame to the 6X His 

tag in the pTRC-His2c expression vector (Invitrogen, Carlsbad, CA) and expressed in E. coli 

strain Ultra BL21 (DE3) (EdgeBio, Gaithersburg, MD). The modified NP-protein was 

purified by FPLC using a HisTrap HP Column (GE Healthcare). Purified protein was 
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biotinylated by addition of Biotin-protein ligase (Avidity, Aurora, CO) and tetramerized 

with PE-labeled streptavidin (Prozyme, Hayward, CA). Labeled tetramers were purified by 

size exclusion on a HiPrep 16/60 Sephacryl S-300 column (GE Healthcare, Piscataway, 

NJ).Dead cell exclusion was performed using 7-AAD (Biolegend). For detection of IL-2 

producing cells, single-cell suspensions were stimulated with PMA (5 ng/ml) and calcium 

ionophore (1.25 μM) in the presence of Brefeldin-A (BFA, 10 mg/ml) for 3 h. Cells were 

then surface stained, fixed in 4% paraformaldehyde and permeabilized with 0.1% saponin 

before staining with anti-IL2 antibody (JES6-6H4). Intracellular staining for Bcl6 

(K112.91), and Foxp3 (FJK-16s), were performed using the mouse regulatory T cell staining 

kit (eBioscience) following manufacturer's instructions. Flow cytometry was performed 

using a FACSCanto II (BD Biosciences).

Statistical analysis

The statistical significance of differences in mean values was analyzed using a two-tailed 

Student's t-test. P values of less than 0.05 were considered statistically significant.

Acknowledgments

The authors would like to thank Uma Mudunuru and Thomas S Simpler for animal husbandry. This work was 
supported by the University of Alabama and by NIH grants HL069409, AI097357 and AI100127 to TDR and PO1 
AI78907 to FL and by a sub- award of AR048311 to ABT.

References

1. Goodnow CC, Vinuesa CG, Randall KL, Mackay F, Brink R. Control systems and decision making 
for antibody production. Nature immunology. 2010; 11:681–688. [PubMed: 20644574] 

2. Vinuesa CG, Linterman MA, Goodnow CC, Randall KL. T cells and follicular dendritic cells in 
germinal center B-cell formation and selection. Immunological reviews. 2010; 237:72–89. 
[PubMed: 20727030] 

3. Crotty S. Follicular helper CD4 T cells (TFH). Annual review of immunology. 2011; 29:621–663.

4. Yu D, Vinuesa CG. The elusive identity of T follicular helper cells. Trends in immunology. 2010; 
31:377–383. [PubMed: 20810318] 

5. Allen CD, Okada T, Cyster JG. Germinal-center organization and cellular dynamics. Immunity. 
2007; 27:190–202. [PubMed: 17723214] 

6. Johnston RJ, et al. Bcl6 and Blimp-1 are reciprocal and antagonistic regulators of T follicular helper 
cell differentiation. Science. 2009; 325:1006–1010. [PubMed: 19608860] 

7. Nurieva RI, et al. Bcl6 mediates the development of T follicular helper cells. Science. 2009; 
325:1001–1005. [PubMed: 19628815] 

8. Yu D, et al. The transcriptional repressor Bcl-6 directs T follicular helper cell lineage commitment. 
Immunity. 2009; 31:457–468. [PubMed: 19631565] 

9. Leon B, Ballesteros-Tato A, Misra RS, Wojciechowski W, Lund FE. Unraveling effector functions 
of B cells during infection: the hidden world beyond antibody production. Infectious disorders drug 
targets. 2012; 12:213–221. [PubMed: 22394173] 

10. Oestreich KJ, Mohn SE, Weinmann AS. Molecular mechanisms that control the expression and 
activity of Bcl-6 in TH1 cells to regulate flexibility with a TFH-like gene profile. Nature 
immunology. 2012; 13:405–411. [PubMed: 22406686] 

11. Ballesteros-Tato A, et al. Interleukin-2 inhibits germinal center formation by limiting T follicular 
helper cell differentiation. Immunity. 2012; 36:847–856. [PubMed: 22464171] 

12. Johnston RJ, Choi YS, Diamond JA, Yang JA, Crotty S. STAT5 is a potent negative regulator of 
TFH cell differentiation. The Journal of experimental medicine. 2012; 209:243–250. [PubMed: 
22271576] 

León et al. Page 10

Nat Commun. Author manuscript; available in PMC 2014 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Nurieva RI, et al. STAT5 protein negatively regulates T follicular helper (Tfh) cell generation and 
function. The Journal of biological chemistry. 2012; 287:11234–11239. [PubMed: 22318729] 

14. Campbell DJ, Koch MA. Phenotypical and functional specialization of FOXP3+ regulatory T cells. 
Nature reviews Immunology. 2011; 11:119–130.

15. Malek TR, Castro I. Interleukin-2 receptor signaling: at the interface between tolerance and 
immunity. Immunity. 2010; 33:153–165. [PubMed: 20732639] 

16. de la Rosa M, Rutz S, Dorninger H, Scheffold A. Interleukin-2 is essential for CD4+CD25+ 
regulatory T cell function. European journal of immunology. 2004; 34:2480–2488. [PubMed: 
15307180] 

17. Malek TR, Yu A, Vincek V, Scibelli P, Kong L. CD4 regulatory T cells prevent lethal 
autoimmunity in IL-2Rbeta-deficient mice. Implications for the nonredundant function of IL-2. 
Immunity. 2002; 17:167–178. [PubMed: 12196288] 

18. Almeida AR, Legrand N, Papiernik M, Freitas AA. Homeostasis of peripheral CD4+ T cells: 
IL-2R alpha and IL-2 shape a population of regulatory cells that controls CD4+ T cell numbers. 
Journal of immunology. 2002; 169:4850–4860.

19. Pandiyan P, Zheng L, Ishihara S, Reed J, Lenardo MJ. CD4+CD25+Foxp3+ regulatory T cells 
induce cytokine deprivation-mediated apoptosis of effector CD4+ T cells. Nature immunology. 
2007; 8:1353–1362. [PubMed: 17982458] 

20. Pandiyan P, et al. CD4(+)CD25(+)Foxp3(+) regulatory T cells promote Th17 cells in vitro and 
enhance host resistance in mouse Candida albicans Th17 cell infection model. Immunity. 2011; 
34:422–434. [PubMed: 21435589] 

21. Chen Y, et al. Foxp3(+) regulatory T cells promote T helper 17 cell development in vivo through 
regulation of interleukin-2. Immunity. 2011; 34:409–421. [PubMed: 21435588] 

22. Shevach EM. Mechanisms of foxp3+ T regulatory cell-mediated suppression. Immunity. 2009; 
30:636–645. [PubMed: 19464986] 

23. Busse D, et al. Competing feedback loops shape IL-2 signaling between helper and regulatory T 
lymphocytes in cellular microenvironments. Proceedings of the National Academy of Sciences of 
the United States of America. 2010; 107:3058–3063. [PubMed: 20133667] 

24. Linterman MA, et al. Foxp3+ follicular regulatory T cells control the germinal center response. 
Nature medicine. 2011; 17:975–982.

25. Chung Y, et al. Follicular regulatory T cells expressing Foxp3 and Bcl-6 suppress germinal center 
reactions. Nature medicine. 2011; 17:983–988.

26. Lim HW, Hillsamer P, Banham AH, Kim CH. Cutting edge: direct suppression of B cells by CD4+ 
CD25+ regulatory T cells. Journal of immunology. 2005; 175:4180–4183.

27. Zhao DM, Thornton AM, DiPaolo RJ, Shevach EM. Activated CD4+CD25+ T cells selectively kill 
B lymphocytes. Blood. 2006; 107:3925–3932. [PubMed: 16418326] 

28. Alexander CM, Tygrett LT, Boyden AW, Wolniak KL, Legge KL, Waldschmidt TJ. T regulatory 
cells participate in the control of germinal centre reactions. Immunology. 2011; 133:452–468. 
[PubMed: 21635248] 

29. Lim HW, Hillsamer P, Kim CH. Regulatory T cells can migrate to follicles upon T cell activation 
and suppress GC-Th cells and GC-Th cell-driven B cell responses. The Journal of clinical 
investigation. 2004; 114:1640–1649. [PubMed: 15578096] 

30. Tsuji M, et al. Preferential generation of follicular B helper T cells from Foxp3+ T cells in gut 
Peyer's patches. Science. 2009; 323:1488–1492. [PubMed: 19286559] 

31. Vendetti S, et al. Polyclonal Treg cells enhance the activity of a mucosal adjuvant. Immunology 
and cell biology. 2010; 88:698–706. [PubMed: 20585335] 

32. Kim JM, Rasmussen JP, Rudensky AY. Regulatory T cells prevent catastrophic autoimmunity 
throughout the lifespan of mice. Nature immunology. 2007; 8:191–197. [PubMed: 17136045] 

33. Wang J, Ioan-Facsinay A, van der Voort EI, Huizinga TW, Toes RE. Transient expression of 
FOXP3 in human activated nonregulatory CD4+ T cells. European journal of immunology. 2007; 
37:129–138. [PubMed: 17154262] 

34. Wollenberg I, et al. Regulation of the germinal center reaction by Foxp3+ follicular regulatory T 
cells. J Immunol. 2011; 187:4553–4560. [PubMed: 21984700] 

León et al. Page 11

Nat Commun. Author manuscript; available in PMC 2014 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Nakamura K, Kitani A, Strober W. Cell contact-dependent immunosuppression by 
CD4(+)CD25(+) regulatory T cells is mediated by cell surface-bound transforming growth factor 
beta. The Journal of experimental medicine. 2001; 194:629–644. [PubMed: 11535631] 

36. Kim HP, Kelly J, Leonard WJ. The basis for IL-2-induced IL-2 receptor alpha chain gene 
regulation: importance of two widely separated IL-2 response elements. Immunity. 2001; 15:159–
172. [PubMed: 11485747] 

37. Malek TR. The biology of interleukin-2. Annual review of immunology. 2008; 26:453–479.

38. Sakaguchi S. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T cells in 
immunological tolerance to self and non-self. Nature immunology. 2005; 6:345–352. [PubMed: 
15785760] 

39. Brunkow ME, et al. Disruption of a new forkhead/winged-helix protein, scurfin, results in the fatal 
lymphoproliferative disorder of the scurfy mouse. Nature genetics. 2001; 27:68–73. [PubMed: 
11138001] 

40. Bennett CL, et al. The immune dysregulation, polyendocrinopathy, enteropathy, X-linked 
syndrome (IPEX) is caused by mutations of FOXP3. Nature genetics. 2001; 27:20–21. [PubMed: 
11137993] 

41. Wildin RS, et al. X-linked neonatal diabetes mellitus, enteropathy and endocrinopathy syndrome is 
the human equivalent of mouse scurfy. Nature genetics. 2001; 27:18–20. [PubMed: 11137992] 

42. van der Vliet HJ, Nieuwenhuis EE. IPEX as a result of mutations in FOXP3. Clinical & 
developmental immunology. 2007; 2007:89017. [PubMed: 18317533] 

43. Solomou EE, Juang YT, Gourley MF, Kammer GM, Tsokos GC. Molecular basis of deficient IL-2 
production in T cells from patients with systemic lupus erythematosus. J Immunol. 2001; 
166:4216–4222. [PubMed: 11238674] 

44. Saadoun D, et al. Regulatory T-cell responses to low-dose interleukin-2 in HCV-induced 
vasculitis. The New England journal of medicine. 2011; 365:2067–2077. [PubMed: 22129253] 

45. Lee SY, et al. Interleukin-2/anti-interleukin-2 monoclonal antibody immune complex suppresses 
collagen-induced arthritis in mice by fortifying interleukin-2/STAT5 signalling pathways. 
Immunology. 2012; 137:305–316. [PubMed: 23167249] 

46. Humrich JY, et al. Homeostatic imbalance of regulatory and effector T cells due to IL-2 
deprivation amplifies murine lupus. Proceedings of the National Academy of Sciences of the 
United States of America. 2010; 107:204–209. [PubMed: 20018660] 

47. Webster KE, et al. In vivo expansion of T reg cells with IL-2-mAb complexes: induction of 
resistance to EAE and long-term acceptance of islet allografts without immunosuppression. The 
Journal of experimental medicine. 2009; 206:751–760. [PubMed: 19332874] 

48. Pasare C, Medzhitov R. Toll pathway-dependent blockade of CD4+CD25+ T cell-mediated 
suppression by dendritic cells. Science. 2003; 299:1033–1036. [PubMed: 12532024] 

49. Liu X, et al. Bcl6 expression specifies the T follicular helper cell program in vivo. The Journal of 
experimental medicine. 2012; 209:1841–1852. S1841–1824. [PubMed: 22987803] 

50. Germain RN, Robey EA, Cahalan MD. A decade of imaging cellular motility and interaction 
dynamics in the immune system. Science. 2012; 336:1676–1681. [PubMed: 22745423] 

51. Kerfoot SM, et al. Germinal center B cell and T follicular helper cell development initiates in the 
interfollicular zone. Immunity. 2011; 34:947–960. [PubMed: 21636295] 

52. Hardtke S, Ohl L, Forster R. Balanced expression of CXCR5 and CCR7 on follicular T helper cells 
determines their transient positioning to lymph node follicles and is essential for efficient B-cell 
help. Blood. 2005; 106:1924–1931. [PubMed: 15899919] 

53. Groom JR, et al. CXCR3 chemokine receptor-ligand interactions in the lymph node optimize 
CD4+ T helper 1 cell differentiation. Immunity. 2012; 37:1091–1103. [PubMed: 23123063] 

54. Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl KB, Campbell DJ. The 
transcription factor T-bet controls regulatory T cell homeostasis and function during type 1 
inflammation. Nature immunology. 2009; 10:595–602. [PubMed: 19412181] 

León et al. Page 12

Nat Commun. Author manuscript; available in PMC 2014 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Treg depletion compromises GC B cell responses to influenza
(a-f) B6 and FoxP3-DTR mice were infected with PR8, administered DT on days 0, 4 and 7 

after infection and cells from the mLN were analyzed on day 10. The frequency (a) and 

number (b) of CD4+ T cells that expressed FoxP3 were determined by flow cytometry. The 

frequency (c) and number (d) of CD19+CD138-PNA+CD38lo GC B cells was determined by 

flow cytometry. The frequency of NP-specific CD19+ B cells (e, top row) and the frequency 

of NP-specific CD19+PNA+CD38lo GC B cells (e, bottom row) were determined by flow 

cytometry. (f) The number of NP-specific CD19+PNA+CD38lo GC B cells was calculated. 

Data in all panels are representative of five independent experiments (mean ± s.d of 5 mice). 

P values were determined using a two-tailed Student's t-test.
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Figure 2. Influenza-specific Tfh cells are found in mLN but not the lung
(a-d) B6 mice were infected with PR8 and cells were analyzed by flow cytometry on day 10. 

(a) The frequency of PD-1hiCXCR5hi Tfh cells and PD-1loCXCR5lo Teff cells in the NP-

specific CD4+ T cells from the mLN. (b) Bcl6 expression on PD-1hiCXCR5hi and 

PD-1loCXCR5lo NP-specific CD4+ T cells. (c) The frequency of PD-1loCXCR5lo Teff cells 

in the NP-specific CD4+ T cells from the lung. (d) Bcl6 expression on NP-specific CD4+ T 

cells obtained from the lungs and mLNs. (e) B6 mice were infected with PR8 and the 

number of NP-specific CD4+Bcl6hiPD-1hiCXCR5hi cells in the mLN was calculated at the 

indicated times. Data are shown as the mean ± SD (n=4-5 mice/point). Data are 

representative of three independent experiments.
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Figure 3. Treg depletion compromises influenza-specific Tfh cell responses
(a-e) B6 and FoxP3-DTR mice were infected with PR8, administered DT on days 0, 4 and 7 

after infection and the frequency (a) and number (b) of NP-specific CD4+ T cells in the 

mLN was determined by flow cytometry. The frequency of PD-1hiCXCR5hi cells (c, top 
row) and the frequency of Bcl6hi cells (c, bottom row) in the NP-specific CD4+ T cell 

population in the mLN was determined by flow cytometry and the numbers of NP- specific 

CD4+Bcl6hiPD-1hiCXCR5hi cells (d) and NP-specific CD4+Bcl6loPD-1loCXCR5lo cells (e) 

in the mLN were calculated. (f-g) B6 and FoxP3-DTR mice were infected with PR8, 

administered DT on days 0, 4 and 7 after infection and the frequency (f) and number (g) of 

NP-specific CD4+ T cells in the lungs on day 10 were determined by flow cytometry. Data 

are representative of five independent experiments (mean ± s.d of 5 mice per group). P 

values were determined using a two-tailed Student's t-test. (h-j) B6 and FoxP3-DTR mice 

were infected with PR8, administered DT on days 6 and 10 and the expression of Bcl6 in 

NP-specific CD4+ T cells (h), the number of NP-specific CD4+Bcl6hiPD-1hiCXCR5hi cells 

(i) and the number of NP-specific CD4+Bcl6loPD-1loCXCR5lo cells (j) was determined in 

the mLN on day 12. Data are representative of two independent experiments (mean ± s.d of 

4-5 mice per group). P values were determined using a two-tailed Student's t-test.
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Figure 4. Tfh cells do not originate from Foxp3-expressing precursors
(a) B6 mice were infected with PR8 and the expression of FoxP3 on total CD4+ T cells NP-

specific CD4+PD-1hiCXCR5hi and NP-specific CD4+PD-1loCXCR5lo cells from the mLN 

were analyzed by flow cytometry on day 10. (b-d) B6 mice were irradiated and reconstituted 

with a 50:50 mix of BM from B6 (CD45.1) and FoxP3-DTR donors (CD45.2). 

Reconstituted mice were infected with PR8, administered DT on days 0, 4 and 7 after 

infection the frequency of CD4+FoxP3+ cells (b), the frequency of NP-specific 

CD4+PD-1hiCXCR5hi cells (c) and the frequency of CD4+PD-1hiCXCR5hi cells (d) from 

CD45.1 or CD45.2 donors was determined by flow cytometry. Data are representative of 

three independent experiments (mean ± s.d of 4-5 mice per group). (e-f) B6 mice were 

infected with PR8 and the frequency of PD-1hiCXCR5hi cells in CD4+ FoxP3- or CD4+ 

FoxP3+ T cells (mean ± s.d of 5 mice per group) (e) and the expression of Bcl6 in NP-
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specific CD4+ cells and CD4+FoxP3+ cells (f) were determined by flow cyometry on day 

10. All data were obtained after gatingon CD19- cells. Data are representative of five 

independent experiments
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Figure 5. TGF-β blockade does not affect influenza-specific Tfh or GC B cell responses
(a-g) B6 mice were infected with PR8 and treated with 250 μg of anti-TGF-β or isotype- 

matched control antibody on days 0 and 5 and the frequency (a) and number (b) of NP- 

specific CD4+ T cells, the expression of Bcl6 on NP-specific CD4+ T cells (c), the 

frequency (d) and number (e) of NP-specific CD4+PD-1hiCXCR5hi cells was determined by 

flow cytometry on day 10 in the mLNs. (f-g) B6 mice were infected with PR8 and treated on 

days 0 and 5 with 250 μg of anti-TGF-β or control antibody and the number of 

CD19+PNA+CD38loCD138- GC B cells (f) and the number of NP-specific 

CD19+PNA+CD38lo GC B cells (g) in the mLNs was determined by flow cytometry on day 

10. Data are representative of three independent experiments (mean ± s.d of 4-5 mice per 

group).
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Figure 6. Increased IL-2 production and CD25 expression in Treg depleted mice
(a-b) B6 and FoxP3-DTR mice were infected with PR8, administered DT on days 0, 4 and 7 

and, on day 10, cells from the mLN were re-stimulated in vitro and the frequencies of IFNγ-

producing CD4+ cells (a) and IL-2-producing CD4+ cells (b) were determined by 

intracellular staining. (c) B6 mice were infected with PR8 and the frequency of NP- specific 

CD4+CD25+ T cells was determined by flow cytometry in the mLN on days 7 and 10 after 

infection. (d-e) B6 and FoxP3-DTR mice were infected with PR8, administered DT on days 

0, 4 and 7 and the frequency of NP-specific CD4+CD25+ cells (d) and the frequency of 

CD4+CD25+FoxP3- cells (e) was determined by flow cytometry in the mLN on 10 after 

infection. Data are representative of three independent experiments (mean ± s.d of 4-5 mice 

per group). P values were determined using a two- tailed Student's t-test.
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Figure 7. Excessive IL-2 signaling after Treg depletion inhibits Tfh cell responses
(a-c) Irradiated TCRβδ-/- mice were reconstituted with a 50:50 mix of BM from Cd25-/- 

donors (CD45.2) and FoxP3-DTR donors (CD45.1). Reconstituted mice were infected with 

PR8 and the percentages of CD45.1+ and CD45.1- cells within the CD4+FoxP3+ cells (b) 

and the CD4+FoxP3- T cells (c) determined by flow cytometry on day 10. (d-l) Irradiated 

Tcrbd-/- mice were reconstituted with a 50:50 mix of BM from Cd25-/- donors (CD45.2) and 

FoxP3-DTR donors (CD45.1), infected with PR8, treated with either PBS or DT and the 

frequency (d) and number (e) of CD4+FoxP3+ cells derived from either CD45.1 or CD45.2 

donors was determined by flow cytometry on day 10. The frequency of CD4+CD25+ in NP-

specific cells (f) derived from either CD45.1 or CD45.2 donors was determined by flow 

cytometry on day 10. The number of total NP-specific CD4+Bcl6hiPD-1hiCXCR5hi cells (g) 

was calculated on day 10. The frequency of CD4+Bcl6hi in NP-specific cells (h) derived 
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from either the CD45.1 or CD45.2 donors was determined on day 10. The number of NP-

specific CD4+Bcl6hiPD-1hiCXCR5hi cells (i) derived from either the CD45.1 or CD45.2 

donors was determined by flow cytometry. The frequency (j) and number (k) of NP-specific 

CD19+FAS+PNA+ GC B cells was determined on day 10. The frequency of NP-specific B 

cells derived from either the CD45.1 or CD45.2 donors (l) was determined by flow 

cytometry on day 10. Data are representative of four independent experiments (mean ± s.d 

of 5-7 mice per group). P values were determined using a two-tailed Student's t-test.
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