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Abstract

Follicular T helper cells (Tfh) provide B cell help to generate long-lived humoral immunity. 

Opposing signals from the antagonists Bcl-6 and BLIMP-1 drive differentiation of CXCR5+/

Bcl-6hi Tfh versus CXCR5-/BLIMP-1hi non-Tfh effector cells. High IL-2R signaling induces 

BLIMP-1 and leads to effector cell formation. B cells favor Tfh development, but the key 

regulators remain poorly defined. Using Salmonella-infected human B cells, we show 

that the Tfh cytokine IL-21 regulates the contraction phase of activated CD4+ T cells. IL-

21 counteracts effector cell formation through inhibition of endogenous IL-2 synthesis 

and subsequent downmodulation of T-bet and BLIMP-1. Expression of T-bet and BLIMP-1 

and secretion of Th1 and Tfh effector cytokines were rescued by exogenous IL-2 in the 

presence of antigen-presenting B cells. Thus, IL-21 targets the IL-2/BLIMP axis upon CD4+ 

T cell activation, whereby the fate of the activated T cell pool is regulated by the balance 

between locally available IL-2 and IL-21. We define a regulatory function of IL-21 that 

may control T cell activation and prevents uncontrolled inflammatory responses in lymph 

nodes.
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Introduction

Effective antibody responses are critical for clearance of bacterial infection and often 

dependent on T cell help. Upon activation by pathogens, B and T cells migrate to 

secondary lymphoid tissues and both reside temporarily at the border of the B and T 

cell zones.1-4 Here, activated CD4+ T cells provide survival signals to antigen-presenting B 

cells via CD40 costimulation and cytokines.1 This results in further B cell differentiation, 

germinal center formation and production of high affinity, class switched antibodies. 

IL-21 producing follicular T helper (Tfh) cells provide specialized help to B cells5, 6 by 

enhancing B cell expansion, class switching and plasma cell differentiation.7-10 Vice versa, 

a picture is emerging that B cells are essential for Tfh differentiation and the regulation 

of CD4+ memory responses.11 This may be explained by the fact that after 3 to 4 days of T 

cell activation antigen-specific DCs probably die in the lymph nodes and B cells become 

the primary APCs. Strong, clonal expansion of antigen-specific B cells and colocalization 

of activated B and T cells provide excellent conditions for B-cell mediated regulation of 

T cell fate.11

The molecular pathways by which B cells regulate CD4+ T cell differentiation remain 

poorly defined. Tfh cells express the transcription factor Bcl-6, which induces CXCR5 

for Tfh migration near or into the B cell areas of the lymph node.2, 12, 13 Tfh cells share 

characteristics with central memory T cells (Tcm), that also express Bcl-6 and CXCR5 

and also reside at the B-T cell border. In contrast, effector memory cells (Tem) arise 

from effector cells that express the transcription factor BLIMP-1. Bcl-6 and BLIMP-1 are 

mutually antagonistic,14 but may be coexpressed at certain levels (ref 15 and de Wit, 

Jorritsma, Klaasse Bos, Souwer, Neefjes, van Ham; Human Salmonella-specific B cells 

solicit optimal T cell aid by IL-6 dependent induction of IL-21 in plastic CD4+ Th cells, 

manuscript in preparation). It is clear that B cells and costimulation via ICOS is needed for 

Tfh and Tcm formation for induction of Bcl-6.16, 17 

Next to the ICOS/Bcl-6 pathway, IL-2R signaling is also involved in the bifurcation 

between Tfh versus non-Tfh effector cell differentiation.17-19 Low IL-2R signaling favors Tfh 

differentiation. Strong IL-2R signaling activates STAT5 which induces BLIMP-1 and non-Tfh 

effector cell formation. BLIMP-1 forms a negative feedback loop, inhibiting endogenous 

IL-2 transcription.20, 21 IL-2 mediated induction of BLIMP-1 was described to repress Bcl-

6.18, 22 In mice expression of the high affinity IL-2Rα chain is significantly lower in CXCR5+ 

cells, compared to the CXCR5- population, confirming the negative role of IL-2 for Tfh 

generation.18, 23 Almost nothing is known about the regulation of Tfh differentiation by 

IL-2 in human. As ICOS does not induce IL-2,24 the regulation of the IL-2/BLIMP-1 axis in 

CD4+ T cell differentiation remains to be elucidated. 



80

Chapter 4

On resting CD4+ T cells, the IL-2R consist of the low affinity IL-2Rβ and the common 

γ-chain (γc). Upon T cell activation the high affinity IL-2Rα (CD25) is expressed.25, 26 IL-

2Rα expression is maintained by IL-2R signaling via STAT5 activation.27 Most IL-2 is 

produced within a few hours of CD4+ T cell activation and remains high during a few days. 

Upon cognate interaction, IL-2 enhances the secondary phase of T cell expansion and 

differentiation into cytokine-secreting effector cells.28-30 26, 31

A possible candidate in the regulation of the IL-2/BLIMP-1 axis in CD4+ T cell differentiation 

is IL-21. IL-21 has been implicated in T cell contraction and also plays a role in Tfh formation, 

as IL-21-/- mice show reduced Tfh frequencies.16, 32-34 Moreover, IL-21 was named in Tfh 

maintenance.2 We previously demonstrated that upon Salmonella-infection, human B 

cells can drive production of IL-21 in activated CD4+ T cells (de Wit, Jorritsma, Klaasse Bos, 

Souwer, Neefjes, van Ham; Human Salmonella-specific B cells solicit optimal T cell aid 

by IL-6 dependent induction of IL-21 in plastic CD4+ Th cells, manuscript in preparation). 

In this study, we show that effector cell differentiation of both naive and memory T 

cells is severely attenuated by IL-21 in absence of exogenous IL-2. We show that IL-21 

inhibits endogenous IL2 transcription leading to reduced IL-2Rα expression, contraction 

of the T cell pool and downmodulated T-bet and BLIMP-1. Exogenous IL-2 overrules the 

suppressive effect of IL-21 and restores effector cell formation. IL-21 thus provides a 

negative feedback signal that prevents unbridled expansion of effector T cells.

Materials and methods

Antibodies

mAb anti-human IgM (MH15, Sanquin, Amsterdam, The Netherlands) was mixed with 

rat anti-mouse IgG1 antibody (RM161.1, Sanquin) and mAb anti-S. typhimurium LPS 

(1E6, Biodesign International, Kennebunk, ME) to generate BCR-LPS tetrameric antibody 

complexes, used to coat bacteria as previously described.42 The following labeled anti-

human mAbs were obtained from BD Biosciences (San Jose, CA): anti-IFN-γ, anti-IL-4, and 

anti-CD4. Anti-IL-21 and was obtained from eBioscience and DAPI from Sigma-Aldrich 

(Steinheim, Germany). CFSE (Invitrogen, Paisley, UK) labeling was used in proliferation 

assays.

Bacterial growth conditions

S. typhimurium SL1344 and GFP-Salmonella were grown in Luria-Bertani (LB) broth with 

carbenicillin (Sigma-Aldrich, St Louis, MO) to maintain GFP expression.  Bacteria were 

cultured overnight at 37°C while shaking, subcultured at a dilution of 1:33 in fresh LB 
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media, and incubated at 37°C while shaking for 3 hours to obtain exponentially growing 

bacteria. For coating, bacteria were washed twice with PBS and incubated with BCR-LPS 

tetrameric antibody complexes for 30 minutes at room temperature and washed twice 

with PBS to remove unbound antibodies. 

Lymphocyte isolation

Human PBMCs were isolated by centrifugation on a Ficoll-Hypaque gradient (Axis-

Shield PoC AS, Oslo, Norway) from a buffycoat obtained from healthy donors (Sanquin). 

All donors provided written informed consent in accordance with the protocol of the 

local institutional review board, the Medical Ethics Committee of Sanquin Blood Supply 

(Amsterdam, The Netherlands), and the Medical Ethics Committee of Sanquin approved 

the study. B and T cells were subsequently purified using anti-CD19 and anti-CD4 

Dynabeads and DETACHaBEAD (Invitrogen), according to the manufacturer’s instructions. 

From CD4+ T cells, untouched naive CD4+ T cells (CD4+CD45RO-) were purified via MACS 

isolation kit using CD45RO-PE (Sanquin) and anti-PE beads (Miltenyi Biotech, Bergisch 

Gladbach, Germany). Untouched memory CD4+ T cells were isolated via MACS isolation 

using CD45RA-PE (Sanquin) and anti-PE beads. Populations were >98% purified. 

Salmonella infection

B lymphocytes were incubated for 45 minutes at 37°C with Salmonella without antibiotics. 

Next, cells were washed to remove unbound bacteria four times and cultured for 1 hour 

in medium containing 100 µg/ml gentamycin (Invitrogen) to eliminate non-phagocytosed 

bacteria. Cells were washed and cultured in RPMI 1640 medium w/o phenol red (Gibco), 

supplemented with 5% FCS (Bodinco, Alkmaar, The Netherlands), 100 U/ml penicillin, 

100 μg/ml streptomycin, 2 mM L-Glutamine (Invitrogen), 50 μM 2-ME, 20 μg/ml human 

apo-transferrin ((Sigma-Aldrich), depleted for human IgG with protein G sepharose 

(Amersham, Uppsala, Sweden)) and 10 µg/ml gentamycin. 1x105 Salmonella-infected 

cells were cultured with 5x104 CD4+ T cells. The following cytokines were added when 

described: IL-21 (50 ng/ml; Invitrogen) and IL-2 (10 U/mL, Chiron, Emeryville, USA). 

20,000 events were acquired on a LSR II (BD) and analyzed with FlowJo (v7.6.5 Treestar 

Inc.). 

ELISA assays

To determine IgM and IgG levels in culture supernatants, flat bottom MaxiSorb plates 

(Nunc, Roskilde, Denmark) were coated with polyclonal anti-IgM (SH15, Sanquin) or 

anti-IgG (MH-16, Sanquin) in 100 μl PBS, overnight at room temperature. Plates were 
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washed with PBS/0.02%Tween-20 (Mallinckrodt Baker, Deventer, the Netherlands). 

After washing, samples were incubated for 2 hours in high performance ELISA buffer 

(HPE, Sanquin). As a standard, pooled human serum was used. Plates were washed and 

incubated for 1 hour with 1 μg/ml mAb anti-IgM-HRP (MH15-HRP, Sanquin) or anti-IgG 

(MH16-1-HRP, Sanquin). After washing, peroxidase activity was visualized by incubation 

with 100 μl 3,5,3’,5’-tetramethylbenzidine (Merck, Darmstadt, Germany), 100 μg/ml in 

0.11 M Na-acetate, pH 5.5, containing 0.003% H2O2 (Merck). The reaction was stopped 

by addition of an equal volume of 2M H2SO4 (Merck) and the absorbance at 450 nm and 

540 nm was measured immediately in a Titertek plate reader.

Flow cytometry

Proliferation was measured after 6 days of by culture of CFSE labeled B and T cells. DAPI 

was used to analyze living cells. To study T cell polarization, B cells and T cells were 

cultured for 11 days. Cytokine production was measured by intracellular staining after 

restimulation with 0.1 µg/ml PMA, 1 µg/ml ionomycin and 10 µg/ml brefeldin A (Sigma-

Aldrich) for 5 hours. Cells were washed twice with PBS, fixed with 4% paraformaldehyde 

(Merck, Darmstadt, Germany) for 15 minutes and after washing with PBS and PBS 

containing 1% BSA (Sigma-Aldrich), permeabilized with 0.5% saponin (Calbiochem, CA) in 

PBS containing 1% BSA and incubated with fluorescent antibodies for 30 minutes at room 

temperature. 20,000 events were acquired on a LSR II (BD) and analyzed with FACSDiva 

software (BD).

RNA isolation, cDNA synthesis and real-time semi-quantitative RT-PCR

RT-PCR has been described before.42 Briefly, RNA was reverse transcribed to cDNA using 

random hexamers in combination with Superscript II and a RNase H-reverse transcriptase 

kit. Primers for 18S rRNA, IL2, IL2RA, IL2RB, IL2RG, IL21R, TBX21, and PRDM1 were 

developed to span exon-intron junctions to prevent amplification of genomic DNA (primer 

sets in supplemental Table 1). Primers were validated on cDNA of total CD4+ T cells. 

Product specificity of each primer set was verified by agarose gel electrophoresis and 

sequence analysis of the amplified PCR product. Gene expression levels were measured 

in triplicate reactions for each sample in the ABI PRISM 7000 Sequence Detection System 

(Applied Biosystems, Foster City, CA) using the SYBR green method (Applied Biosystems). 

All results were normalized to the internal control 18S rRNA, and are expressed relative 

to the expression levels found in naive CD4+ T cells stimulated with Salmonella-infected 

B cells at day 3.
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Statistical analysis

Statistical differences were determined by a paired Student’s t test, using GraphPad Prism 

(version 5.01, GraphPad Software, San Diego, CA).

Results

IL-21 and IL-2 enhance B cell proliferation and antibody secretion

Previously we showed that human Salmonella-infected B cells induce prominent IL-21-

secretion in activated CD4+ T cells, resulting in optimal B cell help for antibody secretion. 

Enhanced antibody secretion was mediated by the Tfh key cytokine, IL-21. Blocking IL-

21 reduced antibody secretion, whereas extra IL-21 enhanced antibody levels (ref 7, 

35 and Figure 1A and C). Now we studied the effect of IL-21 and IL-2 on B and T cell 

proliferation and help in antibody secretion. Addition of IL-2 resulted in significant 

induction of both IgM and IgG secretion by Salmonella-infected B cells (Figure 1A). 

When IL-2 and IL-21 were combined, a strong synergy was observed both in antibody 

production and B cell proliferation. Thus, the presence of both IL-21 and IL-2 strongly 

Figure 1. IL-21 and IL-2 enhance B cell proliferation and antibody secretion. (A) Salmonella-infected B cells 
were cultured in absence or presence of IL-21, IL-2 or both. Antibody secretion was measured at day 12. 
Data are mean + SEM from 19 experiments with different donors. (B) B cells were cultured as described in 
A and proliferation was measured at day 6. Data are mean + SEM from six experiments with different donors.  
(C) Salmonella-infected B cells were cocultured with autologous CD4+ T helper cells, in absence of presence of 
IL-21, IL-2 or both. Antibody secretion was measured at day 12. Data are mean + SEM from 19 experiments with 
different donors. (D) Proliferation of B cells, described in C, was measured at day 6. Data are mean + SEM from 
nine experiments with different donors.
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contribute to B cell differentiation. Coculture with autologous T cells strongly enhanced 

both IgM and IgG production and B cell proliferation (Figure 1B and 1D). When either 

IL-21 or IL-2 was added, IgM secretion was not longer enhanced, but both conditions 

slightly enhanced IgG production (Figure 1C). IL-2 in combination with IL-21 still strongly 

synergistically enhanced both IgM and IgG secretion. Proliferation of B cells in coculture 

Figure 2. IL-21 negatively regulates Th skewing and proliferation. (A-C) Salmonella infected B cells were 
cocultured with total CD4+ T cells (A), naive CD4+ T cells (B) or memory CD4+ T cells (C), in absence or presence 
of IL-21. T cell polarization was measured at day 11. Data are mean + SEM from 12 (total CD4+ T cells) or at least 
four (naive and memory CD4+ T cells) experiments with different donors. (D-F) Proliferation of CFSE labeled CD4+ 
T cells (total, naive or memory) after six days of coculture with Salmonella-infected B cells in presence of IL-21. 
Data are from one representative experiment, of 10 experiments using different donors. (E-F) Percentages of 
CD4+ T cells in the proliferating gate of n=10 are shown as mean + SEM in E and MFI of proliferating cells of n=2 
are shown as mean + SEM in F. (G) Proliferating CD4+ T cells were measured at day 11, of cultures described in 
D. Data shown are representative for two experiments using different donors. Percentages of CD4+ T cells in the 
proliferating gate (H) or MFI of proliferating cells (I) of n=2 are combined and shown as mean + SEM.
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with autologous T cells was differentially regulated in presence of extra IL-21 and IL-2 

(Figure 1D). Addition of IL-21 reduced B cell proliferation by 40%, while addition of 

IL-2 enhanced B cell proliferation slightly. The combination of exogenous IL-21 and IL-2 

resulted in an increase in B cell proliferation up to 32% of proliferated B cells. Thus, in 

absence of T cells, IL-21 and IL-2 have a positive effect on B cells and enhance antibody 

secretion and proliferation. In presence of T cells, IL-21 still enhances IgG secretion, but B 

cell proliferation is reduced. Addition of IL-2 overrules the reduction in B cell proliferation 

and becomes a synergizing factor to stimulate antibody secretion even further.

IL-21 limits late phase T cell expansion and negatively regulates effector T cell formation 

The opposite effect of IL-21 and IL-2 on T cell-dependent B cell proliferation could 

result from altered T helper cell differentiation, which would affect T cell help to B cells. 

Previously, we demonstrated that in the presence of exogenous IL-2 Salmonella-infected 

B cells induce preferential CD4+ T cell polarization towards IL-21 and IFN-γ producing 

subsets with only limited outgrowth of IL-4 producing T cells (de Wit, Jorritsma, Klaasse 

Bos, Souwer, Neefjes, van Ham; Human Salmonella-specific B cells solicit optimal T cell 

aid by IL-6 dependent induction of IL-21 in plastic CD4+ Th cells, manuscript submitted). 

Strikingly, in absence of exogenous IL-2 addition of IL-21 to the coculture of Salmonella 

B cells and CD4+ T cells strongly inhibited outgrowth of Th1, Tfh and Th2 effector cells 

(Figure 2A). When investigating naive T cell priming and reactivation of memory cells 

separately, addition of IL-21 decreased Th1, Tfh and Th2 effector cell differentiation during 

naive T cell priming (Figure 2B), and Th1 and Tfh expansion of reactivated memory T cells 

(Figure 2C). Th2 effector cell expansion of reactivated memory T cells was not affected 

by IL-21. We next investigated in which phase of T cell differentiation IL-21 showed its 

most prominent regulatory effect. During the first six days of naive T cell priming IL-21 

induced a slightly higher cell division rate, as demonstrated by a lower MFI of CFSE-

labeled dividing cells, but this did not result in more cells in the proliferating gate (Figure 

2D and E). Memory T cell proliferation at day 6 was enhanced by IL-21, both in absolute 

cell number and in division rate (Figure 2D and F). When analyzed at later stages of T cell 

differentiation, exogenous IL-21 strongly decreased the number of proliferating cells at 

day 11, in both naive and memory T cells (Figure 2G and H) without affecting division 

rate, demonstrating that IL-21 promoted contraction of the activated T cells in the second 

phase of T cell differentiation.

Exogenous IL-2 overcomes negative regulatory effect of IL-21 on effector cell 

differentiation

Since IL-2  enhances T cell expansion in the second phase of T cell activation, we 
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investigated if IL-2 could overcome the negative regulation by IL-21. Addition of IL-2 

alone showed no effect on naive T cell proliferation (Figure 3C and D, left). IL-2 could 

Figure 3. Exogenous IL-2 recovers the IL-21 decrease in T cell proliferation. Salmonella-infected B cells were 
cocultured with CFSE labeled total (A and B), naive (C and D) or memory (E and F) CD4+ T cells, in absence (no 
cyto) or presence of IL-21, IL-2 or both. IL-2 was added either directly at the start of the culture, or at day 6 and 
day 8. Proliferation was determined at day 6 and day 11 of culture. Data shown are representative (A, C, and E) 
of two experiments with different donors. (B, D, and F) Percentage of CD4+ T cells in the proliferating gate at day 
6 (left) or day 11 (right) of n=2  were combined in a graph and shown as mean + SEM.
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partially restore the negative effects of IL-21 both in early and late phase of T cell priming 

(Figure 3C and D, right). Even addition of IL-2 only during the second phase of T cell 

priming (day 6 and day 8) was sufficient to rescue T cell proliferation from the negative 

effects of exogenous IL-21 (Figure 3D, right). Extra IL-2 during reactivation of memory 

cells further enhanced IL-21 mediated proliferation of T cells during the first phase of 

activation, whereas IL-2 alone had no added effect (Figure 3E and F). In the second phase, 

IL-2 completely restored the IL-21-mediated inhibition of T cell proliferation, even when 

added only at day 6 and 8. Thus, the presence of IL-2 in the second phase of CD4+ T cell 

differentiation is enough to counteract the constraint of IL-21 on T cell proliferation. Since 

IL-2 can overcome the negative regulation of IL-21 on T cell proliferation, does IL-2 also 

rescue effector T cell differentiation? Again, Salmonella-infected B cells were cocultured 

with either naive or memory T cells, in absence or presence of IL-21. IL-2 was added 

at the start of culture, or later in time, at day 6 and day 8. Addition of IL-2 alone had 

limited effects on naive T cell differentiation. In combination with IL-21, the addition of 

IL-2 indeed restored differentiation of naive T cells towards Th1 and Tfh effector cells 

(Figure 4A), irrespective if IL-2 was added early or late during priming. In contrast, the 

IL-21 mediated decrease in Th2 effector cell formation was not restored by IL-2. Upon 

memory T cell reactivation, IL-2 itself showed a trend towards enhanced effector T cell 

Figure 4. IL-21 mediated decrease in T cell polarization is restored by early or late IL-2. Salmonella-infected 
B cells were cocultured with naive (A) or memory (B) CD4+ T cells, in absence or presence of IL-21, and/or IL-2 
added either at the start of the culture, or at day 6 and day 8. CD4+ T cell polarization was measured at day 11. 
Data shown are from at least four different experiments using different donors (mean + SEM).
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expansion of all subsets when added later in culture. Addition of IL-2 during the second 

phase of T cell reactivation almost completely restored Th1 effector cell formation and 

partially rescued Tfh effector cell differentiation. As seen with naive T cell differentiation, 

IL-2 could not restore expansion of Th2 effector cells upon reactivation of memory T 

cells. Thus, IL-2 not only neutralizes the negative effects of IL-21 on proliferation, but also 

restores the IL-21-mediated block on effector T cell differentiation. 

IL-21 affects effector cell differentiation by inhibiting IL-2 and subsequent BLIMP-1 

expression

To investigate whether IL-21 has a inhibitory effect on endogenous IL-2 production by 

in activated CD4+ T cells, T cells were sorted from a coculture with Salmonella-infected 

B cells at different time points, and mRNA levels of IL-2 were determined. In absence of 

extra cytokines, IL2 transcription in naive T cells was upregulated in time (Figure 5A). IL-21 

completely abolished endogenous IL2 transcription (Figure 5A). In addition, transcription 

of IL2RA was also strongly attenuated (Figure 5B), while IL2RB transcription was only 

slightly reduced, and only showed lower mRNA levels at day 11 (Figure 5C). IL2RG (γc) 

expression was not affected (Figure 5D). These data are in line with the fact that IL-2 

expression levels strongly regulate IL2RA transcription while moderately upregulating 

IL2RB.36 In contrast, IL21R transcription in naive T cells was increased by exogenous IL-21 

(Figure 5E), already at day 3 of T cell activation and remained high over time. Memory 

Figure 5. IL-21 decreases IL-2 and IL-2R transcription. Salmonella-infected B cells were cocultured with naive 
(A-E) or memory (F-J) CD4+ T cells, in absence or presence of IL-21. Relative expression of IL2 (A and F), IL2RA 
(B and G), IL2RB (C and H), IL2RG (D and I) and IL21R (F and J) mRNA compared tot 18S mRNA was measured 
in CD4+ T cells that were isolated by FACS sorting from the cocultures at day 3, day 6 and day 11. Data are mean 
+ SEM of a duplicate measurement of one experiment. mRNA levels are expressed relative to naive CD4+ T cells 
stimulated by Salmonella-infected B cells, at day 3.
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T cells were similarly affected by addition of IL-21 (Figure 5F-I). IL2 as well as IL2RA 

transcription were decreased by extra IL-21 (Figure 5F and G), although less compared to 

naive T cells. Transcription of the low affinity IL2RB was not affected by IL-21 in memory 

cells (Figure 5H). The mRNA levels of IL-21R were less upregulated compared to naive 

T cells, but still showed a small increase upon addition of IL-21 (Figure 5J). Thus, IL-21 

inhibits IL-2 production and IL-2R signaling during priming of naive CD4+ T cells and upon 

reactivation of memory CD4+ T cells.

The addition of IL-21 decreases both IL2 and IL2RA transcription in naive and memory 

T cells. However, IL2RA transcription is regulated by IL-2 signaling itself. The question 

remains, if IL-21 inhibits only IL2 transcription or also directly IL2RA. To address this 

question, we analyzed sorted T cells that were activated by Salmonella-infected B cells. 

The presence of IL-21 again inhibited IL2 (Figure 6A) and IL2RA transcription (Figure 6B). 

However, whereas exogenous IL-2 could not restore endogenous IL2 transcription, IL2RA 

levels were restored at day 6. The mRNA levels at day 11 were somewhat decreased, 

probably by consumption of all exogenous IL-2. IL2RB and IL21R remain more or less 

stable (Figure 6C and D). This implies that in absence of exogenous IL-2, IL-21 targets 

IL2 transcription, leading to downmodulated IL2RA transcription. IL-2 signaling via 

STAT5 induces T-bet and BLIMP-1. In concordance, in the absence of IL-2, IL-21 also 

downmodulated transcription of TBX21 (the gene encoding T-bet; Figure 6E) and PRDM1 

(the gene encoding BLIMP-1; Figure 6F) in the second phase of T cell differentiation. 

Figure 6. IL-21 inhibits IL-2 and subsequently BLIMP-1 transcription. CD4+ T cells were cocultured with 
Salmonella-infected B cells, in absence or presence of IL-21 or IL-21 and IL-2. Expression of IL2 (A), IL2RA (B), 
IL2RB (C), IL21R (D), TBX21 (E) and PRDM1 (F) mRNA compared tot 18S mRNA was measured in CD4+ T cells 
that were isolated by FACS sorting from the cocultures at day 3, day 6 and day 11. Data are mean + SEM of a 
duplicate measurement of one experiment. Expression levels are expressed relative to CD4+ T cells, cultured 
with non-infected B cells, at day 3.
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Taken together, these data show that IL-21 inhibits endogenous IL-2 production, resulting 

in decreased IL-2 dependent BLIMP-1 expression which inhibits full effector T cell 

differentiation and limits the size of the activated T cell pool.

Discussion

With the discovery of follicular T helper cells, a new subset was described that was 

capable to migrate into the B cell follicles by CXCR5 expression, and provide B cell help via 

IL-21 secretion. Little is known about the induction and maintenance of this Tfh subset, as 

well as the regulation of this Tfh subset inside the B cell follicle. The Tfh cytokine IL-21 has 

been associated with autoimmunity and elevated T cell apoptosis.37 Retraction of effector 

T cells after clearance of infection is of great importance to prevent autoimmunity and 

return to homeostasis. Moreover, since regulatory T cells do not express CXCR5, they are 

unable to migrate into the B cell follicle to dampen the immune response after infection. 

We here showed that a balance between IL-21 and IL-2 signaling determines the fate of 

the Th response.

Cytokines play a role in the degree of contraction after antigen withdrawal.31 Although 

IL-21 has been described to maintain Tfh phenotype,2 we observed that an excess of 

IL-21 inhibits T cell expansion and attenuates the production of Th effector cytokines. 

We demonstrated that IL-21 suppresses autologous IL2 transcription, resulting in an 

impaired IL-2Rα expression. Lower expression of IL-2Rα has been associated before with 

IL-21 secreting Tfh cells.19 T cell expansion and effector function are decreased by IL-21, 

probably as a result of reduced IL-2 signaling since additional IL-2 could restore these 

effects. Suboptimal IL-2 signaling was shown before to impair T cell expansion.31 Hence, 

IL-21 induces self-destruction of Tfh cells. In addition, non-Tfh cells might also receive IL-

21 signaling at the border of the B-T cell zone, where IL-21 induces T cell contraction. IL-2 

signaling can prevent IL-21 induced Tfh self-destruction. This renders Tfh cells growing in 

the presence of IL-21 highly dependent on (exogenous) IL-2. If autologous IL-2 secretion is 

reduced at the second stage of T cell activation,25 IL-21 can strongly enhance contraction 

of T cells.

IL-21 can also influence T cell memory development. Generation of Tem highly depends 

on IL-2.25, 36, 38, 39 Since IL-21 reduces IL2 transcription, it might also favor Tcm formation, 

rather than Tem. This can only be concluded when we have more insight in the effects of 

IL-21 on Tem and Tcm development.

IL-21 may also induce Tfh cells. Tfh differentiation requires expression of the transcription 

factor Bcl-6, via ICOS or other signaling.16, 34, 40, 41 Since IL-2 activation of STAT5 negatively 
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influences Tfh differentiation,18 IL-2 signaling has to be repressed. IL-21 might directly 

inhibit IL2 transcription, or via early transient expression of BLIMP-1. BLIMP-1 inhibits IL2 

transcription and thereby also represses its own transcription.20, 21 This may involve IL-21 

signaling via STAT3, but this part of the cytokine network is as yet unclear.

In conclusion, we propose a model in which IL-21 regulates immune responses by 

controlling a cytokine negative feedback loop to downmodulate T cell effector functions 

and enhance T cell constriction. First, CXCR5+ Tfh cells producing IL-21 are found in the 

germinal center, to support B cells in antibody production and class switching in response 

to an infection. After clearance of infection and following B cell migration from the 

germinal center, IL-21 now causes contraction of effector cells and prevents uncontrolled 

inflammatory responses.
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