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ABSTRACT  1 

Background: Follicular helper T (Tfh) cells support the terminal B-cell 2 

differentiation. Human regulatory B (Breg) cells modulate cellular responses but their 3 

control of Tfh-dependent humoral immune responses is unknown. 4 

Objective: To assess the role of Breg cells on Tfh development and function.  5 

Methods: Human T cells were polyclonally stimulated in the presence of IL-12 and 6 

IL-21 to generate Tfh cells. They were co-cultured with B cells to induce their terminal 7 

differentiation. Breg cells were included in these cultures and their effects evaluated 8 

using flow cytometry and ELISA.  9 

Results: Bcl-6, IL-21, ICOS, CXCR5 and PD-1 expressions increased on stimulated 10 

human T cells, characterizing Tfh-cell maturation. In co-cultures, they differentiated B 11 

cells into CD138+ plasma and IgD-CD27+ memory cells, and triggered immunoglobulin 12 

secretions. Breg cells obtained by TLR9 and CD40 activation of B cells, prevented Tfh-13 

cell development. Added to Tfh and B cells co-cultures, they inhibited the B-cell 14 

differentiation, impeded immunoglobulin secretions, and expanded Foxp3+CXCR5+PD-15 

1+ follicular regulatory T (Tfr) cells. Breg cells modulated IL-21R expressions on Tfh 16 

cells and B cells, their suppressive activities involved CD40, CD80, CD86, and ICAM 17 

interactions and required production of IL-10 and TGFβ.  18 
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Conclusion: Human Breg cells control the Tfh-cell maturation, expand Tfr cells 19 

and inhibit the Tfh-mediated antibody secretion. These novel observations demonstrate a 20 

role for the Breg in the germinal center reactions and suggest that deficient activities may 21 

impair the Tfh-dependent control of humoral immunity and may lead to the development 22 

of aberrant autoimmune responses. 23 

24 
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KEY MESSAGES:  25 

Human Tfh cells can be induced in vitro and trigger the terminal differentiation of B 26 

cells. 27 

Human regulatory B cells suppress Tfh cell development and function. 28 

Impaired regulatory B cell activities may contributes to the development of aberrant 29 

autoimmune responses. 30 

31 
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CAPSULE SUMMARY 32 

Our study describes in vitro models assessing the role of human regulatory B cells 33 

to modulate Tfh cell development and function and hence, to control the humoral 34 

immune response. 35 

KEY WORDS: 36 

Regulatory B cells, follicular T helper cells, IL-12, IL-21, antibody production, 37 

humoral immune response. 38 

39 
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ABBREVIATIONS 40 

Ab Antibody 41 

Bcl-6 B cell lymphoma 6 42 

Breg Regulatory B 43 

CXCR5 Chemokine receptor 5 44 

DC Dendritic cells 45 

DCs Dendritic cells 46 

GC Germinal centers 47 

GCs Germinal centers 48 

HD Healthy donors 49 

ICOS Inducible costimulator 50 

SLE  Systemic lupus erythematosus 51 

Tfh Follicular T helper 52 

Tfr Follicular regulatory T 53 

TGF Transforming Growth Factor 54 

55 
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INTRODUCTION 56 

Antibody (Ab)-producing cells and memory B cells are terminally differentiated B 57 

cells that arise during adaptive humoral immune responses in germinal centers (GCs),1 58 

under the supervision of T follicular helper (Tfh) cells.2 The development and control of 59 

Tfh cells is still a matter of debate.3 One day after priming by dendritic cells (DCs) in the 60 

T zone, antigen-activated CD4+ T cells up-regulate Bcl-6 which is necessary for Tfh cell 61 

generation.4 This initial commitment is influenced by DC-derived factors such as ICOS 62 

ligand and IL-12.5,6 After three days, CXCR5 is up-regulated which helps the correct 63 

positioning at the T cell-B cell border facilitating cognate interactions with B cells and 64 

their subsequent entry to B cell follicles.7 Within the follicles, Tfh cells are characterized 65 

by constant elevated expression of CXCR5 and up-regulation of PD-1.8 Production of IL-66 

21 by DCs and by the B cells at a later stage are important for the maintenance of the 67 

terminal differentiation of Tfh cells9 which highly express IL-21R in GCs.10 Furthermore, 68 

the interactions between Tfh cells and B cells support survival and selection signals 69 

mediated through IL-21/IL-21R and CD40/CD40L axis, and subsequent Tfh activity 70 

inducing efficient terminal differentiation of B cells.11 71 

Within the follicles, regulatory mechanisms operate to prevent the emergence of 72 

autoreactivities, while allowing the selection of high-affinity Ab-producing cells. The 73 

control of Tfh cell development and Tfh cell functions now appears to be significant for 74 

the restriction of aberrant Ab responses,12,13 with the possible implication of a recently 75 

described but not yet fully characterized subpopulation of T cells called follicular 76 
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regulatory T (Tfr) cells.14 Regulatory B (Breg) cells correspond to B lymphocytes that 77 

control the proportions and/or the functions of various effector cells to restrain the 78 

development of immune responses. Their depletion or defective activity skew T cell 79 

differentiation into Th1 and Th17 subsets, associated with worsened autoimmune 80 

disorders.15,16 Following activation through CD40 and TLR9, human B cells acquire 81 

regulatory activities suppressing cellular immune responses.17-19 Whether human Breg 82 

cells can affect the humoral response has never been evaluated. We elaborated an in vitro 83 

model for the generation of functional human Tfh cells and a co-culture system to assess 84 

the capacity of Breg cells to influence their effect on the terminal differentiation of B 85 

cells.  86 

The presence of Breg cells alters the development and further suppress the functions 87 

of Tfh cells, repressing the GC reactions. We conclude that impaired Breg controls in 88 

vivo may impact the Tfh-dependent restriction of humoral responses and may lead to the 89 

development of aberrant autoimmune responses. 90 

91 
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METHODS 92 

T and B lymphocytes were in vitro differentiated into Tfh and Breg cells, 93 

respectively. To estimate the suppressive capacity of Breg cells on Tfh maturation, flow 94 

cytometry analyses and cytokine secretions were assessed on co-cultures between T and 95 

Breg cells. To determine the regulatory activity of the Bregs on Tfh function, flow 96 

cytometry, cytokine secretions and Ig productions were measured on co-cultures between 97 

unstimulated B cells, Tfh and Breg cells. To identify the influence of different cell 98 

subsets, co-cultures were performed with naïve and memory T and B lymphocytes 99 

purified by negative selection kits, and with CXCR5high PD-1high and CXCR5-PD-1- CD4+ 
100 

T lymphocytes sorted using MoFloXDP cell sorter. 101 

All procedures are detailed in the article’s Online Repository. 102 

103 
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RESULTS  104 

In vitro differentiation of human follicular helper  T cells.  105 

To establish our model, T cells were polyclonally stimulated with anti-CD3 and 106 

anti-CD28 Abs in the presence of IL-12 and IL-21 (Fig E1, A), leading to the increased 107 

expression of Bcl-6high IL-21high CXCR5high ICOShigh PD-1high CD4+ T cells with up-108 

regulation of all markers and the concomitant increased frequencies of positive T cells 109 

(Fig E2, A). This induction concerned mainly the naïve population (Fig E2, B) and was 110 

specific to the CD4+ T cells (Fig E3, A), resulting in a Th2 cytokine profile of αβ+ T cells 111 

(Fig E3, B, C). Differentiated Tfh cells were co-cultured with non-stimulated B cells (Fig 112 

E1, A). The frequencies of CD138+ plasma cells and IgD- CD27+ memory B cells were 113 

up-regulated (Fig E2, C), and increased amounts of IgM, IgG and IgA were secreted (Fig 114 

E2, D) primarily by the memory B cell compartment (Fig E3, D). These experiments 115 

demonstrate that in vitro-generated human Tfh cells acquire efficient functional 116 

properties triggering the terminal differentiation of B cells into Ab-secreting cells. 117 

Inhibitory effect of Breg cells on Tfh cell development. 118 

To evaluate the role of Breg cells, B cells were stimulated through CD40 and TLR9, 119 

and these committed Bregs were added at the onset of the T cell differentiation (Fig E1, 120 

B). The induction of the Tfh markers was not observed, percentages of Bcl-6, IL-21, 121 

CXCR5, ICOS and PD-1 positive T cells remained significantly lowered, and the MFIs 122 

of the markers were not up-regulated (Fig 1, A). In the presence of non-stimulated B cells 123 

the Tfh cell maturation occurred, percentages of all markers were not affected, and the 124 
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differentiation into Bcl-6high IL-21high CXCR5high ICOShigh and PD-1high T cells occurred as 125 

in the absence of B cells (Fig 1, B). These findings indicate that the control of the Tfh 126 

maturation is conducted by committed Breg cells only, primarily directed to the naïve 127 

CD4+ T cells (Fig1, C). Although the frequency of CXCR5high PD-1high T cells is 128 

restrained by the Bregs differentiated from both naïve and memory B cells, Bcl-6 up-129 

regulation is controlled by Breg-committed naïve B cells suggesting that the suppressive 130 

capacity is mainly carried by the naïve B cells (Fig E4, A, B). The inhibitory effect is also 131 

efficient on Tfh cells differentiated from splenic CD4+ T cells (Fig E4, C), suggesting a 132 

general immunoregulatory mechanism. When Breg cells were added on CD4+ 133 

differentiated Tfh cells, the expression of all markers were slightly affected, and their 134 

MFIs were not diminished (Fig 1, D), indicating that the development of fully 135 

differentiated Tfh cells can not be reversed by the Breg cells. 136 

Mechanisms of B cell regulation on Tfh development. 137 

Importance of cell contacts and soluble factors. 138 

CD4+ T cells were stimulated in the lower chamber of Transwell systems (Fig E1, 139 

C), with Breg cells added in the upper chamber (Fig 2, A). The Breg-induced decreased 140 

percentages of Bcl-6, ICOS and PD-1 positive T cells were not observed, while the 141 

down-regulated percentages of IL-21 and to a lesser extent of CXCR5 positive T cells 142 

persisted (Fig 2, A). In the supernatant of Breg cells (Fig E1, C), the percentages of IL-21 143 

and to a lesser extent CXCR5 positive T cells were diminished (Fig 2, B),whilst 144 

percentages of Bcl-6, ICOS and PD-1 positive T cells remained elevated (Fig 2, C). 145 
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These data indicate that the regulation of Bcl-6, ICOS and PD-1 depends on cellular 146 

contacts and that soluble factors are involved in the control of IL-21 expression, whereas 147 

modulation of CXCR5 likely requires synergistic effects of soluble factors and cell-to-148 

cell contacts. 149 

The molecules involved. 150 

Beyond the previous phenotype CD40+ CD80+ CD86+ ICAM+,17-19 frequencies of 151 

PDL-1+, ICOSL+, IL-21R+, CD5+, IL-10+ and TGFβ+ B cells were increased in Breg-152 

committed cells, persisted in co-culture with T cells (Fig E5, A), and CD5+ Breg cells 153 

were  mostly CD25+, CD71+/- and CD73- (Fig E5, B). To determine the molecules 154 

involved in the Breg control, blocking Abs were used in co-cultures (Fig E1, D). The 155 

expression of Bcl-6, ICOS and PD-1 was maintained (Fig 2, D) indicating the 156 

participation of CD40L, CD80, CD86 and ICAM in the Breg control. Anti-PDL-1 157 

blocking Ab incompletely preserved the population of Bcl-6 positive T cells, suggesting 158 

that PD-1/PDL-1 interaction may be partially involved in regulating Bcl-6 expression. 159 

The blockade of IL-10R or of TGFβ prevented the decrease in percentages of IL-21-160 

positive T cells, whilst CXCR5 expression was preserved only after IL-10R blocking (Fig 161 

2, E). All together, IL-10 and TGFβ are Breg-derived cytokines involved in the regulation 162 

of IL-21 and CXCR5, and of IL-21, respectively. 163 

Suppressive activity of Breg cells on Tfh functions. 164 

Tfh-differentiated cells and non-stimulated B cells were co-cultured for 6 days, in 165 

the presence of Breg cells (Fig E1, E). The Tfh-dependent generation of CD138+ plasma 166 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
ACHOUR ET AL 13 

cells and IgD-CD27+ memory B cells did not occur, (Fig 3, A) and the Tfh-induced 167 

production of IgM, IgG, and IgA was inhibited (Fig 3, B). This inhibition is directed to 168 

the Ig production induced by the Tfh cells generated from naïve and from memory T cells 169 

(Fig 3, C), and is primarily directed to the terminal differentiation of the memory B cell 170 

compartment (Fig E3, D). The suppressive capacity can be supported by Breg cells 171 

originated from naïve as well as memory B cells (Fig E4, A, D).  172 

Mechanisms of B cell regulation on Tfh functions. 173 

Importance of cell contacts. 174 

Tfh cells and non-stimulated B cells were co-cultured in the lower chamber of the 175 

Transwell systems for 6 days, with the Breg cells in the upper chamber (Fig E1, F). The 176 

production of IgM, IgG and IgA were recovered (Fig 3, B). These results substantiate the 177 

necessity of direct cell contacts for the Bregs to suppress the Tfh-dependent terminal 178 

differentiation of B cells into Ab-secreting cells. These effects rely on the control of IL-179 

21R. Its induced expression on Tfh cells involved in the maintenance of their 180 

differentiation9, and its Tfh-dependent induction on non-stimulated B cells required for 181 

their terminal differentiation11, were inhibited in the presence of Breg cells (Fig 4, A).  182 

Induction of follicular regulatory T cells.  183 

The percentages of Foxp3-positive T cells (Fig E1, E) within the CXCR5+ PD-1+ 184 

CD4+ T cells were up-regulated in the presence of Breg cells, whilst the Foxp3-positive 185 

population within the CXCR5- PD-1- CD4+ T cells was not (Fig 4, B). These data indicate 186 
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that Breg cells specifically increase the proportion of Tfr cells known to control the Tfh-187 

dependent humoral response.20 188 

Tfh with non-stimulated B cells but also Breg cells produced TGFβ, the levels of 189 

which were not increased in the co-cultures (Fig 4, C). In contrast, the levels of IL-10-190 

Breg cells were strikingly increased. Using anti-TGFβ blocking Abs, but not anti-IL-10R 191 

blocking Abs, the frequencies of Foxp3-positive T cells within the CXCR5+ PD-1+ CD4+ 192 

T cells were diminished (Fig 4, D) demonstrating the role for TGFβ in the induction of 193 

Tfr cells. The decreased frequencies in Transwell experiments showed that cell-contacts 194 

were also necessary (Fig 4, D).  195 

Inhibitory effect of Breg cells on in vivo purified Tfh cells. 196 

CXCR5high PD-1high CD4+ and CXCR5- PD-1- CD4+ tonsillar T cells were sorted 197 

(Fig E6, A), polyclonally stimulated to mimic antigenic stimulation and co-cultured (Fig 198 

E6, B). CXCR5high PD-1high CD4+ Tfh cells were functional inducing higher secretions of 199 

IgM, IgG and IgA than the CXCR5- PD-1- CD4+ non-Tfh cells (Fig 5, A). In the presence 200 

of Breg cells, Ig secretions were down-regulated. Phenotypically in vivo-differentiated 201 

Tfh cell markers slightly decreased in the presence of Breg cells (Fig 5, B), but the 202 

percentages of positive T cells were down-regulated (Fig 5, C). Neither the phenotype 203 

nor the frequency of CXCR5- PD-1- CD4+ non-Tfh cells were affected by the addition of 204 

Breg cells (Fig 5, B, C). Finally, the frequency of in vivo-differentiated Foxp3-positive 205 

cells within the CXCR5high PD-1high sorted Tfh cell population, but not within the 206 

CXCR5- PD-1- sorted non-Tfh cells, increased with the Bregs (Fig 5, D). All these data 207 
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demonstrate that in vivo Tfh cells are sensitive to the suppressive activity of Breg cells, 208 

and that in vivo Tfr cells are receptive to and their proportion increase in response to the 209 

Breg signals. 210 

211 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
ACHOUR ET AL 16 

DISCUSSION  212 

We characterize cooperative functions for IL-12 and IL-21 to generate human Tfh 213 

cells in vitro. These differentiated Tfh cells were functional helping human B cells to 214 

differentiate into plasma and memory B cells allowing the secretion of Igs. Our study 215 

supplements the great diversity of signals that produce efficient Tfh cells.21-28  216 

Moreover, we show for the first time that human Breg cells can develop negative 217 

effects on humoral immune responses towards the control of the generation and the 218 

functions of Tfh cells. Stimulation with CD40 and TLR9 was prerequisite, as non-219 

stimulated B cells that may contained in vivo pre-conditioned Bregs, were unable to 220 

affect the Tfh cells in co-cultures. The committed Breg cells, primarily originated from 221 

naïve B cells, down-regulated the Tfh specific markers on tonsillar and splenic 222 

differentiated T cells, mainly originated from naïve CD4+ T cells. A decreased frequency 223 

using in vivo sorted Tfh cells was also observed. In the follicles, the maturation into Tfh 224 

cells occurs in the T cell zone and at the T cell:B cell border of the GCs. Hence, Breg 225 

cells have the capacity to inhibit the Tfh development within secondary lymphoid tissues. 226 

CD40+TLR9 stimulation up-regulated the CXCR5 expression on Breg surface (Fig E5, 227 

C), suggesting that the Breg cells can also migrate within the GCs to control the Tfh 228 

functions. Thus, Bregs, derived from naïve or memory B cells, inhibited the terminal 229 

differentiation of B cells and the associated secretion of Igs induced by in vitro- as well 230 

as in vivo- differentiated Tfh cells, originated either from naïve or from memory CD4+ T 231 

cells. The recent description of the CD25+ Bcl6low CXCR5+PD-1+ CD4+ Tfh cells that 232 
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interact with the B cells to support their terminal differentiation in the GC of human 233 

tonsils,29 suggests that the suppressive effect of the Bregs might be preferentially directed 234 

to this Tfh subpopulation.  We have previously shown that human Breg cells inflect the 235 

growth of the cellular immune response.17,19 Our current study further demonstrates the 236 

ability of human Breg cells to modulate humoral immune responses through the control 237 

of the maturation and the functions of Tfh cells. 238 

Two groups of B cells have been identified with different regulatory potential in 239 

murine models.30,31 In human, CD24hi CD38hi CD5+ B cells,17,18 CD24hi CD27+ B cells,32 240 

but also CD25+ CD71+ CD73- B cells,33 were associated with suppressive effects. In our 241 

study, Bregs are CD19hi IgD+ CD27- CD38hi CD24hi CD40hi CD80hi CD86hi CD5+ CD25+ 242 

CD71+/- CD73- PDL-1+ ICAM-1+ ICOS-L+ and IL-21R+. This alternative phenotype 243 

suggests a plasticity of the Breg cells to maintain appropriate contacts with the target 244 

cells. The intercellular contacts with T cells,17 DCs,19 or Tfh cells likely alter the 245 

expression of cell surface molecules on the Breg population to settle adapted suppressive 246 

capacities.  247 

IL-10 and TGFβ play an important role in the inhibitory function of Breg cells.31-36 248 

Our experiments demonstrate that they are also essential to modulate the IL-21 and 249 

CXCR5 expressions on Tfh cells. Tfr cells that are distinct Treg cells located in 250 

GCs,14,20,37,38 are identified as CXCR5hi PD-1hi Foxp3+ CD4+ T cells.38 In mice, they exert 251 

an IL-10- and TGFβ-dependent inhibitory effect on GC-located Tfh cells and on the 252 

humoral B cell response. Our study suggests a Breg-dependent increase of the Tfr cell 253 
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proportion that likely participate to the restriction of the Tfh terminal differentiation and 254 

functions reducing the humoral response in humans, with a preponderant role ascribed to 255 

TGFβ. Transwell experiments indicate also the requirement of cellular interaction, which 256 

is consistent with the role assigned to TGFβ and cell surface CTLA-4 in the regulation of 257 

the humoral response.39 However, it is still unclear how these cells operate. Tfr cells 258 

could directly act on B cells40 while Breg cells could also directly modulate Tfh cell 259 

functions. These options remain to be explored.  260 

Finally, we observed the induction of IL-21R on Tfh cells and its Tfh-mediated 261 

induction on B cells as expected.9,10,41 The Breg-mediated reduction arises as an 262 

additional negative feedback to regulate the Tfh-dependent GC responses. In this context, 263 

the maturation of B cells secreting IL-10 requires IL-21 and CD40.42,43 The high density 264 

level of IL-21R observed on the Breg cells might explain their prominent sensitivity to 265 

regulate the Tfh cells and the associated humoral responses. 266 

In conclusion, it becomes clear that the proportion of Tfh cells relative to the 267 

neighbouring Tfr and Breg cells will influence the balance modulating the humoral 268 

responses and tolerance achievement. It is noteworthy that abnormal functions of Tfh 269 

cells cause deleterious effects and trigger autoimmunity.44-49 A better understanding of 270 

human Tfh, Tfr and Breg inter-relations is worthy of pursuit to elaborate new therapeutic 271 

strategies specifically in autoimmune disorders in which suppressive Breg functions are 272 

lacking.  273 
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FIGURES LEGENDS 425 

FIG 1. Breg cells inhibit Tfhcell development but not differentiated T cells. 426 

Expression of Tfh markers on CD4-positive stimulated T cells co-cultured 427 

with Breg cells (A) or non-stimulated B cells (B). C, Percentage of cells 428 

from purified CD4+ T cells. D, Expression of all markers on already 429 

differentiated Tfh cells co-cultured with Breg cells *P<0.05; **P<0.01 430 

(Wilcoxon test). Mean±SEM of 6 experiments. 431 

FIG 2. Characterization of Breg suppressive activity on Tfh development. 432 

Expression and percentages at day 5 (A) of Tfh markers on stimulated T 433 

cells co-cultured in a Transwell (TW) system. Time course (B) and 434 

percentages (C) with Breg cells or their supernatant (spt). Percentages (D, E) 435 

after co-culture with blocking antibodies. *P<0.05; **P<0.01; ***P<0.001 436 

(Wilcoxon test). Mean±SEM of 6 experiments.  437 

FIG 3. Breg cells suppress Tfh cell function. Frequencies of CD138+CD19+ 438 

plasma cells and CD19+IgD-CD27+ memory B cells during co-cultures of B 439 

and Tfh cells with Breg cells (A). Concentration of Igs in the supernatants 440 

(B) and after co-cultures with Tfh cells from purified naïve and memory T 441 

cells (C). TW: Transwell system *P<0.05; **P<0.01 (Wilcoxon test). 442 

Mean±SEM of 6 experiments.  443 

FIG 4. Characterization of Breg suppressive effects on Tfh cell function. A, IL-444 

21R expression on T cells and on B cells. B, Percentages of Foxp3-positive 445 

T cells. C, Secretion of TGFβ and IL-10. D, Percentages of Foxp3-positive T 446 

cells within the CXCR5+PD-1+ T cells after co-culture with blocking 447 

antibodies or in Transwell (TW) system. *P<0.05; **P<0.01; ***P<0.001 448 

(Wilcoxon test). Mean±SEM of 6 experiments.  449 
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FIG 5. Breg cells suppress the function of in vivo differentiated T cells. A, 450 

Concentration of Igs after co-cultures of B cells with in vivo-differentiated 451 

CXCR5highPD-1high Tfh cells or CXCR5-PD-1- T cells and Breg cells. B, 452 

C, Expression of Tfh markers on sorted T cells after co-cultures. D, 453 

Percentages of Foxp3-positive T cells within the sorted T cells after co-454 

cultures. *P<0.05; **P<0.01 (Wilcoxon and Mann-Whitney tests). 455 

Mean±SEM of 6 experiments. 456 

 457 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
METHODS       SUPPLEMENTARY DATA 
 

Isolation of cells. T and B lymphocytes were purified from children tonsils after routine 

tonsillectomy and from splenic tissue after splenectomy from healthy individual. Ethical 

approval was provided by the Institutional Review Board of the Brest University Hospital. 

Cell suspensions were isolated by Ficoll-Hypaque centrifugation, and T cells and B cells 

purified by negative selection with T cell and B cell enrichment kits (StemCell Technologies) 

according to the manufacturer’s instructions. Preparations in all experiments were >98% pure, 

and in the figures, relate to different donors. 

In some experiments, naïve and memory B and CD4+ T cells were purified by negative 

selection kits (Stem Cell Technologies), and CXCR5high PD-1high and CXCR5- PD-1- CD4+ T 

cells were sorted using a MoFlo XDP flow cytometer (Beckman Coulter).  

Stimulation of T and B cells. T cells were seeded at 2x105 cell/ml in RPMI-1640 

medium supplemented with 10% heat-inactivated fetal calf serum, 2mM L-glutamine 

(Invitrogen Life Technologies), 200 U/ml penicillin and 100 µg/ml streptomycin (RPMI-1640 

complete medium). They were polyclonally stimulated with 1µg/ml anti-CD3 and anti-CD28 

mAbs1 on anti-mouse IgG-Fc coated 96-well plates in the presence of 10ng/ml IL-12 and IL-

21 (ImmunoTools) for up to 5 days. 

B cells were seeded at 5x105 cell/ml on 5x105 mitomycin C-treated NIH-3T3 fibroblasts 

transfected with human CD40L gene and in the presence of 0.25µM CpG-ODN 2006 (Caylo-

InvivoGen). They were stimulated for 3 days in 24-well plates in RPMI-1640 complete 

medium to induce their differentiation into Breg cells.2,3 

Co-culture assays. Breg cells were added to T cells at the onset of their activation at 

1:1 ratio, and the Tfh cell development analyzed by flow cytometry. For the blocking 
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experiments, 10µg/ml anti-CD40L (R&D Systems), anti-PDL1 (eBioscience), anti-CD80 

(ImmunoTools), anti-CD86 (ImmunoTools), anti-ICAM, anti-IL-10Rα and anti-IL-10Rβ or 

anti-TGFβ (R&D Systems) Abs were added at the onset of the co-cultures. 

1x105 Tfh cells were added to non-stimulated B cells at a 1:1 ratio for 6 days in RPMI-

1640 complete medium. The terminal differentiation of B cells into Ab-producing cells and 

memory B cells was evaluated by flow cytometry and ELISA. Breg cells were added at a 

1:1:1 ratio. For the experiments in Transwells, Tfh and non-stimulated B cells were co-

cultured in the lower chamber, and Breg cells added in the upper chamber.  

Flow cytometry. Cells were analyzed at the onset (Day 0) and up to 5 or 6 days of 

cultures. All conjugated mAbs were purchased from Beckman Coulter unless otherwise 

indicated. We used FITC-anti-CXCR5 (BD Biosciences), PE-anti-ICOS, ECD-, PE-Cy7-or 

APC-anti-CD19, PE-Cy5- or PE-Cy7-anti-CD4, and PE-Cy7-anti-PD-1; FITC-anti-CD71, 

CD80, ICAM, IgD (BD Biosciences), FITC- or PE-Cy7-anti-CD5, PE-anti-CD27, CD40, 

CD73 (BD Biosciences), CD86, CD138, PDL-1, ICOSL (BD Biosciences), IL21R (BD 

Biosciences), PE-Cy5.5-anti-CD25 mAbs. For intracellular stainings, cells were 

permeabilized using the cytofix/cytoperm permeabilization kit (BD Biosciences) and 

incubated with FITC-anti-Bcl-6 (Abcam), IL-10, TGFβ (R&D Systems), PE-anti-IL-21 or 

Foxp3 (BD Biosciences) Abs according to the manufacturer’s instruction. 

ELISA. ELISA microtiter plates were coated overnight with 10µg/ml anti-IgM, anti-

IgA (Jackson Immunoresearch) or anti-IgG (Dakopatts) Abs and blocked with 3% BSA for 2 

hours at 37°C. After 3 washes in PBS, 100µl of 1/100 diluted supernatants was added and 

incubated for 1 hour at 37°C. Incubation with horseradish peroxidase-conjugated anti-IgM, -

IgG or -IgA Abs (Dakopatts) was then performed for a further 1 hour at room temperature, 

followed by incubation with OPD as substrate. After addition of sulfuric acid to stop the 
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colorimetric reaction, absorbance was measured at 492nm. PBS and RPMI-1640 complete 

medium were used as negative controls.  

IL-10 and TGFβ in the supernatants of cultured and co-cultured cells were measured 

with commercial kits from Beckman Coulter and R&D Systems, respectively. RPMI1640 

complete medium was used as negative control.  

Statistical analysis. Data were expressed as mean±SEM. Statistical analyses were 

performed with Prism4 Graphpad Software. Comparisons were performed with the Wilcoxon 

test and Mann-Whitney test for paired and unpaired data, respectively. p<0.05 was considered 

as significant. 
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FIGURES LEGENDS     SUPPLEMENTARY DATA 
 
 
 
 

FIG E1. Experimental schemes. Description of experiments from the Figure E2 (A), Figure 

1 (B), Figure 2 (C, D), Figure 3 (E, F) and Figure 4 (E). 

FIG E2. Maturation of T cells into functional follicular helper T cells. A, Representative 

example of the expression of Tfh markers on CD4-positive stimulated T cells, MFI 

and percentages of CD4-positive T cells. B, Percentage of positive T cells from 

purified naïve and memory CD4+ T cells. C, Gating strategy and Percentages of 

CD138+CD19+ plasma cells and CD19+IgD-CD27+ memory B cells after co-

culture of B cells with Tfh-differentiated T cells. D, Concentration of IgM, IgG and 

IgA secreted in the supernatants of co-cultures *P<0.05; **P<0.01; ***P<0.001 

(Wilcoxon test). Mean±SEM of 6 experiments. 

FIG E3. A, CD4-negative T cells do not differentiate into follicular helper T cells. 

Representative example of the expression ot Tfh markers on CD4-negative T cells 

polyclonally stimulated with anti-CD3 and anti-CD28 Abs in the presence of IL-12 

and IL-21. B, γγγγ/δδδδTCR and αααα/ββββTCR expression on tonsillar T cells. Cells were 

stained at day 0 with FITC-anti-γ/δTCR, PE-anti-α/βTCR, APC-AF750-anti-CD3 and 

PB-anti-CD4 and analyzed on Navios Flow cytometer. C, Cytokine profile of in vitro 

differentiated follicular helper T cells. Concentration of Th1 (IFNγ, TNFα) and Th2 

(IL-10, IL-6, IL-4) cytokines in the supernatant of tonsillar T cells stimulated for 5 

days with anti-CD3 and anti-CD28 Abs with or without IL-12 and IL-21 measured 

using commercial kits (Beckman Coulter). D, Tfh cells require the presence of 

memory B cells to acquire efficient functional properties. Tonsillar CD4+ T cells 

were stimulated with anti-CD3 and anti-CD28 Abs in the presence of IL-12 and IL-21 

for 3 days. These differentiated Tfh cells were co-cultured for 6 days with purified 

naïve or memory B cells in the presence of Breg cells. Concentration of IgM, IgG and 

IgA secreted in the supernatants. *P<0.05; **P<0.01; ***P<0.001 (Wilcoxon test). 

Mean±SEM of 6 experiments. 

FIG E4. Efficiency of Breg cells. A, Experimental scheme of co-culture experiments of 

tonsillar T cells with sorted naïve B cells or memory B cells committed into Breg 
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cells. B, The differentiation of tonsillar CD4-positive T cells into CXCR5high 

PD1high Bcl-6high T cells is mainly inhibited by the naïve B cells committed into 

Breg cells. C, The differentiation of splenic CD4-positive T cells into Tfh cells is 

inhibited by splenic B cells committed into Bregs. Representative example of the 

expression of Tfh markers on CD4-positive T cells isolated from spleen and 

stimulated with anti-CD3 and anti-CD28 Abs in the presence of IL-12 and IL-21 with 

or without Breg cells. D, The function of Tfh cells is inhibited by naïve as well as 

memory B cells committed into Breg cells. Concentration of IgM, IgG and IgA in the 

supernatants after co-cultures with Breg cells from sorted naïve and memory B cells. 

*P<0.05 (Mann-Whitney test). Mean±SEM of 6 experiments. 

FIG E5. Phenotype of CD19-positive B cells. A, Phenotypic analysis of B cells before 

stimulation, after TLR9+CD40 stimulation for their differentiation into Breg, and 

after co-culture with T cells. B, Frequencies of CD5, CD25, CD71 and CD73 

expression on the CD19+ B cells after TLR9+CD40 stimulation (Breg cells) and 

after co-culture (Cocultured B cells). C, Expression of CXCR5 on B cells stained 

with FITC-anti-CXCR5 and ECD-anti-CD19 Abs before (Resting B cells) and after 

3 days of TLR9+CD40 stimulation (Breg cells). 

FIG E6. Breg cells suppress the function of in vivo differentiated T cells. A, Strategy for 

the sorting of in vivo differentiated CXCR5hiPD-1hi and CXCR5-PD-1- CD4-

positive T cells. B, Experimental scheme of co-culture experiments (Figure 5) of 

sorted T cells and B cells with or without Breg cells. 

 


