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ABSTRACT

Background: Follicular helper T (Tfh) cells support the termal B-cell
differentiation. Human regulatory B (Breg) cells adadate cellular responses but their

control of Tfh-dependent humoral immune responsesknown.

Objective: To assess the role of Breg cells on Tfh develograad function.

Methods: Human T cells were polyclonally stimulated in resence of IL-12 and
IL-21 to generate Tfh cells. They were co-cultuvégith B cells to induce their terminal
differentiation. Breg cells were included in thesdtures and their effects evaluated

using flow cytometry and ELISA.

Results Bcl-6, IL-21, ICOS, CXCR5 and PD-1 expressiong@ased on stimulated
human T cells, characterizing Tfh-cell maturatiém.co-cultures, they differentiated B
cells into CD138 plasma and IgizD27" memory cells, and triggered immunoglobulin
secretions. Breg cells obtained by TLR9 and CD4vation of B cells, prevented Tfh-
cell development. Added to Tfh and B cells co-adfy they inhibited the B-cell
differentiation, impeded immunoglobulin secretioasd expanded Foxp3XCR5 PD-
1" follicular regulatory T (Tfr) cells. Breg cells olated IL-21R expressions on Tfh
cells and B cells, their suppressive activitiesoimed CD40, CD80, CD86, and ICAM

interactions and required production of IL-10 ar@Fp.
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Conclusion Human Breg cells control the Tfh-cell maturati@xpand Tfr cells
and inhibit the Tfh-mediated antibody secretioneddn novel observations demonstrate a
role for the Breg in the germinal center reactiand suggest that deficient activities may
impair the Tfh-dependent control of humoral immurahd may lead to the development

of aberrant autoimmune responses.
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KEY MESSAGES:

Human Tfh cells can be induced in vitro and trigtper terminal differentiation of B

cells.

Human regulatory B cells suppress Tfh cell develepinand function.

Impaired regulatory B cell activities may contribsitto the development of aberrant

autoimmune responses.
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CAPSULE SUMMARY

Our study describeis vitro models assessing the role of human regulatoryllB ce
to modulate Tfh cell development and function arehde, to control the humoral

immune response.

KEY WORDS:

Regulatory B cells, follicular T helper cells, I211L-21, antibody production,

humoral immune response.
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ABBREVIATIONS

Ab
Bcl-6
Breg
CXCR5
DC
DCs
GC
GCs
HD
ICOS
SLE
Tth
Tir
TGF

Antibody

B cell lymphoma 6
Regulatory B
Chemokine receptor 5
Dendritic cells
Dendritic cells
Germinal centers
Germinal centers
Healthy donors
Inducible costimulator
Systemic lupus erythematosus
Follicular T helper
Follicular regulatory T

Transforming Growth Factor

ACHOUR ET AL 6



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

ACHOUR ET AL 7

INTRODUCTION

Antibody (Ab)-producing cells and memory B cell® derminally differentiated B
cells that arise during adaptive humoral immuneaases in germinal centers (G€s),
under the supervision of T follicular helper (T&8lls? The development and control of
Tth cells is still a matter of debaténe day after priming by dendritic cells (DCs})tie
T zone, antigen-activated CDZ cells up-regulate Bcl-6 which is necessary ftir @ell
generatior. This initial commitment is influenced by DC-deril/éactors such as ICOS
ligand and IL-12° After three days, CXCR5 is up-regulated which belpe correct
positioning at the T cell-B cell border facilitagircognate interactions with B cells and
their subsequent entry to B cell folliclésVithin the follicles, Tfh cells are characterized
by constant elevated expression of CXCR5 and uplaéign of PD-12 Production of IL-
21 by DCs and by the B cells at a later stage rapoitant for the maintenance of the
terminal differentiation of Tfh celfavhich highly express IL-21R in GE8Furthermore,
the interactions between Tfh cells and B cells suppgurvival and selection signals
mediated through IL-21/IL-21R and CD40/CD40L axas)d subsequent Tfh activity

inducing efficient terminal differentiation of B k="’

Within the follicles, regulatory mechanisms opertdeprevent the emergence of
autoreactivities, while allowing the selection agliaffinity Ab-producing cells. The
control of Tfth cell development and Tfh cell fureets now appears to be significant for
the restriction of aberrant Ab respon$&¥ with the possible implication of a recently

described but not yet fully characterized subpdputaof T cells called follicular
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regulatory T (Tfr) cells? Regulatory B (Breg) cells correspond to B lymphesythat
control the proportions and/or the functions ofieas effector cells to restrain the
development of immune responses. Their depletiomledective activity skew T cell
differentiation into Thl and Thl17 subsets, assediawith worsened autoimmune
disorders:>*® Following activation through CD40 and TLR9, humBncells acquire
regulatory activities suppressing cellular immuesponse$’™® Whether human Breg
cells can affect the humoral response has never deduated. We elaborated ianvitro
model for the generation of functional human Tfiscand a co-culture system to assess
the capacity of Breg cells to influence their effea the terminal differentiation of B

cells.

The presence of Breg cells alters the developmahfather suppress the functions
of Tfh cells, repressing the GC reactions. We aaelthat impaired Breg controis
vivo may impact the Tfh-dependent restriction of humoeaponses and may lead to the

development of aberrant autoimmune responses.
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METHODS

T and B lymphocytes werén vitro differentiated into Tfh and Breg cells,
respectively. To estimate the suppressive capa€tiBreg cells on Tfh maturation, flow
cytometry analyses and cytokine secretions weresasd on co-cultures between T and
Breg cells. To determine the regulatory activity tbé Bregs on Tfh function, flow
cytometry, cytokine secretions and Ig productiomsenmmeasured on co-cultures between
unstimulated B cells, Tth and Breg cells. To idntihe influence of different cell
subsets, co-cultures were performed with naive ematnory T and B lymphocytes
purified by negative selection kits, and with CXCR5PD-1"%"and CXCR5PD-1 CD4'

T lymphocytes sorted using MoFloXDP cell sorter.

All procedures are detailed in the article’s Onliepository.
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RESULTS
In vitro differentiation of human follicular helper T cells.

To establish our model, T cells were polyclonaltynsilated with anti-CD3 and
anti-CD28 Abs in the presence of IL-12 and IL-21g(E1, A), leading to the increased
expression of Bcl®" |L-21"" CXCR5"" |IcOS"" PD-1""" CD4" T cells with up-
regulation of all markers and the concomitant iasesl frequencies of positive T cells
(Fig E2,A). This induction concerned mainly the naive popota({Fig E2,B) and was
specific to the CD4T cells (Fig E3A), resulting in a Th2 cytokine profile af+ T cells
(Fig E3,B, C). Differentiated Tfh cells were co-cultured witbmstimulated B cells (Fig
E1, A). The frequencies of CD13%lasma cells and IgECD27" memory B cells were
up-regulated (Fig EZ?), and increased amounts of IgM, 1gG and IgA weeated (Fig
E2, D) primarily by the memory B cell compartment (Fig,EB. These experiments
demonstrate thain vitro-generated human Tfh cells acquire efficient fuorci

properties triggering the terminal differentiatiohB cells into Ab-secreting cells.

Inhibitory effect of Breg cells on Tth cell develoment.

To evaluate the role of Breg cells, B cells wemnslated through CD40 and TLR9,
and these committed Bregs were added at the ohse¢ d cell differentiation (Fig E1,
B). The induction of the Tfh markers was not obsdrygercentages of Bcl-6, IL-21,
CXCRS5, ICOS and PD-1 positive T cells remained iicamtly lowered, and the MFIs
of the markers were not up-regulated (Fid\LL,In the presence of non-stimulated B cells

the Tfh cell maturation occurred, percentages bfrarkers were not affected, and the
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differentiation into Bcl-89"IL-21"%" CXCRB""ICOS"" and PD-19" T cells occurred as
in the absence of B cells (Fig B). These findings indicate that the control of fifa
maturation is conducted by committed Breg cellsyopkimarily directed to the naive
CD4" T cells (Figl,C). Although the frequency of CXCR%' PD-1"9" T cells is
restrained by the Bregs differentiated from botliveaand memory B cells, Bcl-6 up-
regulation is controlled by Breg-committed naivedls suggesting that the suppressive
capacity is mainly carried by the naive B cellg(E#4,A, B). The inhibitory effect is also
efficient on Tfh cells differentiated from spler@D4" T cells (Fig E4C), suggesting a
general immunoregulatory mechanism. When Breg cellsre added on CD4
differentiated Tfh cells, the expression of all keas were slightly affected, and their
MFIs were not diminished (Fig 1D), indicating that the development of fully

differentiated Tfh cells can not be reversed byBheg cells.

Mechanisms of B cell regulation on Tth development.
Importance of cell contacts and soluble factors.

CD4" T cells were stimulated in the lower chamber airnEwell systems (Fig E1,
C), with Breg cells added in the upper chamber ié). The Breg-induced decreased
percentages of Bcl-6, ICOS and PD-1 positive Tscelere not observed, while the
down-regulated percentages of IL-21 and to a lesgtant of CXCR5 positive T cells
persisted (Fig 24). In the supernatant of Breg cells (Fig E), the percentages of IL-21
and to a lesser extent CXCR5 positive T cells wdmainished (Fig 2,B),whilst

percentages of Bcl-6, ICOS and PD-1 positive Tscedimained elevated (Fig 2, C).
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ACHOUR ET AL 12

These data indicate that the regulation of Bcl®&DE and PD-1 depends on cellular
contacts and that soluble factors are involvedhéndontrol of IL-21 expression, whereas
modulation of CXCR5 likely requires synergistic exffs of soluble factors and cell-to-

cell contacts.

The molecules involved.

Beyond the previous phenotype CD4DD80" CD86" ICAM*,*"*? frequencies of
PDL-1", ICOSL, IL-21R", CD5', IL-10" and TGB" B cells were increased in Breg-
committed cells, persisted in co-culture with TI€€Fig E5,A), and CD5 Breg cells
were mostly CD25 CD71" and CD73 (Fig E5, B). To determine the molecules
involved in the Breg control, blocking Abs were disa co-cultures (Fig E1D). The
expression of Bcl-6, ICOS and PD-1 was maintain€tj (2, D) indicating the
participation of CD40L, CD80, CD86 and ICAM in tHgreg control. Anti-PDL-1
blocking Ab incompletely preserved the populatidrBol-6 positive T cells, suggesting

that PD-1/PDL-1 interaction may be partially invedvin regulating Bcl-6 expression.

The blockade of IL-10R or of T@Fprevented the decrease in percentages of IL-21-
positive T cells, whilst CXCR5 expression was presé only after IL-10R blocking (Fig
2, E). All together, IL-10 and TGFFare Breg-derived cytokines involved in the regolat

of IL-21 and CXCRS5, and of IL-21, respectively.

Suppressive activity of Breg cells on Tfh functions

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

the presence of Breg cells (Fig B, The Tfh-dependent generation of CD188&sma
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cells and IgDCD27° memory B cells did not occur, (Fig 3) and the Tfh-induced

production of IgM, IgG, and IgA was inhibited (F& B). This inhibition is directed to

the Ig production induced by the Tfh cells genatdtem naive and from memory T cells
(Fig 3,C), and is primarily directed to the terminal diatiation of the memory B cell

compartment (Fig E3D). The suppressive capacity can be supported bg Beds

originated from naive as well as memory B cellg ([E4,A, D).

Mechanisms of B cell regulation on Tfh functions.
Importance of cell contacts.

Tfth cells and non-stimulated B cells were co-cd@tuin the lower chamber of the
Transwell systems for 6 days, with the Breg cellshie upper chamber (Fig ER). The
production of IgM, IgG and IgA were recovered (Bid3). These results substantiate the
necessity of direct cell contacts for the Bregsstppress the Tfh-dependent terminal
differentiation of B cells into Ab-secreting cellBhese effects rely on the control of IL-
21R. Its induced expression on Tfh cells involved the maintenance of their
differentiatiorf, and its Tfh-dependent induction on non-stimulaBedells required for

their terminal differentiatioft, were inhibited in the presence of Breg cells &ig).

Induction of follicular regulatory T cells.

The percentages of Foxp3-positive T cells (Fig Elwithin the CXCR5 PD-T'
CD4" T cells were up-regulated in the presence of Bxels, whilst the Foxp3-positive

population within the CXCR®D-1 CD4 T cells was not (Fig 48). These data indicate
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ACHOUR ET AL 14

that Breg cells specifically increase the propartd Tfr cells known to control the Tfh-

dependent humoral resporfSe.

Tfh with non-stimulated B cells but also Breg cedl®duced TGP, the levels of
which were not increased in the co-cultures (FigCy,In contrast, the levels of IL-10-
Breg cells were strikingly increased. Using antiFBlocking Abs, but not anti-IL-10R
blocking Abs, the frequencies of Foxp3-positive€llcwithin the CXCR5 PD-1I" CD4
T cells were diminished (Fig 49) demonstrating the role for T@Hn the induction of
Tfr cells. The decreased frequencies in Transwgleements showed that cell-contacts

were also necessary (Fig3).

Inhibitory effect of Breg cellson in vivo purified Tfh cells.

CXCRS"" pD-1"" CD4" and CXCR5 PD-I CD4' tonsillar T cells were sorted
(Fig E6,A), polyclonally stimulated to mimic antigenic stitation and co-cultured (Fig
E6, B). CXCR5"" PD-1""CD4" Tfh cells were functional inducing higher secretiof
IgM, 1gG and IgA than the CXCR®D-I CD4" non-Tfh cells (Fig 5A). In the presence
of Breg cells, Ig secretions were down-regulateaerdtypicallyin vivo-differentiated
Tfh cell markers slightly decreased in the preseotc®reg cells (Fig 5B), but the
percentages of positive T cells were down-reguldkgagd 5, C). Neither the phenotype
nor the frequency of CXCR®D-1 CD4 non-Tth cells were affected by the addition of
Breg cells (Fig 5B, C). Finally, the frequency ain vivo-differentiated Foxp3-positive
cells within the CXCR%" PD-1"9" sorted Tfh cell population, but not within the

CXCR5 PD-TI sorted non-Tfh cells, increased with the Bregg ;iD). All these data
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demonstrate thah vivo Tfh cells are sensitive to the suppressive agtioftBreg cells,
and thatin vivo Tfr cells are receptive to and their proportionrgase in response to the

Breg signals.
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DISCUSSION

We characterize cooperative functions for IL-12 #in@1 to generate human Tfh
cellsin vitro. These differentiated Tfh cells were functionalpireg human B cells to
differentiate into plasma and memory B cells allogvithe secretion of Igs. Our study

supplements the great diversity of signals thatlpce efficient Tth cell§2®

Moreover, we show for the first time that human @lls can develop negative
effects on humoral immune responses towards thératoof the generation and the
functions of Tfh cells. Stimulation with CD40 and_.R9 was prerequisite, as non-
stimulated B cells that may containéd vivo pre-conditioned Bregs, were unable to
affect the Tfh cells in co-cultures. The commit®ekg cells, primarily originated from
naive B cells, down-regulated the Tfh specific neask on tonsillar and splenic
differentiated T cells, mainly originated from nai€D4 T cells. A decreased frequency
usingin vivo sorted Tfh cells was also observed. In the fabclthe maturation into Tfh
cells occurs in the T cell zone and at the T cetlel border of the GCs. Hence, Breg
cells have the capacity to inhibit the Tfh devel@mtnwithin secondary lymphoid tissues.
CD40+TLR9 stimulation up-regulated the CXCR5 expi@s on Breg surface (Fig ES5,
C), suggesting that the Breg cells can also migwatkin the GCs to control the Tfh
functions. Thus, Bregs, derived from naive or mgmBrcells, inhibited the terminal
differentiation of B cells and the associated swmmeof Igs induced byn vitro- as well
asin vivo- differentiated Tfh cells, originated either framive or from memory CD4T

cells. The recent description of the CDEBxl6°" CXCR5PD-1" CD4" Tth cells that
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interact with the B cells to support their termirhiferentiation in the GC of human
tonsils?® suggests that the suppressive effect of the Bregist be preferentially directed
to this Tfh subpopulationWe have previously shown that human Breg celleatfthe
growth of the cellular immune resport$e? Our current study further demonstrates the
ability of human Breg cells to modulate humoral ioma responses through the control

of the maturation and the functions of Tth cells.

Two groups of B cells have been identified withfeliént regulatory potential in
murine model$®®* In human, CD2% CD38" CD5' B cells}’*®CD24" CD27 B cells?
but also CD25CD71" CD73 B cells®® were associated with suppressive effects. In our
study, Bregs are CDiagD* CD27 CD38" CD24" cD4d" CD80" CD86" CD5" CD25
CD71"" CD73 PDL-1' ICAM-1" ICOS-L" and IL-21R. This alternative phenotype
suggests a plasticity of the Breg cells to maintgppropriate contacts with the target
cells. The intercellular contacts with T cellsDCs!® or Tfh cells likely alter the
expression of cell surface molecules on the Brgmufation to settle adapted suppressive

capacities.

IL-10 and TG play an important role in the inhibitory functiof Breg cells**>®
Our experiments demonstrate that they are alsonésiséo modulate the IL-21 and
CXCR5 expressions on Tfh cells. Tfr cells that aistinct Treg cells located in
GCs*203733re identified as CXCR5PD-1" Foxp3 CD4' T cells® In mice, they exert
an IL-10- and TGPB-dependent inhibitory effect on GC-located Tfh selind on the

humoral B cell response. Our study suggests a Bepgndent increase of the Tfr cell
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proportion that likely participate to the restrastiof the Tfh terminal differentiation and
functions reducing the humoral response in humaiik,a preponderant role ascribed to
TGFB. Transwell experiments indicate also the requirgnoé cellular interaction, which
is consistent with the role assigned to B&d cell surface CTLA-4 in the regulation of
the humoral responsé.However, it is still unclear how these cells operalfr cells
could directly act on B cefl8 while Breg cells could also directly modulate Tdall

functions. These options remain to be explored.

Finally, we observed the induction of IL-21R on Tdéklls and its Tfh-mediated
induction on B cells as expectet?** The Breg-mediated reduction arises as an
additional negative feedback to regulate the Tipethelent GC responses. In this context,
the maturation of B cells secreting IL-10 requitef21 and CD40"*** The high density
level of IL-21R observed on the Breg cells mighplexn their prominent sensitivity to

regulate the Tfh cells and the associated humesganses.

In conclusion, it becomes clear that the proportadnTfh cells relative to the
neighbouring Tfr and Breg cells will influence tlmlance modulating the humoral
responses and tolerance achievement. It is noteyahiat abnormal functions of Tfh
cells cause deleterious effects and trigger autainity***° A better understanding of
human Tfh, Tfr and Breg inter-relations is wortHyporsuit to elaborate new therapeutic
strategies specifically in autoimmune disordersvinich suppressive Breg functions are

lacking.
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FIGURES LEGENDS

FIG 1.

FIG 2.

FIG 3.

FIG 4.

Breg cells inhibit Tfhcell development but not diferentiated T cells.
Expression of Tth markers on CD4-positive stimudae cells co-cultured
with Breg cells A) or non-stimulated B cellsBj. C, Percentage of cells
from purified CD4 T cells. D, Expression of all markers on already
differentiated Tfh cells co-cultured with Breg eeltP<0.05; **P<0.01

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

Characterization of Breg suppressive activity on T development.
Expression and percentages at dayAb ¢f Tfh markers on stimulated T
cells co-cultured in a Transwell (TW) system. Tieurse B) and
percentages3) with Breg cells or their supernatant (spt). PetagegD, E)
after co-culture with blocking antibodiesP#0.05; **P<0.01; ***P<0.001

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

Breg cells suppress Tfh cell function.Frequencies of CD138D19
plasma cells and CDI®D CD27" memory B cells during co-cultures of B
and Tfh cells with Breg cellsA(). Concentration of Igs in the supernatants
(B) and after co-cultures with Tfth cells from purdi@maive and memory T
cells €C). TW: Transwell system P<0.05; *P<0.01 (Wilcoxon test).

Mean+SEM of 6 experiments.

Characterization of Breg suppressive effects on Tflell function. A, IL-
21R expression on T cells and on B cdllsPercentages of Foxp3-positive
T cells.C, Secretion of TGB and IL-10.D, Percentages of Foxp3-positive T
cells within the CXCR®D-1" T cells after co-culture with blocking
antibodies or in Transwell (TW) systemP<0.05; **P<0.01; ***P<0.001

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



450

451

452

453

454

455

456

457

FIG 5.

ACHOUR ET AL 29

Breg cells suppress the function ofn vivo differentiated T cells. A,
Concentration of Igs after co-cultures of B cellghwn vivo-differentiated
CXCR5highPD-1high Tfh cells or CXCR5-PD-1- T cedisd Breg cellsB,

C, Expression of Tfh markers on sorted T cells aftercultures.D,
Percentages of Foxp3-positive T cells within thetesb T cells after co-
cultures. P<0.05; **P<0.01 (Wilcoxon and Mann-Whitney tests).

Mean+SEM of 6 experiments.
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METHODS SUPPLEMENTARY DATA

Isolation of cells. T and B lymphocytes were purified from childrengi® after routine
tonsillectomy and from splenic tissue after splémey from healthy individual. Ethical
approval was provided by the Institutional ReviewaBl of the Brest University Hospital.
Cell suspensions were isolated by Ficoll-Hypaquetrdegation, and T cells and B cells
purified by negative selection with T cell and Bl erichment kits (StemCell Technologies)
according to the manufacturer’s instructions. Praji@ns in all experiments were >98% pure,

and in the figures, relate to different donors.

In some experiments, naive and memory B and*CDdells were purified by negative
selection kits (Stem Cell Technologies), and CXERPD-1"" and CXCR5PD-1I CD4' T

cells were sorted using a MoFlo XDP flow cytomédt&eckman Coulter).

Stimulation of T and B cells. T cells were seeded at 2X1€ell/ml in RPMI-1640
medium supplemented with 10% heat-inactivated fe@f serum, 2mM L-glutamine
(Invitrogen Life Technologies), 200 U/ml penicilland 100 pg/ml streptomycin (RPMI-1640
complete medium). They were polyclonally stimulavath 1pug/ml anti-CD3 and anti-CD28
mAbs' on anti-mouse IgG-Fc coated 96-well plates ingtesence of 10ng/ml IL-12 and IL-

21 (ImmunoTools) for up to 5 days.

B cells were seeded at 5X1¢ell/ml on 5x16 mitomycin C-treated NIH-3T3 fibroblasts
transfected with huma@D40L gene and in the presence of 0.25uM CpG-ODN 2001
InvivoGen). They were stimulated for 3 days in 2dHwplates in RPMI-1640 complete

medium to induce their differentiation into Bredlsé*

Co-culture assays. Breg cells were added to T cells at the onset eir thctivation at

1:1 ratio, and the Tfh cell development analyzedfloyv cytometry. For the blocking



experiments, 10pg/ml anti-CD40L (R&D Systems), &1Ll (eBioscience), anti-CD80
(ImmunoTools), anti-CD86 (ImmunoTools), anti-ICAMnti-IL-10Ro. and anti-1L-10R or

anti-TGH (R&D Systems) Abs were added at the onset of theudtures.

1x1@ Tfh cells were added to non-stimulated B cella at1 ratio for 6 days in RPMI-
1640 complete medium. The terminal differentiatadrB cells into Ab-producing cells and
memory B cells was evaluated by flow cytometry &idSA. Breg cells were added at a
1:1:1 ratio. For the experiments in Transwells, ®id non-stimulated B cells were co-

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

Flow cytometry. Cells were analyzed at the onset (Day 0) and up tow 6 days of
cultures. All conjugated mAbs were purchased froeckBnan Coulter unless otherwise
indicated. We used FITC-anti-CXCR5 (BD Bioscien¢dE-anti-ICOS, ECD-, PE-Cy7-or
APC-anti-CD19, PE-Cy5- or PE-Cy7-anti-CD4, and PgE-@nti-PD-1; FITC-anti-CD71,
CD80, ICAM, IgD (BD Biosciences), FITC- or PE-CyitaCD5, PE-anti-CD27, CD40,
CD73 (BD Biosciences), CD86, CD138, PDL-1, ICOSLD(Biosciences), IL21R (BD
Biosciences), PE-Cy5.5-anti-CD25 mAbs. For intredef stainings, cells were
permeabilized using the cytofix/cytoperm permeahtion kit (BD Biosciences) and
incubated with FITC-anti-Bcl-6 (Abcam), IL-10, TBRR&D Systems), PE-anti-IL-21 or

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

ELISA. ELISA microtiter plates were coated overnight witbug/ml anti-lgM, anti-
IgA (Jackson Immunoresearch) or anti-IgG (Dakopaitss and blocked with 3% BSA for 2
hours at 37°C. After 3 washes in PBS, 100ul of @/éiduted supernatants was added and
incubated for 1 hour at 37°C. Incubation with hoasiésh peroxidase-conjugated anti-IgM, -
IgG or -IgA Abs (Dakopatts) was then performed dofurther 1 hour at room temperature,

followed by incubation with OPD as substrate. Afgeldition of sulfuric acid to stop the



colorimetric reaction, absorbance was measured®2hm. PBS and RPMI-1640 complete

medium were used as negative controls.

IL-10 and TGB in the supernatants of cultured and co-culturdts weere measured
with commercial kits from Beckman Coulter and R&Ds&ms, respectively. RPMI1640

complete medium was used as negative control.

Statistical analysis. Data were expressed as meanSEM. Statisticalysaslwere
performed with Prism4 Graphpad Software. Compasseere performed with the Wilcoxon
test and Mann-Whitney test for paired and unpadi&d, respectively. p<0.05 was considered

as significant.
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FIGURESLEGENDS SUPPLEMENTARY DATA

FIG EL

FIG E2

Experimental schemes. Description of experiments from the Figure B3, (Figure
1 (B), Figure 2 C, D), Figure 3 E, F) and Figure 4K).

Maturation of T cellsinto functional follicular helper T cells. A, Representative
example of the expression of Tth markers on CD4tpesstimulated T cells, MFI
and percentages of CD4-positive T ceBs.Percentage of positive T cells from

purified naive and memory CD4+ T cellS, Gating strategy and Percentages of

CD138+CD19+ plasma cells and CD19+IgD-CD27+ memBryells after co-
culture of B cells with Tfh-differentiated T cell®, Concentration of IgM, IgG and
IgA secreted in the supernatants of co-cultures0*@s; **P<0.01; ***P<0.001

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

FIGE3. A, CD4-negative T cells do not differentiate into follicular helper T cells.

Representative example of the expression ot Tfhkemsron CD4-negative T cells
polyclonally stimulated with anti-CD3 and anti-CD2®s in the presence of IL-12
and IL-21.B, y/0TCR and a/BTCR expression on tonsillar T cells. Cells were
stained at day 0 with FITC-anidTCR, PE-antie/BTCR, APC-AF750-anti-CD3 and
PB-anti-CD4 and analyzed on Navios Flow cytomeigiCytokine profile of in vitro
differentiated follicular helper T cells. Concentration of Thl (IFN TNFa) and Th2
(IL-10, IL-6, IL-4) cytokines in the supernatant wisillar T cells stimulated for 5
days with anti-CD3 and anti-CD28 Abs with or withdu-12 and IL-21 measured
using commercial kits (Beckman Coulteb), 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 Abghe presence of IL-12 and IL-21
for 3 days. These differentiated Tfth cells werecatiured for 6 days with purified
naive or memory B cells in the presence of Bretgc€oncentration of IgM, IgG and
IgA secreted in the supernatants. *P<0.05; *P<p1P<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 naive B cells or meyn® cells committed into Breg



cells. B, The differentiation of tonsillar CD4-positive T lise into CXCR5high
PD1high Bcl-6high T cells is mainly inhibited byetmaive B cells committed into
Breg cells.C, The differentiation of splenic CD4-positive T celinto Tth cells is
inhibited by splenic B cells committed into Bred®epresentative example of the
expression of Tfh markers on CD4-positive T cek®lated from spleen and
stimulated with anti-CD3 and anti-CD28 Abs in thregence of IL-12 and IL-21 with
or without Breg cellsD, The function of Tfh cells is inhibited by naive asgll as
memory B cells committed into Breg cells. Conceidraof IgM, IgG and IgA in the
supernatants after co-cultures with Breg cells forted naive and memory B cells.
*P<0.05 (Mann-Whitney test). Mean+SEM of 6 expenntse

FIG E5. Phenotype of CD19-positive B cells. A, Phenotypic analysis of B cells before
stimulation, after TLR9+CD40 stimulation for thealifferentiation into Breg, and
after co-culture with T cellsB, Frequencies of CD5, CD25, CD71 and CD73
expression on the CD19+ B cells after TLR9+CD4nstation (Breg cells) and
after co-culture (Cocultured B cells}, Expression of CXCR5 on B cells stained
with FITC-anti-CXCR5 and ECD-anti-CD19 Abs befoRegting 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 ofin vivo differentiated CXCR5hiPD-1hi and CXCR5-PD-1- CD4-
positive T cells.B, Experimental scheme of co-culture experiments (feidy) of

sorted T cells and B cells with or without Breglsel



