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ABSTRACT

Follicular helper T cells (Tfh) support high-affinity Ab pro-
duction by germinal center B cells through both membrane
interactions and secretion of IL-4 and -21, two major
cytokines implicated in B-cell survival and Ab class switch.
Tfh-2 cells recently emerged in humans as a strong IL-4
producer Tth cell subset implicated in both autoimmune
and allergic diseases. Although the molecular mechanisms
governing Tth cell differentiation from naive T cells have
been widely described, much less is known about the
regulation of cytokine secretion by mouse Tfh-2 cells. The
purpose of our study was to evaluate the role of dendritic
cell-derived IL-6 in fine-tuning cytokine secretion by Tth
cells. Our results demonstrate that priming of Th cells by IL-
6-deficient antigen-presenting dendritic cells preferentially
leads to accumulation of a subset of Tth cells characterized
by high expression of GATA3 and IL-4, associated with
reduced production of IL-21. STAT3-deficient Tth cells also
overexpress GATA3, suggesting that early IL-6/STAT3
signaling during Tth cell development inhibits the expres-
sion of a set of genes associated with the Th2 differentia-
tion program. Overall, our data indicate that IL-6/STAT3
signaling restrains the expression of Th2-like genes in Tth
cells, thus contributing to the control of IgE secretion in
vivo. J. Leukoc. Biol. 101: 000-000; 2017.

Introduction

Tth cells represent a specialized Th cell subset that provides
crucial signals to B lymphocytes and guides high-affinity
isotype-switched Ab responses and memory B-cell development

Abbreviations: APC = antigen-presenting cell, Bcl = B-cell ymphoma,
BMDC = bone marrow-derived dendritic cel, DC = dendritic cel, DKO =
double knockout, Foxp = Forkhead box protein, GATA = GATA binding
protein, GC = germinal center; ICS = intracellular cytokine staining, KLH =
keyhole limpet hemocyanin, KO = knockout, NP = 4-hydroxy-3-nitro-
phenylacetyl, PD1 = programmed cell death 1, gPCR = quantitative PCR,
T-bet = T-box expressed in T-cells, STAT = signal transducer and activator of
transcription, Tth = T follicular helper cell, TL = T lymphocyte; WT = wild-type
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[1]. Upon infection or vaccination, T lymphocytes are first
activated in the T-cell zone of the draining lymph node after
encounter of their cognate antigen along with costimulatory
signals provided by DCs. Tth precursor cells then start to
express the transcriptional repressor BCL6, considered to be
the critical master regulator of Tfh cell development in vivo
[2, 3]. Pre-Tth cells express CXCR) and repress expression
of CCR7, allowing them to relocalize at the T-B border zone,
where they receive additional signals from B cells [4]. This
second wave of interactions further stabilizes the Tth cell fate
(characterized by higher expression of BCL6 and surface
markers, such as CXCR5, PD1, ICOS) and results in migration
toward the GC and delivery of optimal helper signals to B
cells [4, 5].

Recent studies—in particular, those performed in clinical
settings—have led to the recognition of functional heteroge-
neity among Tfh cells. In human blood, CXCR5" CD4" T cells
represent a circulating pool of memory Tth cells that can be
distinguished based on the selective expression of chemokine
receptors and cytokine profile into CXCR3" Ttfh-1, CCR6" Tfh-17,
and CXCR3" CCR6" Tfh-2 cells, among which the Tfh-2
and -17 subsets are endowed with B-cell help capacities [6].
Tth-2 cells produce IL-4, a cytokine originally identified as a
B-cell-stimulating factor with an important role in the regula-
tion of class-switch recombination of B cells toward IgG1- and
IgE-secreting plasma cells. This combined capacity to localize to
GCs and produce IL-4 suggests a potential role for this T-cell
subset in several important (patho)-physiologic situations, such
as helminth immune response, allergy, autoimmunity, and
B-cell lymphomas [6-13]. Accordingly, skewing of blood Tth
cells toward Tfh-2 cells is observed in several cancers and
inflammatory diseases [7-11]. In particular, increased Tfh-2 cell
proportion seems to correlate with the presence of high anti-
double-stranded DNA autoantibodies and IgE levels in the sera
of patients with active lupus [7]. Together, these data indicate
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that Tth-2 cells may be involved in the progression of cancer
and inflammatory diseases and point to modifications of Tfh
effector molecules or Tth subset balance as future therapeutic
targets. However, Tth cell subsets have not been studied in mice
and the molecular mechanisms that fine tune the cytokine
profile of Tth cell subsets remain unclear.

IL-6 and -12 have been identified as important drivers of Tth
cell differentiation in both human and animal models [14-21].
In addition, IL-6 and -12 have been shown, by us and others, to
constrain Th2 responses, thus positioning these cytokines as
likely candidates in the control of Tfh-2 cell development in
vivo [22-24]. By taking advantage of an immunization protocol

based on antigen-loaded, BMDCs deficient in IL-6 or in the
IL-12/1L-35 common p35 chain, we analyzed the potential

contribution of these APC-derived cytokines in Tth cell
differentiation, with a particular focus on the Tfh-2 cell subset.
Immunization of WT mice with IL-6- but not IL-12-deficient
BMDC:s led to increased secretion of antigen-specific IgE and
to the differentiation of Th cells displaying a typical Tfh-2
profile, characterized by increased expression of IL-4 and
GATAS3, thus suggesting a major role for IL-6-derived APCs in
the fine tuning of Tfh cell responses in vivo.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from Harlan Nederland (Horst, The Nether-
lands). TL-6~/~ mice were obtained from The Jackson Laboratory (Bar Harbor,
ME, USA). STAT3"*/1°X mhjce (on a C57BL/6 background) were kindly
provided by Dr. Shizuo Akira (Osaka University, Osaka, Japan), CD4-CRE
(C57BL/6 background) mice by Dr. Geert Van Loo (University of Gent, Gent,
Belgium), and 4-get mice by Dr. Bart Lambrecht (University of Gent).
STAT3"*/!°* and CD4-CRE mice were bred to generate T-cell compartment-
specific STAT3-deficient mice (referred as STAT3®*™/7). IL-12p35 mice,
described elsewhere [23], were back-crossed to a C57BL/6 background and kindly
provided by Dr. Eric Muraille (Université Libre de Bruxelles, Brussels, Belgium).

All mice were used at 6-12 wk of age. The experiments were performed in
compliance with the relevant laws and institutional guidelines and were
approved by the local ethics committee.

Differentiation of BMDCs and in vitro stimulation

Bone marrow cells were collected from naive mice and grown for 8 d in RPMI
supplemented with 10% FCS, 1% 1-glutamine, 1% sodium pyruvate, 0.1% 2-ME,
50 wg/ml streptomycin, 50 IU/ml penicillin, and 20 ng/ml recombinant murine
GM-CSF (provided by Professor Kris Thielemans, Medical School of the Vrije
Universiteit Brussel). At d 8, BMDCs were pulsed overnight with 30 pg/ml KLH
(Thermo Fisher Scientific, San Diego, CA, USA) in the presence of 1 pug/ml LPS
(Escherichia coli serotype 0111:B5; Thermo Fisher Scientific). At d 9, the BMDCs
were collected and injected into recipient mice.

Immunization and Ab detection

KLH-pulsed LPS-treated BMDCs were injected at a dose of 5 X 10° cells into
the hind footpads of recipient mice. Draining popliteal lymph node cells were
harvested 7 d after immunization. In some experiments, mice were
immunized with 10 wg nitrophenyl-KLH (NPy5-KLH; Biosearch Technologies,
Novato, CA, USA) or KLH with 1 mg of Imject Alum (Thermo Fisher
Scientific). Serum levels of NP- or KLH- specific antibodies were determined
on d 14 by ELISA, according to standard procedures. In brief, ELISA plates
were coated with 5 pg/ml KLH or 2 pwg/ml NP-BSA and incubated with serial
dilutions of sera in duplicate wells. Bound antibodies were revealed with
peroxidase-coupled anti-mouse isotype-specific rat monoclonal antibodies
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(IMEX; Université Catholique de Louvain, Brussels, Belgium) followed by
the peroxidase substrate tetramethylbenzidine (Thermo Fisher Scien-
tific). A total of 2 N HoSO,4 was used to quench the reaction, and ODs were
quantified at 450 nm and converted to units based on a standard curve
obtained from a previously available immunized serum arbitrarily defined
at 1000 U/ml.

The relative affinities of NP-immune sera were calculated by comparing
their binding to differently haptenized carrier proteins (heavily haptenized
NP;g-BSA vs. lightly haptenized NPo-BSA; Biosearch Technologies, Inc.,
Petaluma, CA, USA) [25]. The same serial dilutions of each serum sample
were allowed to bind on NPg-BSA and NPo-BSA. The relative affinities of the
anti-NP serum antibodies are expressed as a ratio of the serum volumes
required to give the 50% of maximum binding on NP;g-BSA divided by
the volumes necessary for same binding on NPo-BSA (serum relative
affinity = vols9 binding ON NP1gBSA/Vol509 pinding 0N NPo-BSA).

Flow cytometry

Specific cell-surface staining was performed using a standard procedure with
anti-CD4, anti-PD1 (eBioscience, San Diego, CA, USA), and anti-CXCRb5 mAbs
(BD Bioscience, San Diego, CA, USA).

For ICS, primed cells were restimulated for 4 h with PMA (50 ng/ml) and
ionomycine (250 ng/ml) (both from Sigma-Aldrich, St. Louis, MO, USA) in
the presence of monensin (1:1000) (eBioscience). The cells were fixed and
permeabilized with the BD Cytofix/Cytoperm kit (BD Biosciences) and
stained in a 2-step procedure with APC-conjugated anti-mouse IL-4 or anti-
IFN-y (BD Bioscience) and recombinant mouse IL-21R Subunit, Human Fc
Chimera (R&D Systems, Minneapolis, MN, USA), followed by PE-conjugated
anti-human IgG (Jackson ImmunoResearch, West Grove, PA, USA).

Intracellular GATAS3, FoxP3, BCL6, Ki67 (Ab from BD Bioscience), and
T-bet (eBioscience) staining was performed according to the manufacturer’s
protocol (FoxP3 staining set protocol; eBioscience). Cells were separated by
flow cytometry with a FACS Arria (BD Biosciences) and analyzed with FlowJo
Software (Tree Star, Ashland, OR, USA).

B-cell help

Serial dilutions of FACS-sorted Tth cells (gate CD4"CXCR5"PD1%) were
cocultured for 7 d with syngeneic B cells purified from KLH/Alum
immunized mice (5 X 10* cells/well) in the presence of 10 pg/ml KLH. IgG1
and IgE antibodies in the supernatants were determined by ELISA, with rat
anti-mouse isotype mAb (IgG1 detection: capture Ab loMG1.13, detection Ab
loMK.1; IgE detection: capture Ab loME.3, detection Ab loME.2, all from
IMEX). Purified mouse IgG1 or IgE (BD Biosciences) was used as a standard
reference. Anti-mouse 11-4 mAb (clone 11B11; BioXcell, West Lebanon, NH,
USA) was added (10 pg/ml) to selected cocultures.

Real-time quantitative RT-PCR

RNA was extracted by using the TRIzol method (Thermo Fisher Scientific)
and reverse transcribed with Superscript II reverse transcriptase (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Quantitative
real-time RT-PCR was performed by using the SYBR Green Master mix kit
(Thermo Fisher Scientific).

Statistical analysis

Differences between groups were analyzed with the Mann—-Whitney U test for
2-tailed data. Differences reaching P < 0.05 were significant.

RESULTS

IL-6-deficient BMDCs induce altered cytokine and
transcription factor expression profiles in Tth cells

To specifically address the potential role of APC-derived IL-6 in
the regulation of Tth response, we immunized C57BL/6 mice
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with WT or IL-6-deficient BMDCs loaded with KLH and analyzed
the CD4" Th cell response 7 d later. IL-6-deficient BMDCs
induced normal expansion of cells expressing a typical Tth
phenotype (Fig. 1A). The percentage of Foxp3" regulatory

follicular cells (Tfr) among the CXCR5" PD1" CD4" T cell subset
was similar in the two experimental groups (Fig. 1B). Tfh cells

from antigen-loaded IL-6-KO BMDC-inoculated mice expressed
optimal levels of BCL6 (see Fig. 3D, I), further indicating that
IL-6 delivery at the time of the DC-T cell synapse was dispensable
for the generation of Tfh cells in this experimental setting.
Compared to the control condition, Tfh cells induced in the
absence of DC-derived IL-6 expressed an altered cytokine

A WT BMDCs IL-67-BMDCs Non immunized 127 CXCR5*PD1*
10°4 6.37 10° 6.3 |1 ] %
' ' 35 Sm. m WTBMDCs
o 55 =  IL-67-BMDCs
3 ) O3 Non immunized
10 3 g
c 2 44
mé i g %
a : : &
2 10° 0102 10° 154 165 0-
CXCR5
B WT BMDCs IL-67- BMDCs 6,  Foxp3*
{ »
10°4 10°] 3 = WTBMDCs
5 € 4] T = IL-67BMDCs
Q
o
o 0- E Thl
10°
Foxp3
10*4
c WT BMDCs IL-67- BMDCs D  wrembcs IL-67 BMDCs o
welor 4.0| 10° 10°
wu‘; o] ?_ 04
5 ) 6.8 E séx TD‘:-K 15‘:x :ujnx ZS:JK
10°4 X b—
, FSC-A
> 03 -
Q'I‘ - 134 4 — - —
= 1wt 10® S ° 1o o 10°
m WTBMDCs
CD4 = IL-67-BMDCs
F G Ratio |
-2+ IL-4* IL-21* IL-4* H IL-4+/IL-21* IFN-y* IFN-y*
1.5 89 2000
B0t gt , 6000 6000 x ek Y )
) @ T 6 o
v 40 40 el 1.0- S - 015004
5 £ 5 % E 4000 4000- 5 E E
25 : o
c
T 5 20 20 = 0.5- t E 5
£ 2 2000 2000 . < 5
g & 10 10 2 B ° 2 8 5001
o < o &
= ° 0 0 0.0- 0 0

Figure 1. Immunization with IL-6-deficient BMDCs alters cytokine secretion by Tfh cells. WT mice were immunized by footpad injection of 5 X 10°
LPS-stimulated, KLH-pulsed BMDCs derived from WT or IL-6-KO mice. Draining LN cells were recovered on d 7 and (A, B) analyzed for Tfh cell
marker expression or (C-I) stimulated with ionomycin and PMA in the presence of monensin to evaluate cytokine production by ICS. Contour plots
and histograms in (A) illustrate CXCR5 and PDI staining profiles of CD4" live cells within an FSC-A/FSG-W gate, enabling exclusion of doublets
and triplets of cells; contour plots in (B-D) represent BCL6 and Foxp3 or IL-4, IFN-y, and IL-21 staining profiles of Tfh cells (CXCR5" PD1") gated
as indicated in (A); a positive control for IFN-y staining (in vitro derived Thl cells) is also included in (E); (F, G, I) Percentage and absolute
number of IL-21-, IL-4- or IFN-y-secreting Tth cells; (H) ratio of total number of IL-4" to IL-21" Tfh cells. Results represent means * sp of 5-6
individual mice and are representative of at least 10 (A) or 5 (C-I) independent experiments or are pooled from 4 independent experiments

(B, » =15). Differences between groups were analyzed with the Mann—-Whitney U test for 2-tailed data. **P < 0.01. See also Supplemental Fig. S1
for gating strategy and staining controls.
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pattern, characterized by reduced percentage of IL-21" and
increased proportion and absolute number of IL-4" Tth cells
(Fig. 1G, F, G). Although the absolute number of IL-21-
secreting Tth cells was not reduced in this experiment, a
stronger IL-4"/IL-21" Tfh cell number ratio was consistently
observed in mice immunized by IL-6-deficient BMDCs (Fig.
1H). Secretion of IFN-y was not significantly affected in this

experimental setting (Fig. 1D, I). Increased IL-4 production
induced by DCs lacking IL-6 secretion was confirmed in IL-4-
reporter mice (4-get mice, revealing IL-4 gene transcription;
Fig. 2A). This altered cytokine profile was further confirmed
by RT-qPCR performed on ex vivo sorted Tth cells. In
agreement with the results obtained in the 4-get model,
expression of the IL-4-encoding mRNA was upregulated in Tth
cells that developed upon priming with an IL-6-deficient
protocol. IL-21 mRNA expression was inhibited in this cell
population, thus leading to a strong increase in the IL-4/IL-21
mRNA ratio in Tth cells from IL-6-KO BMDC-immunized mice
(Fig. 2B). Tth cells separated by FACS were restimulated in
vitro in the presence of anti-CD3 mAbs. Analysis of their
culture supernatant by ELISA confirmed increased IL-4
secretion by Tth cells from the IL-6-KO-immunized group of
mice (Fig. 2C).

Expression of BCL6 and GATAS3 transcription factors among
antigen-activated (Ki67") Tfh cells and non-Tfh cells was then
analyzed (see Fig. 3A for gating strategy). In particular, the
percentage of Tth cells expressing intermediate or high levels of
GATAS3 expression was estimated. In agreement with the
previously established cytokine secretion pattern, these experi-
ments revealed a significant expansion of Tth-2 cells in mice
immunized with IL-6-deficient BMDCs. Indeed, although lack of
APC-derived IL-6 did not preclude expression of BCL6 expres-
sion in Tfh cells, it led to a significant increase in GATA3
expression by these CXCR5'PD1" cells (as judged by increased
percentage and absolute number of Tth cells expressing GATAS3;
Fig. 3D, G, J). It is noteworthy that a small but significant
percentage of Tth cells reached high GATA3 expression level

A

WT BMDCs

Figure 2. IL-6-secreted by BMDCs damps IL-4
mRNA expression and IL4 secretion by Tfh
cells. (A) The 4-get mice were immunized as in
Fig. 1. Contour plots and histograms represent 108
the percentage of GFP" cells among the gated
Tth cells; (B, C) Tth cells from C57BL6 mice

(similar to the Th2 cell expression level, see hereafter) in the IL-
6-deficient BMDC experimental group (Fig. 3D and 3G, right).
In agreement with our own observations [24], lack of IL-6 at
antigen encounter promoted Th2 cell development, as indicated
by the increased percentage of GATA3" cells in proliferating
(Ki67"), non-Tfh (CXCR5, PD1~, and BCL6") cells, thus
identifying these cells as bona fide Th2 lymphocytes. (Fig. 3C, F).
Only low levels of BCL6 and GATA3 were detectable in the
Ki67~ CD4" cells, in keeping with the notion that expression of
these two transcription factors requires TcR-derived signals (Fig. 3B).
Increased GATAS3 expression in Tth cells of mice inoculated with
IL-6-deficient BMDCs was further confirmed by mean fluores-
cence intensity analysis (Fig. 3H, right) and by RT-qPCR analysis
of Tth cells identified by FACS (Fig. 3K). Overall, these
observations point to a role for IL-6 in restraining the develop-
ment of IL-4-producing, GATA3-expressing Tth (Tth-2) lympho-
cytes upon antigen stimulation in vivo.

IL-12 is dispensable for induction of Tfh cells upon
antigen-loaded BMDC immunization

As I1-12 has been shown to promote Tth cell differentiation in
vivo and to oppose Th2 development [21, 22], we sought to
investigate whether IL-12 exerts the same effects as IL-6 on Tth
cell development. KLH-loaded, WT, or IL-12p35-deficient
BMDCs were injected into C57BL6 mice, by using the same
protocol as described earlier. The results clearly showed that
IL-12 deficiency in APCs during T-cell priming neither precluded
Tfh differentiation nor altered their I1-21/IL-4 secretion pattern
(Fig. 4A-F).

Tth cells slightly expressed T-bet in this experimental setting
and, as expected, T-bet expression was reduced in the IL-12-
deficient BMDC-inoculated group (Supplemental Fig. 2A).
Nevertheless, and in agreement with the cytokine secretion
profile, GATAS3 expression did not significantly increase in mice
immunized with IL-12-KO BMDCs (Fig. 4G, I).

To confirm that Tfh cells may differentiate in vivo in the
absence of APC-derived IL-6 and -12, we next immunized mice

immunized with WT or IL-6"/~ BMDCs were =
separated by FACS and tested for (B) IL-4 4
and -21 mRNA expression ex vivo by RT-qPCR CD4
(expression was normalized to RPL32) or (C) B
restimulated with plastic-coated anti-CD3 mAbs

for 24 h to allow detection of 1L-4 secretion by 3 L
ELISA. Results are representative of 2 indepen-
dent experiments and are the means * sp of
5—6 individual mice (A, B) or means £ SD of
4 individual culture wells. Differences between
groups were analyzed with the Mann—-Whitney
U test for 2-tailed data. *P < 0.05; **P < 0.01.
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expression
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Figure 3. IL-6-deficient BMDCs promote expression of GATA3 in Tfh cells. WT mice were immunized with KLH-pulsed WT or IL-6"/~ BMDCs, as
in Fig. 1. Seven days later, GATAS and BCL6 expression was measured by ICS. (A) Contour plots illustrate the gating strategy to identify CD4"Ki67~
and CD4'Ki67" within viable singlet cells (left) and Tfh and non-Tth cells among the CD4Ki67" gated cells (right); (B-G) contour plots and
histograms represent the percentage of GATA3™ and GATA3"8" cells in Ki67~, Ki67" non-Tfh and Ki67" Tfh* gated cells; (E) FMO control for
GATAS3 staining; (H, I) histograms of GATA3 or BCL6 expression intensity (expressed as mean fluorescence intensity) among Tth and non-Tth cell
subsets; (J) absolute number of GATA3" (intermediate + high expression) Tfh cells in both experimental groups; and (K) mRNA expression levels
of GATA3 and BCL6 (relative to RPL32 mRNA) in Tth cells sorted as in Fig. 2. Results are representative of 3 (A—J) or 2 (K) independent
experiments and are means = sb of 5-6 individual mice. Differences between groups were analyzed with the Mann—-Whitney U test for 2-tailed data.
*P < 0.05; ¥P < 0.01.
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Figure 4. Immunization with IL-12-deficient BMDCs does not alter Tth cell differentiation. WT mice were immunized with KLH-pulsed WT or IL-
12p35_/ ~ BMDGs. Draining lymph node cells were recovered on d 7 (A, B, G-I) and analyzed for Tfh cell marker and transcription factor
expression or (D-F) stimulated with ionomycin and PMA in the presence of monensin to evaluate IL-4 and -21 production by ICS. Contour plots
and histograms illustrate CXCR5 and PD1 staining profiles of CD4" live singlet cells (A); BCL6, GATAS, 114, and IL-21 among Tth gate (D-I); and
(C) mRNA expression of IL-12p35 following a 3 h stimulation of BMDCs with 1 pg/ml LPS [expression was normalized to RPL32 and the results
are presented as fold induction compared to WT nonstimulated (NS) BMDC sample set at 1]. Results are means * sp of 5 individual mice and are

representative of at least 3 independent experiments.

with antigen-loaded IL-6/IL-12 DKO BMDCs. Results

in Supplemental Fig. 2B showed normal frequencies of
CXCR5" PD1" Th in WT and DKO BMDC-inoculated groups.
Similar GATAS3 up-regulation was observed in Tth cells of IL-6-KO
and IL-6/IL-12-DKO groups of mice, further confirming the
specificity of IL-6 in containing the magnitude of Th2 features
in Tfh cells (Supplemental Fig. 2C).

APC-derived IL-6 delivery at the time of Tfh priming
governs Ab isotype class switch
Because I1-4 and -21 exert opposite roles on IgG1 and IgE class
switch, we next analyzed the humoral response of mice primed
with IL-6-deficient APCs. In agreement with the cytokine profile
of Tth cells, DCs lacking IL-6 promoted increased antigen-
specific IgE secretion (Fig. 5B). Although IgG1 was not
significantly altered in mice immunized with IL-6-KO DCs, the
mice expressed a severely decreased antigen-specific 1IgG1/IgE
ratio (Fig. bA, C).

To further evaluate whether Tfh-2 cells primed in the absence
of IL-6 were intrinsically able to promote IgE secretion by B cells,
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we used FACS to separate Tth cells from control and IL-6-KO
BMDC-immunized mice and cultured them in the presence of
purified B lymphocytes and KLH. Control Tfh cells induced
IgG1 secretion by activated B cells and barely detectable IgE
secretion. In accordance with the in vivo data, Tth cells primed
in the absence of DC-derived IL-6 induced IgE secretion

in vitro, whereas IgG1 production was slightly decreased

(Fig. 5D, E). It is noteworthy that Tth-induced IgE secretion
was completely inhibited by the addition of anti-IL-4 Ab in the
T-B coculture medium (Fig. 5F). The collective results suggest
that IL-6 provided by APCs during in vivo priming affects the
humoral response by restraining the development of Tfh-2
lymphocytes.

STAT?3 signaling restricts GATA3 expression in Tfh
cells and regulates the capacity of Tth cells to provide
B-cell help in vivo

Because STAT3 is the major signaling pathway activated by IL-6
[26], we investigated the influence of this transcription factor on
the expression of GATA3 in Tfh cells. We immunized WT and
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Figure 5. IL-6-deficient BMDCs promote IgE
secretion. WT mice were immunized with KLH-
pulsed WT or IL-6~/"BMDCs, as in Fig. 1. (A-C)
Sera were tested on d 14 for KLH-specific IgG1
(A) and IgE (B) contents; (C) relative levels of
IgG1 to IgE NP-specific antibodies for each
mouse. Results are pooled from 2 independent
experiments (n = 10). (D-F) Tfh cells (gate
CD4'CXCR5'PD1") were separated by FACS and
cultured for 7 d with purified syngeneic B cells
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STAT3"1/CD4-CRE (referred to as STAT3“P*~/7) mice with
antigen (KLH or NP-KLH) formulated with the pro-Th2 Alum
adjuvant. STAT3“"*™/~ mice displayed a mild, but significant,
reduction in number of Tth cells (Fig. 6A). Total percentages
of Ki67" Th cells were similar or even increased in
STAT3"*™/" mice, thus suggesting that the reduction in the
number of Tfh cells did not result from general attenuation of
Th cell response toward the antigen/Alum formulation (data
not shown). Intracellular transcription factor staining revealed
that STAT3 deficiency resulted in up-regulation of GATA3
expression by Tfh cells, associated with normal levels of BCL6
expression (Fig. 6B). Increased GATA3 expression in the Tth
cell compartment of STAT$“"*™/~ mice was observed similarly
when these mice were immunized with antigen-pulsed WT
BMDCs (Fig. 6C).

In keeping with these data, STAT3P*~/~ mice displayed
reduced NP-specific IgG1 response, and enhanced NP-
specific IgE production when compared to control mice (Fig.
6D-F). Moreover, mice with T cells lacking STAT3 expression
did not show the secretion of high-affinity NP-specific IgG1
antibodies (Fig. 6G), suggesting that STAT3-signaling con-
strains Tth-2 cell subset development and controls both the
isotype switch and affinity maturation processes induced by
Tfh cells.

DISCUSSION

Although Tth-2 subsets have been widely described in humans,
little is known about their putative relatives in mice. In
particular, the stimuli that specifically drive Tfh-2 cell subset
differentiation are still ill defined, thus precluding preclinical
studies.

In our study, priming of Th cells in the absence of DC-
secreted IL-6 preferentially led to accumulation of a subset of
Tth cells expressing higher amounts of GATAS3, associated with

www jleukbio.org

purified from KLH/Alum immunized mice (5 X
10* cells/well) and 10 pg/ml KLH. Histograms in
(D, E) represent IgG1 and IgE secretion by B
cells cultured alone or with 8 X 10" Tth cells
purified from WT or IL-6"/~ BMDC inoculated
mice; (F) IgE secretion by B cells cultured with
KLH and Tfh cells from IL-6"/~ BMDC mice in
the presence or absence or anti-IL-4 mAbs. Results
are expressed as means * sp of 4 individual
culture wells and are representative of 2 indepen-
dent experiments. Differences between groups
were analyzed with the Mann-Whitney U test for
2-tailed data. *P < 0.05; **P < 0.01; ##*P <
0.001.

© ctrl isotype
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increased secretion of IL-4, therefore indicating that Tth cells
expressing features of Tfh-2 cells can be induced in mice and
that IL-6 is a key factor restraining Tfh-2 cell subset develop-
ment in vivo.

Although Tth differentiation is clearly a multifactorial process
implying several cytokines and transcription factors [27-29], a
major role for IL-6 in driving Tfh differentiation has been
empbhasized in several publications [14, 15, 17, 18, 30-33],
together with the identification of potential cellular sources of
this cytokine in vivo [17, 18, 34]. However, IL-6 was found
dispensable for early Tth generation in some studies [14, 30, 35].
Our study demonstrated that the early (concomitant with antigen
presentation) provision of IL-6 signals is dispensable for expansion
of antigen-specific Tth cells (defined as CD4'CXCR5'PD1"),
but imprints Tfh subset cell fate by down-regulating key Tfh-2
cell features, such as GATA3 and IL4 expression. Thus, our
study may help in reconciling previous apparently contradictory
results in which IL-6 was found dispensable for adequate Tfh
generation by assuming that, depending on the cell type and
timing of delivery, IL-6 may either promote Tth cell generation
or constrain IL-4 secretion, thereby specifically fine tuning Tfh
subset development.

Beside its role on Tth cell function, IL-6 has been shown to
impede Th2 proinflammatory responses in vivo through both
Treg-dependent and independent mechanisms [24, 36]. In our
study, we showed that IL-6 secreting DCs down-regulated 114
secretion and GATAS3 expression without significantly affecting
Tfr (Fig. 1) or Treg (data not shown) cell differentiation. Thus,
although the functional suppressive activity of Tfr cells was not
evaluated in this study, our results are best explained by assuming
that IL-6 signaling induces a Tfh cell autonomous down-
regulation of GATA3 expression, thereby restraining develop-
ment of Tfh-2 features. In keeping with this assumption, STAT3
signaling is essential for controlling GATA3 expression in Tth
cells (Fig. 6 and [37]).
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mice results in higher expression of GATA3 in Tfh cells and altered IgG1 and IgE isotype secretion.

STAT3"" and STAT3"" CD4-CRE mice were immunized with NP-KLH in Alum. Draining lymph nodes were analyzed on d 7 for Tth cells
(CXCR5'PD1") among viable CD4" cells (A) and GATA3/BCL6 expression among Tth cells (B). (C) Percentage of GATA3" cells among Tth cells
in STAT3"" and STAT3"/" CD4-CRE mice immunized with KLH-pulsed WT-BMDCs as in Fig. 3. (D-G) Individual sera from mice in (A) were
tested on d 14 for NP-specific IgG1 (D) and IgE (E) contents; (F) relative levels of IgG1 to IgE NP-specific antibodies for each mouse; (G) sera
from (D) were tested for NP affinity. Relative affinities are expressed as the ratio of 50% binding on NP;g- and NPs-BSA. Results in (A, B) are

pooled from 2 to 5 independent experiments (n = 23, A; n = 11, B) or are representative of 3 independent experiments (C-G). n.i

i., nonimmunized.

Differences between groups were analyzed with the Mann-Whitney U test for 2-tailed data. ¥*P < 0.05; **P < 0.01; ***P < 0.001.

Our data showing a normal level of BCL6 expression in WT
and STAT3-deficient Tth cells contrasts with recent work
suggesting a BCL6-repressing role for STAT3 in Tfh cells [37].
The reason for this discrepancy remains unresolved at this
time, but may be related to distinct antigen formulations
between the two studies. In particular, use of a pro-Th2
adjuvant (Alum) in the present study may have favored
expression of GATA3, a known BCL6 antagonist [38, 39]. In
this setting, the early upregulation of GATA3 expression in
STAT3-deficient mice may have precluded BCL6 up-
regulation. The present findings are in agreement with our
own previous observations demonstrating that STAT3-defiency
in Th2 cells is associated with an increased GATA3/BCL6
expression ratio [40].

Finally, the isotypic profile appears to be under the influence
of the cytokine cocktail produced by the Tth cells. Based on the
well-known capacities of I1-4 and -21 to promote and oppose
the IgE class switch, respectively [41, 42], we speculate that the

8 Journal of Leukocyte Biology Volume 101, February 2017

IL-6/STAT3 axis plays an important role in limiting the
secretion of IgE antibodies by fine tuning the cytokine secretion
pattern of Tth cells during T-B interaction. Note that the
immune alterations observed in mice lacking STAT3 expression
appear to be more severe when compared to the immune
response induced in WT mice by IL-6-deficient APCs. Indeed,
whereas both groups were characterized by enhanced IgE
secretion, STAT3-deficient mice displayed a strongly reduced
IgG1 response, further characterized by a lack of affinity
maturation. We believe that additional contribution of host-
derived IL-6 and -21 may partially compensate for the lack of
APC-derived IL-6 in WT mice, enabling sufficient STAT3
signaling in these mice to allow Tfh cell help for IgG1 secretion.
In any event, our study confirmed the important role of IL-6
and STATS3 in precluding Tfh cells to acquire Tfh-2-like
properties.

In conclusion, the present study revealed a more complete
picture of how DC-driven IL-6 production may affect the
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outcome of Tfh cell development and function. We believe that
the capacity to modulate IL-6/STAT3 signaling in vivo may
provide novel clues for the development of long-term humoral
immunity in response to vaccines and pave the way to innovative
treatments of allergic diseases.
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Figure S1 (related to Figure 1)
Gating strategy and FACS controls for cytokine staining in Tfh cells

(A) CXCR5 and PD1 staining profiles of CD4* live cells within a FSC-A/FSC-W gate allowing us to
exclude doublets and triplets of cells;

(B-H) contour plots of cytokine staining in Tfh (B-F) or non Tth cells (G, H) activated (B, C, E, G, H) or
not (D, F) with ionomycin and PMA

FMO = full minus one (means that all antibodies were present in the staining cocktail, except the
one that is mentioned in the top of panels B, C, E)



‘ Figure S2 \

Bcl6

WT BMDCs

Figure S2
APC-derived IL-6 promotes GATA3 expression among Tfh cell independently of IL-12 secretion
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(A) Functional validation of IL-12 deficiency in inoculated BMDCs: WT mice were immunized with
KLH-pulsed WT or IL-12p357- BMDCs. Draining LN were analyzed for T-bet expression in Tfh cells
(gate CXCR5* PD1*) and non-Tfh activated cells (gate KI67* CXCR5 PD1-; see figure 2 for details)

(B, C) WT mice were immunized with KLH-pulsed WT, IL67-, 1L-12p357-or IL67/-/I1L-12p357/- (DKO)
BMDCs. Draining LN cells were recovered on day 7 and analyzed for Tth cell marker (B) and GATA3

expression (C).

Results are representative of 3 independent experiments
*n<0.05; **p < 0.01; ***p<0.001
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