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regulatory B cells. Background: Exposure to respiratory allergens triggers airway hyperresponsive-

ness and inflammation characterized by the expansion of Ty2 cells and the pro-
duction of allergen specific IgE. Allergic asthma is characterized by an alteration
in immune regulatory mechanisms leading to an imbalance between pro- and
anti-inflammatory components of the immune system.

Aims: Recently B cells have been described as central regulators of exacerbated
inflammation, notably in the case of autoimmunity. However, to what extent
these cells can regulate airway inflammation and asthma remains to be
elucidated.

Materials & Methods: We took advantage of a allergic asthma model in mice
induced by percutancous sensitization and respiratory challenge with an extract
of house dust mite.

Results: In this study, we showed that the induction of allergic asthma alters the
homeostasis of IL-10" Bregs and favors the production of inflammatory cytoki-
nes by B cells. Deeper transcriptomic and phenotypic analysis of Bregs revealed
that they were enriched in a CD9 " B cell subset. In asthmatic mice the adoptive
transfer of CD9™ B cells normalized airway inflammation and lung function by
inhibiting Ty2- and Tyl7-driven inflammation in an IL-10-dependent manner,
restoring a favorable immunological balance in lung tissues. Indeed we further
showed that injection of CD9 " Bregs controls the expansion of lung effector T
cells allowing the establishment of a favorable regulatory T cells/effector T cells
ratio in lungs.

Conclusion: This finding strengthens the potential for Breg-targeted therapies in
allergic asthma.
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Allergic asthma is a chronic inflammatory disease character-
ized by airway hyper-responsiveness and deregulated inflam-
mation in response to allergens. This pathology is controlled
by CD4" T helper (Ty) lymphocytes, which cause cellular
infiltration in the lungs, overproduction of mucus, and air-

Abbreviations

BAL, bronchoalveolar lavage; Bregs, regulatory B cells; HDM,
house dust mite; LPS, lipopolysaccharide; MZ, marginal zone; PIM,
PMA + ionomycin + monensin; PMA, phorbol 12-myristate 13-
acetate.

way constriction. In general, B cells have been described in
asthma as deleterious cells secreting allergen-specific IgE
under pro-Ty2 inflammatory conditions. IgE interacts with
Fce receptor I at the surface of basophils and mast cells, pro-
moting the release of pro-inflammatory mediators such as
chemokines, prostaglandins, and leukotrienes, which leads to
airway inflammation and airway narrowing (1).

Beyond their antibody secretion capacities, B cells can also
present antigens, produce cytokines, and regulate T-cell-medi-
ated immune responses (2). Indeed, B cells can secrete both
pro-inflammatory and inhibitory cytokines, the balance of
which influences the immune response (2). Recently, a sub-
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population of regulatory B cells (Bregs) that produces large
amounts of IL-10 was identified in both mice and humans (3,
4). These cells are able to suppress inflammation by con-
straining Tyl and Ty17 responses and inducing regulatory T
cells (Tregs) (3, 4). Accordingly, functional impairment of the
IL-10-producing B-cell subset is associated with exacerbated
persistent autoimmunity and dermal allergic inflammation
(5-7). In allergic asthma models, infection with parasites pro-
tects mice from the development of lung inflammation and
airway hyper-responsiveness through the generation of IL-10-
producing B cells (8, 9). Notably, elevated levels of allergen-
specific, IL-10-producing Bregs have been found after
immunotherapies for food and bee venom allergies,
suggesting that increased proportions of Bregs are a specific
feature of induced tolerance toward allergens (10, 11). How-
ever, to what extent the development of allergic asthma influ-
ences the homeostasis of Bregs has not yet been clearly
addressed. To investigate this, we took advantage of an acute
model of house dust mite (HDM)-induced allergic airway
inflammation.

Herein, we show that B cells from allergic mice preferen-
tially secrete a pro-inflammatory cytokine profile that coun-
ters the effects of the anti-inflammatory cytokine IL-10.
Consistently, the frequency of IL-10" Bregs was decreased in
the spleen and lungs of asthmatic mice. Microarray and
cytometry analysis further demonstrated that Bregs were
enriched in a CD9 " B-cell subset that was decreased in asth-
matic mice, and adoptive transfer of these CD9" B cells
abrogated asthma in an IL-10-dependent manner.

Materials and methods
Mice

Six- to eight-week-old wild-type and 1L-10"/~ BALB/c mice
were purchased from Charles River Laboratories (Ecully,
France). Allergic inflammation was induced in mice using a
total HDM extract (Dermatophagoides farinae) provided by
Stallergenes (Antony, France). Induction of allergic inflam-
mation was performed as previously described (12) (see
Appendix S1 for more details).

Flow cytometry — The following antibodies were used for flow
cytometric analyses

Ly6G-PercP.Cy5.5 (1A8), CDS8-APC-H7 (53-6.7) (BD Bio-
sciences, Le Pont-de-Claix, France), CD3-APC (145.2C11),
CD19-PeCy7 (1D3), F4/80-FITC (BMS) (eBioscience, Paris,
France), CCR3-PE (83101; R&D systems, Lille, France).
CD3-APC (145-2C11), CD4-FITC (OKT4), CD25-PE
(PC61), Foxp3-PECy7 (FJK-16s), CD19-PeCy7 (1D3), IgM-
APC or PE (11/41), IgD-eFluor®450 or APC (11-26¢), GL7-
A488 (GL-7), CD9-FITC (KMCS8), CD70-PerCP-eFluor®710
(FR70), Ctlad-APC (UC10-4B9), CD73-eFluor®450 (TY/
11.8), CD5-APC (53-7.3), CDI1d A488 (1B1), CD23-FITC
(B3B4), CD21-eFluor®450 (4E3), IL-4-APC (11B11) and IL-
13-FITC (eBiol3A) (all from eBioscience), CD95-Bv421®
(Jo2), PD-1-Bv421® (J43) and IL-17A (TC11-18H10) (BD
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Biosciences). For all experiments, dead cells were excluded
using DAPI or Fixable Viability Dye 450 (BD Biosciences).
Cells were fixed and permeabilized with the Cytofix/Cytop-
erm kit (BD Biosciences) before the intracellular staining (see
Appendix S1 for more details).

Analysis of IL-10 production

We analyzed IL-10-producing B cells as previously described
(13). In some experiments, splenic B-cell subsets were purified
using the Pan B Cell Isolation Kit (Miltenyi Biotec, Paris,
France) or the FACS ARIA III (BD Biosciences) and then
incubated for 2 days with a CD40 agonist (BD Biosciences,
2 pg/ml), Tim-1 (BioXcell, 10 pg/ml), IL-21 (eBiosciences,
100 ng/ml), or BAFF (R&D system, 20 ng/ml) and activated
with LPS + PIM (PMA, Ionomycin and monensin) for the
last 5 h (see Appendix S1 for more details).

Adoptive transfer

Spleen cells from asthmatic WT or IL-10~/~ mice were stained
for CD19 and CD9. Fluorescence minus one was used as a
negative control for CD9 expression. CD9 " and CD9~ B cells
were sorted using a FACSAria III (BD Bioscience). Purity was
routinely superior of 95%. HDM-treated mice received
5 x 10° sorted cells intravenously (i.v.) 1 day before the
second challenge. To follow the migration of B cells into the
lungs, we stained them with PKH26 before the sorting.

Statistical analysis

Comparisons of experimental values between two groups
were analyzed using the Mann—Whitney U-test. The nonpara-
metric Kruskal-Wallis test with Dunn’s posttest was used for
comparisons between more than two groups. Enhanced pause
(Penh) and lung resistance results were analyzed using a two-
way analysis of variance (ANovA). All statistic analyses were
performed in GraphPad Prism v6, La jolla, USA.

Results

Exposure to allergen elicits attraction of B cells to the
airways

As previously published by our team (12, 14), exposure to
total Dermatophagoides farinae (Der f) extract induced airway
hyper-responsiveness (Fig. SI1A,B) associated with severe
inflammation, as characterized by the presence of mucus-se-
creting cells, eosinophilic-neutrophilic influx, production of
systemic Der fl-specific IgE, and Ty2-Ty17 cytokine secre-
tion (Fig. SIC-E).

We found an increased expression of the B-cell chemoat-
tractant factor, CXCLI13, in the lungs and a higher level of
CXCLI13 in the BAL of asthmatic mice 24 h after the last
challenge (Fig. S2A). This was associated with a significant
increase of B cells in the BAL and lungs of house dust mite-
treated mice (HDM mice) (Fig. 1A-B). Notably, we detected
perivascular and peribronchial B-cell infiltrate in the lung tis-
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Figure 1 HDM promotes the infiltration and maturation of B cells.
(A) Quantification of B cells in the BAL. (B) Quantification of total B
cells in lungs of mice. (C) Representative B-cell staining in the lung

sues from mice exposed to the allergen (Fig. 1C). Our cytom-
etry analysis highlighted in lung of HDM mice an increase of
germinal center B cells (CD19" Fas™ GL7") and total
switched memory B cells (CD19" IgM ™ IgD") (Fig. S2B,C),
which was associated with the production of Der fl-specific
IgE, IgG, and IgA in BAL fluid, supporting the establish-
ment of a local B-cell response toward the allergen (Fig. 1D).

Allergic inflammation influences the cytokine profile of B
cells and importantly alters the homeostasis of IL-10"
regulatory B cells

Various cytokine-producing B cells able to regulate the
immune response have been recently described (2). To more
precisely define the cytokine profile of B cells in asthma, we
assessed the mRNA levels of a panel of cytokines including
IFN-y, IL-2, 1L-4, IL-6, IL-10, and TGF-B, in purified
ex vivo lung B cells obtained from control and HDM-treated
mice (Fig. 2A). We observed a higher mRNA expression of
IL-4 and IL-6 cytokines in B cells from lungs of asthmatic
mice (Fig. 2A), whereas the expression of IL-10 was signifi-
cantly decreased in the lung B cells from HDM mice
(Fig. 2A).

The decreased expression of IL-10 in lung B cells of asth-
matic mice prompted us to examine whether allergic inflam-
mation affects the homeostasis of Bregs. Lung cells were
isolated and stimulated during 5 h with LPS and PIM, fol-
lowed by staining for cytoplasmic IL-10 expression (13). IL-
10-secreting B cells represented 3.14% (+0.4) of total B cells
in the lungs of control mice, whereas only 2.1% (£0.2,
P <0.01) was observed in the lungs of asthmatic mice
(Fig. 2B). Consistently LPS-stimulated lung B cells from
allergic mice produce lower levels of IL-10 than LPS-stimu-
lated lung B cells from control mice (Fig. 2C). Finally, a
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tissue (Red staining = B220" B cells). (D) Levels of Der f1-specific
IgE, IgG, and IgA in BAL. **P < 0.01, ***P < 0.001.

lower frequency of IL-10-secreting B cells was found in the
lung of allergic mice after restimulation of total lung cells
with HDM extract (Fig. 2D). Altogether, these results indi-
cate an altered homeostasis of IL-10-secreting B cells in the
context of allergy.

Transcriptomic analysis highlights new specific surface
markers for IL-10-secreting B cells

Stimulation with CD40 agonist optimally induces IL-10 in
purified spleen B cells (Fig. S3A—C). CD40-stimulated B cells
were labeled with anti-IL-10 antibody conjugated to anti-
CD45 antibody and incubated to allow secretion and capture
of IL-10 to the cell surface for the purification of live IL-10"
B cells (Fig. S3D,E). To better define Bregs, we analyzed the
transcriptomic profile of sorted IL-10* B cells and IL-10~ B
cells of asthmatic and control mice using whole-genome
microarray expression analysis (Fig. 3A and Table S1). We
identified 3420 and 5374 differentially expressed probes in
IL-10" and IL-10" B cells in control and HDM mice, respec-
tively (Fold >0.3; P < 0.01, Table S1). A total of 954 com-
mon probes were differentially expressed in both control and
HDM mice (Table S1).

To investigate the Breg phenotype, we focused on the
expression of surface markers that were differentially
expressed in IL-10~ and IL-10" cells in both control and
HDM mice. Interestingly, classical markers described for
Bregs, including CD5, CD1d, CD23, CD21, CD43, IgM, and
TIM-1, were not differentially expressed between IL-10" and
IL-10" B cells in our microarray experiments (Table SI).
Instead, surface proteins with higher expression in IL-10" B
cells were CD80, CD70, NtSe (coding for CD73), CD9,
CTLAA4, and Pdcdl (coding for PD-1). Surface markers with
significantly lower expression in IL-10" B cells included
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Figure 2 HDM-induced asthma alters the homeostasis of Bregs.
(A) The mRNA levels of cytokines were analyzed using RT-PCR in
purified B cells from the lungs of control and allergic mice. (B) IL-
10" B-cell frequencies in the lungs of mice. Lungs were cultured
with LPS + PIM for 5 h, stained with CD19 mAb, permeabilized,
and stained with I1L-10 mAb for flow cytometric analysis. Represen-
tative results demonstrate the frequency of IL-10-producing cells

Pdpn (coding for podoplanin), Itgal0, and Itgb3 (Fig. 3A).
Differential expression of surface CD9, CD70, CD73, CD80
was confirmed by flow cytometric analysis (Fig. 3B), further
supporting the identification of new markers to phenotype
IL-10" Bregs in mice.

CD9 is a specific marker for Bregs in mice and humans

To phenotype Bregs, we focused on the expression of
CD9, CD73, and CD70 (Fig. 3C). Other B-cell markers
that have been linked to Breg cells in previous reports (15,

16) were analyzed as well (Fig. 3C), and we found
an equivalent enrichment in IL-10° B cells in the
CD5" CDId™ and T2-MZP populations (Fig. 3C-D).

However, a higher enrichment in IL-10 production

1424

10ug/mL 20 ug/mL

within the indicated gates among total CD19* B cells in lungs. (C)
IL-10 protein levels in the supernatant of purified lung B cells acti-
vated with LPS + PIM for 5 h. (D) Lung cells from control and
HDM-treated mice were stimulated for 3 days with a total extract
of HDM. At the end of the culture period, the cells were restimu-
lated with PMA, and the IL-10* B-cell frequency was analyzed by
flow cytometry. ***P < 0.001, **P < 0.01, and *P < 0.05.

was found in subsets
(Fig. 3C-D).

Because the differential expression of CD9, CD70, and
CD73 could be induced by our protocol of activation, we
stimulated spleen purified B cells with LPS-PIM for 5 h to
identify spontaneous Bregs (Fig. 4A). In this setting, only the
expression of CD9 remains differential between IL-10" and
IL-10" B cells (Fig. 4A). Additionally, around 16.3% (£1.8)
of these CD9™ B cells express IL-10, whereas less than 1%
of CD9 express IL-10 (Fig. S4A). Consistently sorted CD9™"
splenic B cells produce the highest levels of IL-10 after
in vitro activation (Fig. 4B) further confirming the reliability
of this marker to identify Bregs.

In spleen, the CD9 expression pattern is heterogeneous
and is not restricted to one B-cell subset. Indeed, overexpres-

splenic CD9-expressing B-cell
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Figure 3 Characterization of IL-10* and IL-10~ B cells. (A) Heat
map showing upregulated and downregulated genes coding for sur-
face proteins between IL-10* and IL-10~ B cells. (B) Representative
staining of CD9, CD70, CD73, CD80, CTLA4, and PD-1 at the sur-
face of IL-10" and IL-10~ B cells and differential protein expression
of CD9, CD70, CD73, and CD80 at the surface of IL-10" B cells of
control and HDM mice. (C) Purified B cells from the spleens of

sion of CDY is found in Bla B cells (CD5"), MZ B cells,
and T2-MZP B cells (Fig. 4C; Gating strategy is available in
Fig. S5). These three populations have been described for
their role in the regulation of inflammation in many experi-
mental mouse models (4, 17).

In lungs, the phenotype of IL-10 Bregs was similar, with
higher expression of CD9, CD73, and CD70 at the surface of
IL-10-secreting B cells (Fig. 4D). Also, cytometry analysis
revealed that 6.6% (40.3) of lung CD9 " B cells express IL-
10 in control mice (Fig. S4B). Interestingly, frequency of
these cells was decreased in allergic mice confirming the
defect in Bregs (Fig. S4C).

Finally, in humans, expression of CD9 was dramatically
increased at the surface of CD24" CD38" immature B cells
describing as an important IL-10 Breg subset able to control
T-cell inflammation (Fig. 4E) (18-20). Altogether, our find-
ings suggest that CD9 can be a reliable marker to purify
both mouse and human Bregs.

Injected CD9* B cells home to the lungs and reduce airway
inflammation

In a last step, we explored the ability of CD9 ™ B cells to reg-
ulate airway inflammation and asthma exacerbation in vivo.
A total of 5 x 10° splenic CD9™ or CD9~ B cells were iso-
lated by cell sorting and were intravenously injected in asth-
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control and HDM mice were activated for 2 days with CD40 mAb
agonist and LPS + PIM during the last 5 h. Then, IL-10-secreting B
cells were quantified in the CD5" CD1d* (B10), CD23~ CD21"
IgM" (T2-MZP) and newly identified CD9* B-cell subsets. (D) Quan-
tification of IL-10" B cells in CD9-expressing B-cell subsets, CD5*
CD1d* (B10), and in CD23~ CD21" IgM" (T2-MZP) **P < 0.01.

matic mice 24 h before the second challenge (Fig. S6A). To
follow the migration of injected B cells, we labeled them with
a fluorescent tracer. Interestingly, a fraction of injected
CD9 " B cells were found in the lungs of mice 24 h after the
second challenge (Fig. S6B-D). Lung function and allergic
airway inflammation were then analyzed, and we found that
the recipients of splenic CD9 " B cells from HDM mice were
protected from HDM-induced asthma, with lower bronchial
hyper-reactivity (Fig. SA), lower levels of systemic Der fl-
specific IgE, and dampened cellular infiltration in BAL
(Fig. 5B) including significantly lower levels of neutrophils
and eosinophils (Fig. SD,E). In contrast, CD9" B cells
from the spleens of HDM mice did not influence the course
of HDMe-induced allergic airway inflammation, with
comparable levels of airway hyper-responsiveness (Fig. 5SA),
Der fl-specific IgE (Fig. 5C), and cellular infiltration
(Fig. 5B,D,E) than HDM mice treated with PBS (Fig. 5B—
E). Similarly, transfer of CD9* B cells from IL-10~/ allergic
animals was not protective, confirming the IL-10-dependent
regulatory mechanism in vivo (Fig. SA-E).

Next, we investigated to what extent CD9" B cells influ-
enced T-cell responses in the airways. Figure 6A-C shows
that injection of CD9" Bregs significantly reduced the pro-
duction of IL-4, IL-13, and IL-17 by CD4" T cells in the
lung tissues. Additionally, the levels of inflammatory cytoki-
nes were significantly reduced in the BAL after the second
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Figure 4 CD9 is a specific marker of Bregs. (A) Protein expression
of CD9, CD73, and CD70 in spleen IL-10* B cells (relative to I1L-10~
cells) after 5 h of activation with LPS + PIM. (B) Sorted CD9* and
CD9™ B cells were stimulated for 48 h with CD40 agonist and with
LPS + PIM for the last 5 h, and then, the IL-10 levels were mea-
sured in the supernatants by ELISA. (C) Expression of CD9 in

CD9* Bregs in allergy

spleen B-cell subsets. (D) Total lung cells were isolated from naive
BALB/c mice and stimulated for 5 h with LPS + PIM, and then the
expression of CD9, CD70, and CD73 was quantified at the surface
of IL-10* B cells. (E) Phenotype of human CD9-expressing B cells.
**P < 0.01.
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Figure 5 CD9"* B cells control asthma exacerbation. (A) Penh val-
ues at day 35 after the adoptive transfer of B cells (n = 5-10 mice
per group). (B) Total BAL cell counts after injection of CD9" regula-
tory B cells (n = 5-10 mice per group). (C) Levels of Der f1-specific

challenge in CD9" recipient mice (Fig. 6D). Interestingly,
level of TL-10 was increased in the BAL of CD9 ™" recipient
supporting a local release of this cytokine after Breg transfer
(Fig. 6E).

IgG, IgA, and IgG in the sera of mice (n =5 by groups). (D) Neu-
trophil, and (E) eosinophil BAL cell counts after injection of B-cell
subsets (n=5-10 mice per group) *P<0.05 **P<0.01,
*¥**P < 0.001 .

Given the intimate link between Tregs and Bregs (5, 8)
and the potent role of Tregs in asthma (21), we investi-
gated whether injection of CD9* Bregs promoted the
expansion of Tregs in the lung mucosa. As shown in
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Figure 6 Adoptive transfer of CD9* B cells influences airway
inflammatory T-cell responses. (A-D) Quantification T2 and Ty17
responses after supplementation with CD9* B cells by flow cytom-
etry in lung and multiplex technologies in BAL (n = 5-10 mice per
group). (E) Quantification of IL-10 in BAL of mice after supplemen-

Fig. 6F,G, adoptive transfer of CD9" Bregs did not affect
the proportion of lung CD25" Foxp3" Tregs. Consistent
with our findings, we found a decreased frequency of
CD25" Foxp3~ effector T cells (Teff) after injection of
CD9" B cells, resulting in a higher Treg/Teff cell ratio
(Fig. 6H,I). These data confirm that CD9" Breg cells pre-
vent the development of asthma by inhibiting allergic air-
way inflammation via IL-10-dependent mechanisms. Finally,
by increasing the Treg/Teff ratio, injection of CD9" Bregs
is likely to contribute to immunological tolerance in allergic
airway inflammation.

Discussion

The delicate balance between allergen-induced inflammation
and tolerance is crucial for the management of exacerbated
inflammatory responses in allergic diseases (22). Tregs have
been extensively described as key protective cells against the
development of these pathologies (22). However, a major role
for IL-10-producing Bregs has also been recently reported in
the control of exacerbated inflammation in different animal
models as well as humans and uncontrolled inflammation can
arise from a Breg deficit (3, 4). Notably, allergen immunother-
apy using bee venom (11) or casein (10) was shown to pro-
mote the generation of IL-10" Bregs, thus ensuring the
establishment of allergen tolerance. Here, our results demon-
strate that Bregs were less prevalent in lungs of mice after
allergen exposure confirming that the development of asthma
alters the homeostasis of IL-10" regulatory B cells. Similar
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tation with CD9" B cells (n = 5-10 mice per group). (F-I) Frequency
of regulatory T cells and effector T cells and the regulatory T-cell:
effector T-cell ratio in the lungs of control mice and asthmatic mice
injected with CD9* B cells, CD9~ B cells, or CD9* IL-10~/~ B cells.
**P < 0.01, *P < 0.05; and ns, nonsignificant.

results have recently been reported in the context of allergy, in
which patients displayed altered Breg functions and a lower
frequency of IL-10-secreting B cells when compared to healthy
volunteers or allergen-tolerant patients (9, 10). In contrast, we
found that exposure to HDM preferentially induced the
expression of inflammatory cytokines by B cells. In particular,
we detected elevated IL-4 and IL-6 mRNA levels in the lung
B cells of allergic mice. These findings fit perfectly with data
obtained in experimental autoimmune encephalitis (EAE) and
diabetes mouse models, demonstrating a key role for inflam-
matory B cells in the development of the pathology and main-
tenance of T-cell-mediated inflammation (23-26). The ability
of B cells to preferentially produce inflammatory cytokines
under pathogenic conditions suggests that pathogenic B cells
and Breg responses might be generated with different kinetics
and under specific conditions (23, 25, 26). Future investiga-
tions should assess why allergic inflammation alters the differ-
entiation of Bregs and rather favors the emergence of
inflammatory B cells. This would give very interesting findings
concerning the biology of B cells in allergy.

Contrary to regulatory T cells (Tregs), a definitive charac-
terization of Bregs still remains elusive (3, 4). No specific
markers or transcriptional factors permit to characterize
these cells, in rodents or in humans. In mice, IL-10" Bregs
have been associated with many phenotypes (15, 16, 27-29).
Our microarray and flow cytometric analysis allowed us to
identify new surface markers that were significantly and dif-
ferentially expressed on IL-107 B cells. In particular, we
demonstrated that the expression of CD9 was sufficient to
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identify the majority of IL-10" Bregs in both spleen and
lungs of animals. Interestingly, the expression of this mole-
cule was upregulated at the surface of human CD24" CD3g"M
immature B cells, a Breg subset described for its capacity to
inhibit T-cell-mediated inflammation and induce Tregs
in vitro (18-20). This supports the idea that CD9 may be
used to identify Bregs both in mice and humans.

CD9 is a tetraspanin molecule involved in the enhancement
and maintenance of IL-10 secretion in murine and human
antigen-presenting cells (30, 31), most likely by enhancing cal-
cium signaling (32), an important pathway for Breg genera-
tion (33). CD9 knockout mice do not display abnormalities in
their B-cell compartments (34). As previously described, we
showed that this marker was essentially expressed at the sur-
face of Bla, T2-MZP, and MZ B cells (35). All of these B-cell
subsets have been described to be regulatory (4, 17). Conse-
quently, the expression of CD9 is a good tool to purify B-cell
subsets displaying potent regulatory functions in mice (4).

The existence of CD9™ TL-10" B cells has already been
demonstrated in mice (36). However, no data regarding their
regulatory capacities have yet been reported. Herein, we
establish for the first time a role for CD9 " Bregs in the regu-
lation of allergic asthma inflammation by demonstrating that
injection of CD9" B cells altered the course of HDMe-in-
duced airway inflammation and bronchial hyper-reactivity.
We showed that injected CD9™ B cells home to the lungs
and constrain Ty2- and Tyl7-driven inflammation. These
results are in accordance with previously published data in
humans and mice demonstrating that IL-10-producing Bregs
can inhibit Ty17- (20, 37) and Ty2-mediated inflammation
(8). The ability of Bregs to inhibit IL-17-producing T cell is
of particular interest given the suspected role of IL-17 in sev-
ere asthma (12, 38). Administration of splenic CD9" B cells
from IL-107~ mice did not regulate the asthmatic response
mediated by HDM, demonstrating the IL-10-dependent
mechanism of CD9" Bregs in vivo. As IL-10 is absolutely
required to dampen allergic inflammation at mucosal surfaces
such as the gut or lungs (21), our results support an impor-
tant role for Bregs in allergic diseases.

IL-10-producing Bregs can mediate many immune regulatory
mechanisms (3, 4). For example, several studies have demon-
strated that IL-10-producing B cells are important for the gen-
eration or maintenance of Foxp3 Tregs (5, 8). In our study, the
injection of Bregs did not influence Tregs in the lungs. Instead,
the Bregs controlled T-cell activation, restoring a favorable
immunological balance and most likely leading to less severe
inflammation. Similar findings have also supported the idea
that IL-10" Bregs are not necessary for the induction of Tregs
(26, 39). However, we cannot exclude here the induction of
type-1 regulatory T cells as we observed increased levels of 1L-
10 in the BAL of CD9 ™" recipient mice. Additionally, Bregs can
limit the maturation of antigen-presenting cells and influence
the antigen presentation to T cells by inhibiting of MHC-II and
costimulatory molecules (29, 40, 41). Moreover, 1L-10-secreting
B cells can inhibit the production of IL-6 and 1L-23 by dendritic
cells in vitro, which might explain how Bregs can reduce Ty17
responses in vivo (42). Nevertheless, how Bregs regulate T2

CD9* Bregs in allergy

responses is less clear. Indeed, T2 cells might be induced inde-
pendently of dendritic cells via basophil-dependent or innate
lymphoid cell-dependent mechanisms (43). IL-10-producing B
cells might therefore regulate T2 immunity by acting on other
immune components besides dendritic cells.

In conclusion, our data show how the development of
asthma modulates the profile of B cells, with a notable alter-
ation of the Breg pool. We identify the CD9 protein as inter-
esting marker to purify both mouse and human Bregs. The
ability of Bregs to normalize lung function and airway
inflammation points to these cells as an interesting target in
allergic diseases. Also, our results emphasize the importance
of B cells in asthma, not only as IgE producers but also as
suppressive cells able to constrain the pathological process.
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