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Abstract

Background: Asthma is a widespread, multifactorial chronionaiy disease. The influence
of regulatory B cells (Bregs) on airway hyperredatti (AHR) and remodeling in asthma is
poorly understood.

Objective: We analyzed the role of B cells in a house dust ifiiDM)-based murine asthma
model.

Methods: By employingwildtype (WT) and B cell-deficient (WMT) mice andhhsfer of IL-
10-proficient and IL-10-deficient B cells to uMT oei, the influence of B cells on lung
function, tissue remodeling and the immune resparaseanalyzed.

Results: After HDM-sensitization, both WT and puMT mice deymed AHR, but AHR was
significantly stronger in pMT mice as confirmed two independent techniques: invasive
lung function measuremeim vivo and precision-cut lung slice vivo. Moreover, airway
remodeling was significantly increased in allengldT mice as shown by enhanced collagen
deposition in the airways, while regulatory FoxPahd FoxP3IL-10-secreting T cells
(Tregs) were reduced. Adoptive transfer of IL-10fmient, but not IL-10-deficient B cells
into UMT mice prior to HDM-sensitization, attenudt&HR and lung remodeling. In
contrast, FoxP3Tregs were equally upregulated by transfer of Okptoficient as well as IL-
10-deficient B cells.

Conclusion: Our data in a murine asthma model illustrate arakmole of Bregs in the
control of lung function and airway remodeling, andy support future concepts for B cell

targeted prevention and treatment strategies fergit asthma.
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Key Messages

* B cell-deficiency leads to increased airway hypactirity, airway remodeling, and
reduced FoxP3and FoxP3IL-10-secreting regulatory T cells (Tregs) in aBM-based
experimental murine asthma model

* Adoptive transfer of IL-10-proficient but not IL-ideficient B cells improves lung
function and attenuates airway remodeling in HDMsstized B cell-deficient mice,

while FoxP3 Treg numbers are equally affected by transfer bethtypes

Capsule Summary

IL-10-proficient but not IL-10-deficient B cells arcrucial for the control of lung function
and airway remodeling in experimental asthma, wRitexP3 Treg expansion is equally
affected by both B cell types.

Key words
experimental asthma, allergy, house dust mite, ainltyperreactivity, lung remodeling,
regulatory B cells, IL-10, B cell transfer, precisicut lung slices

Abbreviations

AHR: airway hyperreactivityBALF: bronchoalveolar lavage fluidz: compliance,LN:

lymph nodesBregs: B cells with a regulatory functioik: elastancef-M: follicular mature,
GC: germinal centreH&E: haematoxylin and eosifi,-10: Interleukin-10,i.n.: intranasal,
MCh: methacholinepuMT: B cell-deficient miceNaCl: sodium chloride PAS: periodic
acid-Schiff, PB/PC: plasmablasts/plasma cellCLS: precision-cut lung slicesR:

resistanceTh2: T helper type 2Tregs: regulatory T cellsTrl: type 1 regulatory TWT:

wildtype.
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Introduction

Asthma is a chronic respiratory disease affectiogenthan 300 million people worldwidet

is caused by an inadequate immune response towdndswise harmless antigens and is
characterized by airway hyperreactivity (AHR) witbversible airway obstruction, mucus
hypersecretion, airway inflammation, and remodefifigroday, it is the most common
chronic disease in children.

One key objective of current research approachés lietter understand the mechanisms of
immunological tolerance in order to develop effeetprevention and treatment strategies. In
the last decades, T cells have been in the priftanys of immune tolerance research, and
numerous experimental and clinical studies clealgmonstrated their key role in the
pathogenesis and regulation of allergic dise&sesiowever, more recently, B cells have
been recognized as important mediators in alleryy @leranc&*! One important B cell
population are Interleukin-10 (IL-10)-producing wéagory B cells (Bregs§ which have the
capacity to reduce activation of T cells and bldble production of pro-inflammatory
cytokines™ The regulatory and anti-inflammatory potentialiofvitro andin vivo activated
and tolerogenic B cells has been demonstrated nmemus studies over the last years: their
adoptive transfer alleviated the disease phenaypeast partly in different murine models of
chronic organ inflammation such as food alletywllergic airway disease; *° and skin
allograft transplantation toleranteRecently, data from human asthma patients andn@uri
asthma models have confirmed the relevance of Hpdditive Bregs in allergic airway
inflammation and their contribution to long-ternet@nce towards allergefs.

To elucidate the role of B cells in the developmeinallergy and immunological tolerance,
we used an experimental asthma model based ortizatish with the clinically relevant
allergen house dust mite (HDNF.'° Our results in B cell-deficient (WMT) mice shovath
lack of B cells leads to significantly increased Rldnd airway remodeling compared to the
wildtype (WT) situation. While the transfer of WT &ells significantly improved lung
function and airway remodeling in allergic B ce#ifitient mice, the transfer of IL-10-
deficient (IL-10") B cells failed to do so. However, transfer of tbatell types boosted
regulatory FoxP3T cell (Treg) numbers in recipient animals. Thedag in a murine asthma

model, illustrate the central role of Bregs in tagulation of allergic asthma.
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Materials and methods

Animals

B6.129S2-Ighf%1J (B cell-deficient/uyMT) mice were obtained fronacison (Bar
Harbor, ME, USA), C57BL/6J WT mice from Charles &i\(Sulzfeld, Germany), B6.SJL-
PtpréPepl/Boy) and B6.129P2IL1B'°91J (IL10 KO/IL10") mice from André Bleich,
Hannover Medical School. Mice were gender and agtimed between groups and housed
under specific pathogen-free conditions. All expenmts were approved by the committee of

animal welfare.

Experimental model of HDM-induced asthma

Mice were treated as described previod&lin brief, WT and B cell-deficient mice were
immunized once per week by intranasal (i.n.) appln of 100ugDermatophagoides
pteronyssinus extract (HDM, Greer Laboratories, Lenoir, NC, USA).9% sodium chloride
(NaCl, Fig 1A). Control mice received NaCl i.n. gyrfNaCl). Lung function measurements
were performed three days after the last HDM appbn. Subsequently, mice were

sacrificed.

B cell isolation and adoptive transfer

Splenic B cells from naive WT and IL-TOmice were enriched by CD43 microbeads
according to the manufacturer's recommendationdtdMii Biotec, Bergisch Gladbach,
Germany) yielding 94-97% pure CD1® cells. About 16x1D B cells were injected
intravenously (i.v.) into the tail vein within 24urs prior to the first HDM-immunization.

Lung function

Invasive lung function was measured as describevigusly® ! In brief, mice were
anesthetized and AHR was measured in responser@asing methacholine concentrations
(maximum 30mg/ml MCh, Sigma-Aldrich, Steinheim, @any). Resistance (R), compliance

(C) and elastance (E) are presented as percentagsaine.

Bronchoconstriction and cytokine production of pregdsion-cut lung slices (PCLS)

PCLS were performed as described previoffsior contraction measurements, a lung slice
with airway was placed in DMEM/F12 medium (GibcoéfimoFisher Scientific, Waltham,
MA, USA) including 1% penicillin/streptomycin, 15mMHEPES (Biochrom, Berlin,
Germany) and used for videomicroscopy. Increasit@hMoncentrations (18-10°M) were

5



162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195

Hiavvvliv v

added and images were captured in 10-second-itdefioraa total of 2 minutes/concentration
by stereo microscope Zeiss Discovery V8 and digitdéo camera AxioCam IcM1 (Zeiss,
Oberkochen, Germany). Airway area quantificationswaerformed employing ImageJ
software and bronchoconstriction is presented aseptage of initial airway area. For
cytokine production, two slices/well were placedNEM/F12 medium and stimulated with
10pg/ml HDM and medium in triplicates for one dawptal protein content was determined
as described elsewhetelL-10 was detected by cytometric bead array adongrdo the

manufacturer's manual (LEGENDplex, BioLegend, Fd&Hermany) and results were

normalized to protein content (Fig E1 in the OnlRepository).

Analysis of bronchoalveolar lavage fluid (BALF)

Preparations of BALF and cell differentiation weerformed as previously describ&d.

Lung histology

Preparation of lung sections, haematoxylin andre@$&E) and periodic acid-Schiff (PAS)
staining were performed as described elsewte@llagen fibers were stained by Masson
Goldner (HTX-Weigert (Merck, Darmstadt, GermanypnPeau-Saurefuchsin (Waldeck,
Minster, Germany; Sigma-Aldrich), Orange G, Lickitg(both Merck)), and Elastika-van-
Gieson staining (Resorcin-Fuchsin, Picrofuchsin I&ek; Sigma-Aldrich), HTX-Weigert
(Merck)). Lung cross sections were scanned usingeKee BZ 9000 microscope (Keyence,
Osaka, Japan) and NanoZoomer S210 Digital slidenscaC13239 (Hamamatsu Photonics,
Hamamatsu, Japan). Pulmonary inflammation, mucodyation and collagen fibers were

quantified by an experimenter-independent in-haleseloped software.

Sircol soluble collagen assay

Freshly generated acid- and pepsin-soluble collagass measured according to the
manufacturer’s instructions (Biocolor, CarrickfesgWnited Kingdom). Briefly, right post-
caval lung lobe was lysed in 0.1mg/ml pepsin (Sighidrich) and 0.5M acetic acid
(J.T.Baker/Thermo Fisher Scientific) overnight. 18itcol dye reagent/100ul supernatant
was added and formed collagen-dye complex was pesded in 1ml alkali reagent.
Absorbance was measured in duplicates at 540nme(§y2 Multidetection microplate
reader, BioTec Instruments, Winooski, VT, USA). i@gen content was calculated using a

standard curve.
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Preparation of serum and lung supernatant
Serum preparation was described elsewfleRight middle lobe was mechanically crushed
on ice by micropestle (Eppendorf, Hamburg, Germasyjinge and needles of decreasing

diameter, centrifuged and supernatant was froze80a€ until use.

Cell isolation

Isolation of spleen, lymph node (sum of mandibwagerficial cervical and bronchial lymph
nodes) and lung cells were performed as describdie€® In some experiments splenic T
cells were isolated by CDA4T Cell Isolation Kit 1l (Miltenyi Biotec) accordim to the
manufacturer's recommendations or by sorting of @OM3'CD4" T cells using FACSAria
llu and FACSAria Fusion (both BD, Heidelberg, Genya Lung B cells were sorted as
CD3CD19' B cells. Sorting strategy and representative figaisaplots are shown in Fig E4,
E andG in the Online Repository.

Gene expression

RNA was extracted by RNeasy Mini/Micro plus Kit @@en, Hilden, Germany). Reverse
transcription and quantitative PCR were performeddascribed previously with minor
modifcations?®® 20-100ng RNA were used for PCR with following peirs: 1110
(MmO00439614_m1), Tgfbl (Mm01178820_m1), Ebi3 (MmE&8294_m1), I1l12b
(Mm01288989_m1), 1l12a (MmO00434169 m1), Ill2b (MmBO256_m1l), Lag3
(Mm00493071_m1), 116 (Mm00446190_m1), Ifng (Mm01188_m1), 114
(Mm00445259 m1), Tnf (Mm00443258_m1), Hprt (Mm01849 m1, all Thermo Fisher

Scientific). Gene expression was normalized usifff*&algorithm?’

In vitro cytokine production

Cells were restimulatedh vitro with HDM (10pug/ml) in RPMI+ (RPMI 1640 medium
including 10% FBS, 1% penicillin/streptomycin (Bilochrom), 1% HEPES (Gibco, Thermo
Fisher Scientific), 100uM [3-mercaptoethanol (Sightdrich) and RPMI+ for three days.
Cytokines in supernatants were measured via Dud3d6A kits (R&D Systems,
Minneapolis, MN, USA) or cytometric bead array (LERDplex, BioLegend) according to
manufacturer's manuals. In some experiments cedle westimulatedn vitro with HDM
(10pg/ml) in RPMI+ for 25 hours. IL-10-secretingahd B cells were analyzed by IL-10

secretion assay according to the manufacturer siah@Nliltenyi Biotec).
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230 Flow cytometry and antibodies

231 Flow cytometry was performed as described previSust using the following antibodies
232 (clones): CD19-PerCP-Cy5.5 (1D3), CD19-BV510 (1D3P4-PE (RM4-5), CD8-PerCP-
233 Cy5.5 (53-6.7), CD25-PE-Cy7 (PC61), CD138-APC (231€D4-PerCP-Cy5.5 (RM4.5; all
234 BD, Heidelberg, Germany), CD21/CD35-PE (7E9), CH2AC (M1/69), Ki-67-APC
235 (16A8), B220-PerPC-Cy5.5 (RA3-6B2), CD21-PerCP-Gy& E9), CD3e-APC-Cy7 (145-
236 2C11), CD4-Pacific Blue (GK1.5), CD19-APC-Cy7 (6D®D44-APC-Cy7 (IM7), CD24-
237 Pacific Blue (M1/69), CD25-BV510 (PC61), CD49b-ARXyY (DX5), LAG-3-PE-Cy7
238 (C9B7W), 7-AAD Viability Staining; all BioLegend)CD23-PE-Cy7 (B3B4), MHCII-APC
239 (M5/114.15.2), Foxp3-APC (FJK-16s), ICOS-FITC (C399), IgM-PE-Cy7 (11/41), CD38-
240 PE (90; all eBioscience, Frankfurt, Germany), PNA& (Vector Laboratories,
241 Peterborough, United Kingdom).

242

243 Immunoglobulin measurements

244 Immunoglobulins were detected by cytometric beadya(LEGENDplex) and ELISA (IgE,
245 both BioLegend) according to the manufacturer’suabm

246

247  Statistical analysis

248 For all statistical analyses, GraphPad Prism soéwas employed (GraphPad Software, La
249 Jolla, CA, USA). Statistically significant differeaes (95% confidence interval) between two
250 groups were determined using unpaired two-tailedd&tt’s t-testing or nonparametric
251 Mann-Whitney test. To compare more than two grotyps;way ANOVA (Tukey's multiple
252 comparison post-test) or one-way ANOVA (Tukey sSatak's multiple comparison post-test
253 or Kruskal-Wallis test combined with Dunn's muléptomparison post-test for data without
254  Gaussian distribution) were used. Differences wamesidered significant at * p<0.05, **
255 p<0.01, *** p<0.001, **** p<0.0001.

256
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Results

HDM-sensitized B cell-deficient mice develop signdantly increased AHR, but display
diminished airway inflammation compared to WT mice

To analyze the influence of B cells on local andgtesic immune responses during
experimental asthma, WT and B cell-deficient micerevreferred to our well-established
asthma protocol (Fig 14). In both, HDM-treated WT and B cell-deficient rajahis led to
increased AHR compared to their respective conffiéig 1, B-D). However, sensitized B
cell-deficient mice displayed a significantly stggm AHR compared to their sensitized WT
counterparts (Fig 1B-D). To test this unexpected observation, we emplogesecond,
independent technique for AHR measurement. We u3€dS and assessed airway
constriction after methacholine provocatiex vivo.?? In line with ourin vivo observation
these measurements confirmed the stronger bronoktmion in lung tissue of HDM-
sensitized B cell-deficient versus WT mice (FideL,

Analysis of BALF revealed significantly increasexdal cell counts and influx of eosinophils
in both sensitized mouse strains compared to tespective controls. However, absolute cell
numbers were significantly higher in sensitized WWmpared to B cell-deficient mice, most
prominently with regard to eosinophils (FigH,, left), while percentages of eosinophils and
neutrophils were similar in both strains (Fig E, right). Investigator-independent
guantification of H&E-stained lung tissues revealaignificantly reduced airway
inflammation in HDM-sensitized B cell-deficient seis WT mice (Fig E2A in the Online
Repository). Thus our analyses demonstrate thatelBdeficiency exacerbates AHR in
HDM-sensitized mice.

Pulmonary collagen deposition is augmented in setiged B cell-deficient mice
compared to WT mice

Mucus production was assessed by PAS-staining of Isections. HDM-sensitization
induced mucus hypersecretion in both strains withegnificant difference between the
genotypes (Fig 2A-B).

Reduced lung compliance can be associated witlotitbrtissue remodeling in airway
disease$® °We therefore assessed the collagen content itutige HDM-sensitized B cell-
deficient but not WT mice showed an increase ofagein deposition as quantified by
positive Masson Goldner (Fig Z-D) and Elastika-van-Gieson stains (Fig B2,n the
Online Repository), and of newly synthesized caladFig 2,E). Taken together, these
results demonstrate that B cells are central inrobimg HDM-mediated airway remodeling.

9
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291

292 Tregs and IL-10 are reduced in sensitized B cell-dieient mice compared to WT mice

293 To evaluate the HDM-induced T cell response undercontrol of B cells, we investigated
294 antigen-specific cytokine responsesvitro. IL-10 production was significantly reduced in
295 splenic and LN cells as well as in PCLS culturesmfrHDM-sensitized B cell-deficient
296 compared to WT mice (Fig 3, Fig E3,C in the Online Repository). LN cells from HDM-
297 sensitized WT mice produced significantly highesels of IL-5 and IL-13 compared to those
298 from allergic B cell-deficient mice (Fig 8), while IL-5 and IL-13 levels were comparable
299 in spleen and lung of both strains (Fig B3B in the Online Repository). The analysis of
300 splenic T cell subsets demonstrated fewer T helpdrcytotoxic T cells in naive and allergic
301 B cell-deficient mice compared to their WT countetp (Fig E4,A-C in the Online
302 Repository). Also, allergic B cell-deficient micesplayed significantly fewer spleen and LN
303 FoxP3 and FoxP3COS' Tregs (Fig 3,C-D) and decreased FoxP3 mRNA expression of
304 splenic CD4 T cells (Fig 3,F). Pulmonary Treg numbers were comparable betwegn b
305 mouse strains (Fig E4) in the Online Repository). To test if Tregs areoived in the
306 overall low IL-10 levels in secondary lymphoid ongaof B cell-deficient mice we analyzed
307 IL-10 mRNA expression and IL-10 secretion by spiehicells. CD4 T cells from allergic B
308 cell-deficient mice expressed less IL-10 mRNA coreddo those from WT mice (Fig &).
309 Additionally, in HDM-sensitized B cell-deficient e the total number of IL-10-secreting
310 CD4' T cells, FoxP3L-10", FoxP3ICOS'IL-10" Tregs, and FoxPGD49b LAG-3" IL-10"
311 type 1 regulatory T (Trl) cells was significantgduced after HDM-restimulatiom vitro
312 (Fig. 3,H-l, Fig E4,F in the Online Repository). However, IL-10 secretimnFoxP3 and
313 FoxP3ICOS" Tregs was comparable between both mouse straifgreas FoxP3
314 CD49HLAG-3" Trl cells from B cell-deficient mice secreted ldés10 as their WT
315 counterparts (Fig 3)J). Taken together, our data illustrate significanitinpaired T cell
316 responses and disturbed IL-10 production in HDMsgered B cell-deficient mice.

317

318 HDM-immunization induces a strong B cell responsenithe lung

319 With the aim to analyze local B cell responses,finst characterized B cells from HDM-
320 sensitized and naive WT mice. Total B cell numberghe lung of HDM-sensitized mice
321 were significantly increased with a specificallygihinumber of follicular mature (FM) B
322 cells, germinal centre (GC) B cells and plasmablpkisma cells (PB/PC) (Fig A;D). FM
323 B cells expressed elevated levels of MHCII and CD@@icating their activated status (Fig 4,

10
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E). Consistent with these findings, we detected &by levels of IgM, tolerogenic IgA, as
well as Th2-related IgE, 1gG1, 1IgG2b, and Thl-redagG2c in sensitized lungs (FigH),
Moreover, the expression of immunosuppressive IL-1AG-3, and Epstein-Barr virus
(EBV)-induced gene 3 (Ebi-3B-chain subunit of IL-35), but not TGF-was significantly
increased in lung B cells from allergic mice (Fig@H). The expression of multifunctional
and pleiotropic IL-6 was significantly increasedil® TNF-a, IFN-y and IL-12a expression
was comparable between both groups (Figi@,Expression of Th2-related IL-2, IL-4, and
IL-12b was not detectable (data not shown). Takmyether, our data demonstrating a
significant increase of differentiated B cell sulssand upregulation of IL-10, LAG-3 and
Ebi-3 as well as IgM, IgA, IgE, IgG1, IgG2b, and3gc support a critical role of B cells in

the local immune response to allergen challenge.

IL-10-secreting B cell subsets are increased in lgs of allergic WT mice

Since lungs from sensitized mice exhibited elev&exll numbers and B cell-specific IL-10
expression, we analyzed their potential to seciete) after HDM-restimulationn vitro.
Consistently, HDM-sensitization resulted in inceshselative and absolute numbers of IL-
10-secreting B cells in the lung (FigA). Next, we elucidated the involvement of lung FM,
GC B cells and PB/PC in IL-10 production. All thrBecell subsets derived from HDM-
sensitized mice produced more IL-10 as those derk@n naive mice. The highest IL-10
amount was produced by FM B cells, followed by G@€dls and PB/PC (Fig B-D). Our
data hint to an important role of IL-10-secretingc@Is in the lung in response to allergen
challenge.

Transfer of WT but not of IL-107 B cells significantly reduces AHR in allergic B cé
deficient mice

Based on the observation that IL-10, FokR®id FoxP3L-10" Tregs were significantly
reduced in HDM-sensitized B cell-deficient compatedVT mice, we hypothesized that IL-
10 secreting B cells may be key in the regulatibnABIR. To test this hypothesis, we
performed adoptive B cell transfer experiments @yipy naive WT and IL-10 mice as B
cell donors. Purified CDI9B cells from WT and IL-10 mice were transferred i.v. into B
cell-deficient mice prior to HDM-sensitization (F&gA, Fig E5,A in the Online Repository).
Importantly, both distribution of transferred B Icelibpopulations and B cell engraftment of
WT and IL-10" B cells were comparable in B cell-deficient reeigs (Fig E5B-D in the
Online Repository). However, while transfer of WT d&lls significantly alleviated the

11
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increase of AHR in sensitized B cell-deficient mae demonstrated by improvement of all
analyzed lung function parameters, the transfdt.dfo” B cells had no such effect (Fig 6,
B-D). Furthermore, WT but not IL-T0B cell transfer led to an increase in total BALg#llc
numbers, without affecting the distribution of srfimatory BALF cell types (Fig &). In
accordance with the improved lung function, airwagnodeling in allergic B cell-deficient
mice was clearly ameliorated upon WT, but not IL~1B cell transfer, as demonstrated by
decreased collagen deposition (FigA7B). No difference of freshly generated collagen or
mucus hypersecretion was seen (FigA&€; in the Online Repository). Taken together, these
data illustrate that IL-10-proficient B cell tramsfsignificantly improves AHR and airway
remodeling in HDM-induced asthma.

Both WT and IL-107 B cell transfer impact antigen specific cytokine pduction,
FoxP3 Treg expansion and IgE secretion

Adoptive transfer of WT B cells to B cell-deficiemiice resulted in a normalization of
splenic IL-10 levels and T cell subsets includingg numbers (Fig 8A-C, Fig E7,B-C in
the Online Repository). Additionally, the productiof antigen-specific IL-5 and IL-13 was
similarly impacted (Fig E7A in the Online Repository). However, all these et§eappeared
to be independent of B cell-derived IL-10, as ngngicant differences occurred between
recipients of WT and IL-10 B cells (Fig 8D-H, Fig E7,D-F in the Online Repository).
Since GC B cells and PB/PC of HDM-sensitized WTarsecreted significantly more IL-10
as those derived from naive mice, we analyzed riigact of IL-10-competent and IL-10-
deficient B cells on IgE production. We found th@nsfer of IL-10" B cells compared to

WT B cells resulted in significantly elevated Igivéls in the BALF of recipient mice (Fig 8,
).
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Discussion

The present study investigated the impact of Bsaefl allergy and immunological tolerance
in a HDM-based murine asthma model. Our data detraieghat local allergen-sensitization
boosted the pulmonary B cell response, especiallyOtsecreting B cells. In contrast, HDM-
sensitized B cell-deficient mice displayed sigrafily stronger AHR and airway remodeling,
decreased IL-10 levels, and diminished Treg numbersecondary lymphoid organs. The
transfer of IL-10-proficient WT B cells into B celleficient recipients prior to HDM-
sensitization substantially counteracted theseufeaj especially AHR and pulmonary
collagen deposition. By contrast, transfer of IL-1® cells failed to improve AHR and lung
remodeling, while FoxP3Tregs and cytokine levels were similar in recipseof WT or IL-
10" B cells. Our findings indicate that AHR and airw@ynodeling are regulated by IL-10-
producing B cells while other B cell mediated effelike FoxP3 Treg expansion appear to

be IL-10-independent and impacted by other B eeitfions.

To the best of our knowledge, we here demonstrate tiie first time that airway
hyperreactivity and remodeling, two hallmark featof allergic asthma, are increased in B
cell-deficient mice in experimental HDM-based asshimhis increased remodeling may have
contributed to the development of poor lung funcli@nd airway obstructidhin our model.
Our finding on the relevance of B cells in lung oEhaling is in line with previous work by
Arras and colleagues, who showed that B cells dmrt to the protection against murine
lung fibrosis induced by silica particl&s Moreover, B cell-deficiency was shown to be
associated with hepatic fibrosis and increased upama formation after Schistosoma
mansoni infectiort>

A detailed phenotypical analysis of pulmonary Blxéfom HDM-sensitized compared to
naive WT mice revealed an increase of overall B@sd shown by elevated FM B cells, GC
B cells and PB/PC. Additionally, lung B cells shalvstrengthened IL-10 secretion and B
cell-deficiency resulted in decreased IL-10 protuctWe therefore directly compared the
role of IL-10-competent versus IL-10B cells in AHR and pulmonary remodeling using
adoptive cell transfer experiments. Of note, algiowcomparable engraftment of IL-10-
competent and IL-IOB cells did not fully restore the B cell compartrhénrecipient mice,
we demonstrated that both hallmark features ofgilteasthma are centrally regulated by IL-
10-competent but not IL-10B cells. This observation is in line with recentriwshowing
that the supply of recombinant IL-10 into murin@ducan prevent and reverse pulmonary

fibrosis’* and that B cell-derived IL-10 restrains excesgivenocyte infiltration into the
13
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liver, thereby alleviating hepatic inflammation arfibrosis in murine Schistosoma
infection® The central influence of B cells on AHR has beentversially discussef}:>'®
We therefore used invasive lung function measuréntba gold standard to assess AHR

vivo. Additionally, we verified our results by PCLeR vivo.??

Generally, the effect of B cell-derived IL-10 cae bither direct or indireét** Several
studies have shown that B cell-derived IL-10 careatly induce Treg expansion and
inhibition of antigen-presenting function of denricells (DC) and monocyte-derived TNF-
o in vitro.*** The suppression of DC-derived proinflammatory kites subsequently
prevents T helper cell differentiatin.*® IL-10 can also impact B cells in a para- and
autocrine way. High IL-10 expression by B cells dimectly mediate an immunoregulatory B
cell phenotype by upregulation of suppressor obkiyie signaling 3 (SOCS3), glycoprotein
a repetitions predominant (GARP), CD25 and prograthicell death ligand 1 (PD-L1),as
well as the enrichment of IL-10-producing Bré§snd the preferential differentiation into
lgG4" plasma cell§?

B cell-deficiency resulted in both, reduced FokA3eg and IL-10-secreting CD4T cell
pools in secondary lymphoid organs. Although aktsohumbers of IL-10-secreting FoxP3
and FoxPTD49BLAG-3" Trl cells were diminished, only Trl cells showestuced
capacity to secrete IL-10. This finding suggest th-10 is reduced in B cell-deficient mice
partly because of absent B cell-derived IL-10, dased Treg numbers and Trl-derived IL-
10 secretion. Indeed, in human allergen-specificnimotherapy (IT), increased IL-10-
secreting Trl cells were associated with diminiskéudical symptoms® Furthermore, in
experimental asthma models, IT decreased AHR archgmary structural changes and
induced Trl cells, which crucially contributed 6 éffectiveness! and when transferred,
reduced AHR and airway inflammatidh.

It remains to be determined, if IL-1@&nd IL-10" B cells similarly boost functional IL-10
production by Tregs in our model. Given that IL“1® cell mice develop exacerbated
collagen-induced arthritis and reduced IL-10-séogelrl cell$® and that IL-10-producing
LAG-3" Treg-of-B cells alleviates AHR in an OVA-based rabtf it is tempting to speculate
that IL-10-competent B cells could improve Trl ctlhction in allergic B cell-deficient
recipients more effective than IL-£0B cells, which in turn could modulate the pulmagnar
outcome in our model.

Another IL-10-dependent mechanism could be theedse of IgE-production and -function.

It is well known, that IgE-mediated mast cell degration leads to reversible airway

14
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obstructior™® Previous studies showed B cell-dependent suppressfi IgE- and antigen-
mediated mast cell activation in a IL-10-depend®annerin vitro and in an anaphylaxis
modef® as well as diminished IgE production by IL-10-@eressing B cells and PBMC
cultured with IL-10in vitro.*” *® Since our results exhibit elevated numbers of Ok-1
secreting FM B cells, GC B cells and PB/PC in lufrgsn allergic WT mice and increased
IgE levels in the BALF of IL-10 B cell recipients, one can speculate that highy |
production and/or disability to produce IL-10 couydrtly lead to strengthened mast cell
degranulation and airway obstruction in allergiel”” B cell recipients. Therefore, further
studies are needed to clarify the exact mechan)dmg(s/hich B cell-derived IL-10 improves
the pulmonary outcome.

Another interesting finding was the impact of Blgedbn antigen-specific T cell cytokine
production and Treg distribution. An imbalanced Tie2ponse is characteristic of allergic
asthma?® Antigen-specific Th2 cytokine production of LN kelas significantly reduced in
HDM-treated B cell-deficient compared to WT micéhid is in line with findings showing
the importance of LN T cell:B cell zone for initi@h2 cell development, and influence of B
cells on IL-4-producing T celf® which may have been a cause for reduced Th2 aygskin
our observations.

Furthermore, B cell transfer significantly induc€®xP3 Tregs and IL-10 production,
demonstrating that B cells are necessary to indacadequate regulatory lymphocyte pool to
counteract allergic inflammation. This tolerogemifect, lasting at least 3.5 weeks post-
transfer in our model, is in line with their immatk influence in acute allergic airway
inflammation: short term transfer of CD8 cells from asthmatic into HDM-immunized WT
mice led to improved plethysmography-based airwayction, reduced allergen-specific
serum IgE, and a favorable Treg/T effector rati@ thays after cell transféf. However,
transfer of both WT and IL-10-deficient B cells ireéd comparable numbers of FoxP3
Tregs and similar IL-10 production by splenic and tells in our model, supporting the
notion that FoxP3Treg induction may not have been the decisive asism influencing
AHR and remodeling in our experiments. Consistdttt these data, previous studies showed
that adoptive transfer of WT and ILI0B cells induced comparable numbers of FOxP3
Tregs in experimental autoimmune encephalomysilitisivo.”® Furthermore, OVA-pulsed
IL-10" B cells were able to effectively induce Treggiimo,>® suggesting that B cell-derived
IL-10 is not the only prerequisite for B cell-meiid induction and/or maintenance of
FoxP3 Tregs®®
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Next to IL-10, B cells can also exert immunosupgires effects via TGR, IL-35,*

thrombospondin (TSP and CD1d* Our data demonstrated increased Ebi-3, but reduced
TGF-3 expression in lung B cells from allergic misaggesting a possible involvement of
Ebi-3, rather than TGF-. Ebi-3 can form the heteners IL-35 (together with IL-12b), IL-
27 (together with IL-27p28) or regulate indepentjerthe immune respon$2é.Indeed,
transferred IL-35-stimulated B cells subsequentlyodpced IL-35 and ameliorated
experimental autoimmune uveiffs.Furthermore, mice lacking IL-35B cells lost their
ability to recover from experimental autoimmune eptalomyeliti€* Additionally, I1L-35
application during OVA-sensitization attenuated AHétal DC accumulation, conversion of
recruited monocytes into inflammatory DCs and T pabliferation®® Recently, Ayasoufi et
al showed IL-27 expression by B céifswhich is critically involved in the suppression of
OVA-induced experimental asthi.

Moreover, our data show that lung B cells from geresi mice upregulated the expression of
inhibitory receptor LAG-3. It has recently been whothat LAG-3 is expressed on
immunosuppressive natural plasma cells in an imfieanodef® and that Treg-derived LAG-
3 can suppress DC maturation and immunostimulaapgcity®

Additional studies will answer, which IL-10-indemnt B cell function(s) caused the

observed regulatory effects.

B cells are key in allergy and immunological totezre, and a plethora of recent work
supports the role for B cells in regulating immureactions’ The production of anti-
inflammatory molecules by Bregs is crucial in immaoppression, and we here show that
IL-10-producing B cells are central in HDM-inducedlergy and regulation of AHR and
remodeling. Moreover, B cells are crucial to indudegs and modulate antigen-specific
cytokine responses in this process. This may berasting in the development of further
treatment or prevention strategies for asthma. éxample, IT has been shown to induce
Bregs in human patient.As such, we hope our data may help to pave theforai cell-
targeted prevention and treatment strategies tbnasand allergies in human patients in the
future.

In summary, we here show a central role of Breghé modulation of lung function and
airway remodeling as well as induction of Tregsaimurine asthma model. Our data may

support future concepts for B cell targeted preeentand treatment strategies.

16



516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535

[NV VL% i L) R Sy |

Acknowledgements

The authors thank Jana Bergmann, Christin Albretfgike Selina Grundmann, Anika

Dreier, Michaela Bartsch and Beate Junk for exnelkechnical assistance; Institute for
Pathology at Hannover Medical School for stainingsue slides; PD Dr. Susanne
Rittinghausen, Fraunhofer Institute for Toxicolayyd Experimental Medicine Hannover, for
excellent scans of lung cross sections; and Dritvéest Ballmaier, Central research facility
cell sorting at Hannover Medical School for his @lent guidance and help concerning cell
sorting.

This research was supported by the German CentetLudng Research (DZL; Federal

Ministry of Education and Research), by the Clustdexcellence RESIST (EXC 215) by the
Deutsche Forschungsgemeinschaft (DFG) and by theriRémp Foundation.

Author contributions
AH, AMB, GH designed the research and wrote theusarnpt; AH, CH, JS, MB, KD, HO,
RG performed experiments; AH, MB, HO analyzed datih;authors contributed to data

interpretation, commented on the manuscript andoseql it.

Conflict of interest disclosure

The authors declare no commercial or financial loctrdf interest.

17



536

537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584

[N IV TVI B L) e RV

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Karaulov AV, Garib V, Garib F, Valenta R. Protéiomarkers in Asthma. Int Arch
Allergy Immunol 2018; 175:189-208.

Agrawal DK, Shao Z. Pathogenesis of allergiavay inflammation. Curr Allergy
Asthma Rep 2010; 10:39-48.

Barnes PJ. Cellular and molecular mechanisnasthima and COPD. Clin Sci (Lond)
2017; 131:1541-58.

Venuprasad K, Kong YC, Farrar MA. Control of Tim2diated inflammation by
regulatory T cells. Am J Pathol 2010; 177:525-31.

Lloyd CM, Saglani S. Opening the Window of Imreu®pportunity: Treating
Childhood Asthma. Trends Immunol 2019; 40:786-98.

Busse M, Krech M, Meyer-Bahlburg A, Hennig C,ndan G. ICOS mediates the
generation and function of CD4+CD25+Foxp3+ regulatd cells conveying
respiratory tolerance. J Immunol 2012; 189:1975-82.

Muehling LM, Lawrence MG, Woodfolk JA. Pathogei@D4(+) T cells in patients
with asthma. J Allergy Clin Immunol 2017; 140:1523-

Habener A, Behrendt AK, Skuljec J, Jirmo AC, MeBahlburg A, Hansen G. B cell
subsets are modulated during allergic airway infteation but are not required for the
development of respiratory tolerance in a murinélehoEur J Immunol 2016.

Happle C, Jirmo AC, Meyer-Bahlburg A, Habenetoymann HG, Hennig C, et al.
B cells control maternofetal priming of allergy atadlerance in a murine model of
allergic airway inflammation. J Allergy Clin Immuh2018; 141:685-96 e6.

Noval Rivas M, Chatila TA. Regulatory T celfs allergic diseases. J Allergy Clin
Immunol 2016; 138:639-52.

Shamji MH, Durham SR. Mechanisms of allergemmumotherapy for inhaled
allergens and predictive biomarkers. J Allergy @iitmunol 2017; 140:1485-98.

van de Veen W. The role of regulatory B cellsliergen immunotherapy. Curr Opin
Allergy Clin Immunol 2017; 17:447-52.

Geginat J, Larghi P, Paroni M, Nizzoli G, Pémat Pagani M, et al. The light and the
dark sides of Interleukin-10 in immune-mediatededses and cancer. Cytokine
Growth Factor Rev 2016; 30:87-93.

Liu ZQ, Wu Y, Song JP, Liu X, Liu Z, Zheng P#t al. Tolerogenic CX3CR1+ B
cells suppress food allergy-induced intestinalamfination in mice. Allergy 2013;
68:1241-8.

Natarajan P, Singh A, McNamara JT, Secor ERGlrernsey LA, Thrall RS, et al.
Regulatory B cells from hilar lymph nodes of tolgramice in a murine model of
allergic airway disease are CD5+, express TGF-betagd co-localize with
CD4+Foxp3+ T cells. Mucosal Immunol 2012; 5:691-701

van der Vlugt LE, Labuda LA, Ozir-FazalalikhAnLievers E, Gloudemans AK, Liu
KY, et al. Schistosomes induce regulatory featimdsuman and mouse CD1d(hi) B
cells: inhibition of allergic inflammation by IL-1@nd regulatory T cells. PLoS One
2012; 7:e30883.

Moreau A, Blair PA, Chai JG, Ratnasothy K, &tctyk E, Alhabbab R, et al.
Transitional-2 B cells acquire regulatory functidaring tolerance induction and
contribute to allograft survival. Eur J Immunol B)#5:843-53.

Cui Y, Wang Q, Jia H. Consideration of methtwisdentifying mite allergens. Clin
Transl Allergy 2018; 8:14.

Reithofer M, Jahn-Schmid B. Allergens with Reste Activity from House Dust
Mites. Int J Mol Sci 2017; 18.

18



585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

[NV TV i L) R SV

Kudo M, Melton AC, Chen C, Engler MB, Huang K&en X, et al. IL-17A produced
by alphabeta T cells drives airway hyper-respom&sgs in mice and enhances mouse
and human airway smooth muscle contraction. Nat BE®; 18:547-54.

Skuljec J, Chmielewski M, Happle C, HabeneBAsse M, Abken H, et al. Chimeric
Antigen Receptor-Redirected Regulatory T Cells $egp Experimental Allergic
Airway Inflammation, a Model of Asthma. Front Imnalr2017; 8:1125.

Hess A, Wang-Lauenstein L, Braun A, Kolle SMntsiedel R, Liebsch M, et al.
Prevalidation of the ex-vivo model PCLS for prentiot of respiratory toxicity.
Toxicol In Vitro 2016; 32:347-61.

Behrendt AK, Meyer-Bahlburg A, Hansen G. CDI1dficiency does not affect
development of airway inflammation or respiratopfetance induction in murine
models. Clin Exp Immunol 2012; 168:308-17.

Behrendt AK, Hansen G. CD27 costimulation is eritical for the development of
asthma and respiratory tolerance in a murine maawhunol Lett 2010; 133:19-27.
Polte T, Foell J, Werner C, Hoymann HG, BraunBArrdach S, et al. CD137-
mediated immunotherapy for allergic asthma. J @rest 2006; 116:1025-36.
Gingele S, Pul R, Sardari M, Borbor M, HenkelMoellenkamp TM, et al. FoxP3
deficiency causes no inflammation or neurodegermgrain the murine brain. J
Neuroimmunol 2020; 342:577216.

Schmittgen TD, Livak KJ. Analyzing real-time RQlata by the comparative C(T)
method. Nat Protoc 2008; 3:1101-8.

Bonnardel E, Prevel R, Campagnac M, DubreuilM&rthan R, Berger P, et al.
Determination of reliable lung function parametarsintubated mice. Respir Res
2019; 20:211.

Limjunyawong N, Mitzner W, Horton MR. A mouseodel of chronic idiopathic
pulmonary fibrosis. Physiol Rep 2014; 2:e00249.

Renauld JC. New insights into the role of ciytek in asthma. J Clin Pathol 2001;
54:577-89.

Boulet LP. Irreversible airway obstruction stlama. Curr Allergy Asthma Rep 2009;
9:168-73.

Arras M, Louahed J, Simoen V, Barbarin V, Mis9®, van den Brule S, et al. B
lymphocytes are critical for lung fibrosis contiid prostaglandin E2 regulation in
IL-9 transgenic mice. Am J Respir Cell Mol Biol 28)®B4:573-80.

Ferru I, Roye O, Delacre M, Auriault C, Wolowg&zl. Infection of B-cell-deficient
mice by the parasite Schistosoma mansoni: demaiostraf the participation of B
cells in granuloma modulation. Scand J Immunol 1983233-40.

Shamskhou EA, Kratochvil MJ, Orcholski ME, Nally Kaber G, Steen E, et al.
Hydrogel-based delivery of 1I-10 improves treatmerit bleomycin-induced lung
fibrosis in mice. Biomaterials 2019; 203:52-62.

Yong L, Tang Y, Ren C, Liu M, Shen J, Hou X. &ls protect against Schistosoma
japonicum-induced liver inflammation and fibrosisy bcontrolling monocyte
infiltration. PLOS Negl Trop Dis 2019; 13:e0007474.

Drake LY, lijima K, Hara K, Kobayashi T, Keph&M, Kita H. B cells play key
roles in th2-type airway immune responses in migposed to natural airborne
allergens. PLoS One 2015; 10:e0121660.

Lindell DM, Berlin AA, Schaller MA, Lukacs NWB cell antigen presentation
promotes Th2 responses and immunopathology duhngnec allergic lung disease.
PLoS One 2008; 3:€3129.

Ghosh S, Hoselton SA, Schuh JM. mu-chain-d&ficmice possess B-1 cells and
produce IgG and IgE, but not IgA, following systensiensitization and inhalational
challenge in a fungal asthma model. J Immunol 2Q892;1322-9.

19



636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686

39.

40.

4].

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

[NV TV N L) By SR )

Alhabbab RY, Nova-Lamperti E, Aravena O, BurtdMl, Lechler RI, Dorling A, et
al. Regulatory B cells: Development, phenotypesncfions, and role in
transplantation. Immunol Rev 2019; 292:164-79.

Rosser EC, Mauri C. Regulatory B cells: origoghenotype, and function. Immunity
2015; 42:607-12.

van de Veen W, Stanic B, Wirz OF, Jansen K,bfakka A, Akdis M. Role of
regulatory B cells in immune tolerance to allergemsl beyond. J Allergy Clin
Immunol 2016; 138:654-65.

Carter NA, Vasconcellos R, Rosser EC, Tulon®@noz-Suano A, Kamanaka M, et
al. Mice lacking endogenous IL-10-producing reguiatB cells develop exacerbated
disease and present with an increased frequenchhdfThl7 but a decrease in
regulatory T cells. J Immunol 2011; 186:5569-79.

lwata Y, Matsushita T, Horikawa M, Dilillo DXanaba K, Venturi GM, et al.
Characterization of a rare IL-10-competent B-celbset in humans that parallels
mouse regulatory B10 cells. Blood 2011; 117:530-41.

Matsushita T, Horikawa M, Iwata Y, Tedder Tregalatory B cells (B10 cells) and
regulatory T cells have independent roles in cdimig experimental autoimmune
encephalomyelitis initiation and late-phase immuatbpgenesis. J Immunol 2010;
185:2240-52.

Matsumoto M, Baba A, Yokota T, Nishikawa H, @hla Y, Kayama H, et al.
Interleukin-10-producing plasmablasts exert reguiatfunction in autoimmune
inflammation. Immunity 2014; 41:1040-51.

Sun CM, Deriaud E, Leclerc C, Lo-Man R. UponRBELsignaling, CD5+ B cells
control the IL-12-dependent Thl-priming capacitynebnatal DCs. Immunity 2005;
22:467-77.

Stanic B, van de Veen W, Wirz OF, Ruckert B,rit4oH, Sollner S, et al. IL-10-
overexpressing B cells regulate innate and adaptiveune responses. J Allergy Clin
Immunol 2015; 135:771-80 e8.

Kim HS, Lee JH, Han HD, Kim AR, Nam ST, Kim H\&t al. Autocrine stimulation
of IL-10 is critical to the enrichment of IL-10-ptacing CD40(hi)CD5(+) regulatory
B cells in vitro and in vivo. BMB Rep 2015; 48:54-9

Akdis CA, Blesken T, Akdis M, Wuthrich B, BlasK. Role of interleukin 10 in
specific immunotherapy. J Clin Invest 1998; 10219%-

Mobs C, Slotosch C, Loffler H, Jakob T, Hertl, ®futzner W. Birch pollen
immunotherapy leads to differential induction ojutatory T cells and delayed helper
T cell immune deviation. J Immunol 2010; 184:21982

Bohm L, Maxeiner J, Meyer-Martin H, Reuter 8)d&o S, Klein M, et al. IL-10 and
regulatory T cells cooperate in allergen-speciicnunotherapy to ameliorate allergic
asthma. J Immunol 2015; 194:887-97.

Matsuda M, Doi K, Tsutsumi T, Inaba M, HamaguthTerada T, et al. Adoptive
transfer of type 1 regulatory T cells suppressed tevelopment of airway
hyperresponsiveness in ovalbumin-induced airwayanmfation model mice. J
Pharmacol Sci 2019; 141:139-45.

Carter NA, Rosser EC, Mauri C. Interleukin-X¥0quced by B cells is crucial for the
suppression of Th17/Thl responses, induction ofedulatory type 1 cells and
reduction of collagen-induced arthritis. ArthriRes Ther 2012; 14:R32.

Chu KH, Chiang BL. Characterization and funealostudies of forkhead box protein
3(-) lymphocyte activation gene 3(+) CD4(+) regafst T cells induced by mucosal
B cells. Clin Exp Immunol 2015; 180:316-28.

Lin AA, Freeman AF, Nutman TB. IL-10 IndireciBownregulates IL-4-Induced IgE
Production by Human B Cells. Immunohorizons 201898-406.

20



687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731

732

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

[NV TV i L) Ry S &

Liu Q, Liu Z, Rozo CT, Hamed HA, Alem F, UrbaR, Jr., et al. The role of B cells
in the development of CD4 effector T cells duringadarized Th2 immune response.
J Immunol 2007; 179:3821-30.

Braza F, Chesne J, Durand M, Dirou S, Bros$galahay G, et al. A regulatory
CD9(+) B-cell subset inhibits HDM-induced allergairway inflammation. Allergy
2015; 70:1421-31.

Ray A, Basu S, Williams CB, Salzman NH, DitBNl. A novel IL-10-independent
regulatory role for B cells in suppressing autoinmitijyby maintenance of regulatory
T cells via GITR ligand. J Immunol 2012; 188:318R8-9

Hsu LH, Li KP, Chu KH, Chiang BL. A B-la celllsset induces Foxp3(-) T cells
with regulatory activity through an IL-10-indepemtigoathway. Cell Mol Immunol
2015; 12:354-65.

Zhang HP, Wu Y, Liu J, Jiang J, Geng XR, YangeGal. TSP1-producing B cells
show immune regulatory property and suppress gHlertated mucosal inflammation.
Sci Rep 2013; 3:3345.

Oleinika K, Rosser EC, Matei DE, Nistala K, Bas A, Drozdov |, et al. CD1d-
dependent immune suppression mediated by regul&arglls through modulations
of INKT cells. Nat Commun 2018; 9:684.

Zhang J, Zhang Y, Wang Q, Li C, Deng H, Si Cale Interleukin-35 in immune-
related diseases: protection or destruction. Imrogy2019; 157:13-20.

Wang RX, Yu CR, Dambuza IM, Mahdi RM, DolinskéB, Sergeev YV, et al.
Interleukin-35 induces regulatory B cells that s@ss autoimmune disease. Nat Med
2014; 20:633-41.

Shen P, Roch T, Lampropoulou V, O'Connor R&n&to U, Hilgenberg E, et al. IL-
35-producing B cells are critical regulators of iommty during autoimmune and
infectious diseases. Nature 2014; 507:366-70.

Dong J, Wong CK, Cai Z, Jiao D, Chu M, Lam CAvhelioration of allergic airway
inflammation in mice by regulatory I1L-35 throughndpening inflammatory dendritic
cells. Allergy 2015; 70:921-32.

Ayasoufi K, Zwick DB, Fan R, Hasgur S, Nicodi4, Gorbacheva V, et al.
Interleukin-27 promotes CD8+ T cell reconstitutifwllowing antibody-mediated
lymphoablation. JCI Insight 2019; 4.

Jirmo AC, Daluege K, Happle C, Albrecht M, Bdh AM, Busse M, et al. IL-27 Is
Essential for Suppression of Experimental Allerggthma by the TLR7/8 Agonist
R848 (Resiquimod). J Immunol 2016; 197:4219-27.

Lino AC, Dang VD, Lampropoulou V, Welle A, Jaoekke J, Pohar J, et al. LAG-3
Inhibitory Receptor Expression Identifies Immungsigssive Natural Regulatory
Plasma Cells. Immunity 2018; 49:120-33 €9.

Liang B, Workman C, Lee J, Chew C, Dale BM,d@wila L, et al. Regulatory T cells
inhibit dendritic cells by lymphocyte activationrge3 engagement of MHC class IlI. J
Immunol 2008; 180:5916-26.

Satitsuksanoa P, van de Veen W, Akdis M. B-a@&bsponses in allergen
immunotherapy. Curr Opin Allergy Clin Immunol 2019.

21



733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766

[NV VL% i L) Ry a8

Figure Legends

Fig 1. Allergic B cell-deficient (uMT) mice develop in@sed airway hyperreactivity (AHR)
compared to WT miceA, Mouse model of house dust mite (HDM)-induced expental
asthma. Mice were sensitized intranasally (i.nJy fames with sodium chloride solved HDM
(HDM/NaCl 0.9%). Control mice received NaCl 0.9%dyorMice were sacrificed three days
after the last HDM-applicatioi8-D, Lung function parameters resistance Big,compliance
(C, C) and elastance (B)) of allergic (HDM) and control (NaCl) WT and B teleficient
mice were measured during methacholine (MCh) prattooc and are presented as
percentage of baseline respectively (n=10-14/grtlu@e independent experimentg). Ex
vivo measurement of bronchoconstriction by precisiantang slices (PCLS). The graph
displays relative airway area of initial area dgristimulation with increasing MCh
concentrations (n=3-4/group, seven preparationsWWFyaci versus WTlpwm, # UMTyac
versus UMTpm, 8 WTupm versus pMTppm. F, Cell differentials of the bronchoalveolar
lavage fluid (BALF) are presented as totddft] and relative right) numbers. Data are
presented as mean + SEM (n=7-9/group, two indeperedgeriments). Macrophages (Mac),
eosinophils (Eos), lymphocytes (Lym), neutrophileq), * 8P < .05, ** ##P < .01, ** P <
.001, and **** ####P < .0001

Fig 2. HDM-induced allergic asthma elevates pulmonaryag®gh deposition in B cell-
deficient (uMT) mice A-B, Lung cross sections (Fig 2) were stained with periodic acid-
Schiff (PAS) and positive pixel were quantified inyhouse software HistoClick (Fig B,
n=9-10/group, two independent experiments)D, Lung cross sections (Fig Z) were
stained with Masson Goldner and positive pixel wauantified by HistoClick (Fig 2D,
n=9-12/group, three independent experimenks).Newly synthesized acid- and pepsin-
soluble collagen amount in the right post cavagliobe of HDM-sensitized and naive mice
(Fig 2, E, n=8-11/group, two independent experiments). Ratapresented as mean + SEM.
ns not significant, P < .05, ** P < .01, ** P < .001, and ***P < .0001. Magnification =
x200, scale bar = 100um.

Fig 3. Allergic B cell-deficient (UMT) mice show reduc#ld10 levels and regulatory T cell
numbersA andB, Cytokines were measured in the supernatants dfEstimulated cells

(Fig 3, A-B, spleen: n=9-15, lymph nodes (LN): n=7-12, thredependent experiments
respectively)C-D, FoxP3 regulatory T cells (Tregs) and ICG®xP3 Tregs in spleens and
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LNs were measured by flow cytometry (Fig 8, n=6-14/group, three independent
experimentsD, n=3-8/group, two independent experimenks) Flow cytometry data were
used to calculate Teff/Treg ratio (FigE, n=6-14/group, three independent experimeifts).
G, Expression of FoxP3 and IL-10 mRNA was measuredsplenic CD4 T cells by
guantitative PCR (Fig ¥-G; n=6-8/group, two independent experiments) andnatized by
244t algorithm. H-J, Splenic IL-10-producing Treg subsets were meabuaiéer HDM-
restimulationin vitro via flow cytometry (CDAIL-10", FoxP3IL-10" Tregs: n=12-17/group,
three independent experiments; FOXE®S'IL-10" Tregs, FOXPED49b LAG-3"IL-10"
type 1 regulatory T (Trl) cells: n=9-10/group, twalependent experiments). Data are
presented as mean = SEM. ns not significaf,< .05, ** P < .01, *** P < .001, and ****

P < .0001.

Fig 4. HDM-immunization induces a strong B cell responséhie lung.A-E, Total lung B
cells andB cell subsets were analyzed via flow cytometryg(Bi A, n=9-17/group, four
independent experiments). Follicular mature (FM)elis (Fig 4,B), germinal centre (GC) B
cells (Fig 4,C, n=11-15/group, three experiments respectiveld) @asmablasts/plasma cells
(PB/PC, Fig 4D, n=8-16/group, four independent experiments) dsageCD23 and MHCII
expression on FM B cells were analyzed in HDM-immad and control WT mice (Fig &,
n=6-7, two independent experimentB). Total immunoglobulin isotypes were measured in
the lung (Fig 4F, n=9-14/group, two independent experiments) bgrogtric bead array and
ELISA. G-H, mRNA expression was analyzed in isolated lungeBsdy quantitative PCR
and was normalized by“2* method (Fig 4, G-H, n=9-14/group, three till fandependent
experiments). Data are presented as mean + SEM. Mk@rescence minus one control, ns
not significant, *P < .05, * P < .01, ** P <.001, and ****P < .0001.

Fig 5. IL-10-secreting B cell subsets are increased mgduof allergic WT miceA-D,
Relative and total numbers of IL-10-secreting BlcdFig 5, A, n=9, two independent
experiments), follicular mature (FM) B cells (FigB), germinal centre (GC) B cells (Fig 5,
C) and plasmablasts/plasma cells (PB/PC, Fig B=5/group, one representative experiment
of two respectively) were detected after HDM-resfi@tion in vitro via flow cytometry.
Representative flow cytometry plots are shown. Catapresented as mean + SEMP X
.05, * P < .01, and ***P < .001.
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Fig 6. Transfer of WT B cells improves poor lung functioinallergic B cell-deficient (LMT)
mice. A, CD19 B cells from WT and IL-10-deficient (IL-I’Q mice were purified and
transferred into B cell-deficient (WMT) mice prido the first intranasal (i.n.) HDM-
immunization (HDM/NaCl). Mice were sacrificed thrdays after the last HDM-application.
B-D, Lung function parameters resistance (R, FigBR, compliance (C, Fig 6C) and
elastance (E, Fig &)) were measured during methacholine (MCh) provocaand are
presented as percentage of baseline respectivelyl{h9/group, two till five independent
experiments)E, Differentiation of bronchoalveolar lavage fluidABF) cells is presented as
total (Fig 6,E top) and relative (Fig 6E bottom) numbers (n=3-11/group, two independent
experiments). Results are expressed as mean + Blabophages (Mac), eosinophils (Eos),
lymphocytes (Lym), neutrophils (Neu), P*< .05, *** P < .001, and ****P < .0001

Fig 7. Transfer of WT B cells reduces pulmonary collagepasition in HDM-immunized B
cell-deficient (uMT) miceA andB, Lung cross sections (Fig &) were stained with Masson
Goldner and positive pixel were quantified by inike software HistoClick (Fig B, n=4-
13/group, two independent experiments). Magnifarats X200, scale bar = 100um. Data are

presented as mean £ SEM. ns not significaf<*.05, and **P < .01

Fig 8. IL-10-proficient B cells do not significantly infence cytokine production and FoxP3
Treg priming.A-C, After adoptive transfer of WT B cells and HDM-immzation, IL-10
levels in the supernatant of HDM-restimulated céflig 8, A, spleen: n=11-16/group, lymph
nodes (LN): n=9-14/group), splenic FoXPJregs (Fig 8, B, n=11-14/group, three
independent experiments respectively), and FOXF3S™ Tregs (Fig 8,C, n=8-11/group,
two independent experiments) were measuee#, |, IL-10 production upomn vitro HDM-
restimulation (Fig 8D, n=6-13/group), total amounts of FoXPBregs, FoxP3COS' Tregs
(Fig 8, E-F, n=6-13/group, two independent experiments regpmdyg}, and IgE level in
serum and bronchoalveolar lavage fluid (BALF; Fig8serum, n=11-19/group, two till five
independent experiments; BALF, n=11-13/group, tvllotiree independent experiments),
were measured after WT and IL-tieficient (IL-10") B cell transfer and HDM-
immunization in allergic B cell-deficient (WMT) nec Data are expressed as mean + SEM.
MFI mean fluorescence intensity, ns not signiftcar® < .05, ** P < .01, ** P < .001, and
* P < 001
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