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Abstract 50 

Background: Asthma is a widespread, multifactorial chronic airway disease. The influence 51 

of regulatory B cells (Bregs) on airway hyperreactivity (AHR) and remodeling in asthma is 52 

poorly understood. 53 

Objective: We analyzed the role of B cells in a house dust mite (HDM)-based murine asthma 54 

model. 55 

Methods: By employing wildtype (WT) and B cell-deficient (µMT) mice and transfer of IL-56 

10-proficient and IL-10-deficient B cells to µMT mice, the influence of B cells on lung 57 

function, tissue remodeling and the immune response was analyzed. 58 

Results: After HDM-sensitization, both WT and µMT mice developed AHR, but AHR was 59 

significantly stronger in µMT mice as confirmed by two independent techniques: invasive 60 

lung function measurement in vivo and precision-cut lung slices ex vivo. Moreover, airway 61 

remodeling was significantly increased in allergic µMT mice as shown by enhanced collagen 62 

deposition in the airways, while regulatory FoxP3+ and FoxP3- IL-10-secreting T cells 63 

(Tregs) were reduced. Adoptive transfer of IL-10-proficient, but not IL-10-deficient B cells 64 

into µMT mice prior to HDM-sensitization, attenuated AHR and lung remodeling. In 65 

contrast, FoxP3+ Tregs were equally upregulated by transfer of IL-10-proficient as well as IL-66 

10-deficient B cells. 67 

Conclusion: Our data in a murine asthma model illustrate a central role of Bregs in the 68 

control of lung function and airway remodeling, and may support future concepts for B cell 69 

targeted prevention and treatment strategies for allergic asthma.   70 
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Key Messages 71 

• B cell-deficiency leads to increased airway hyperreactivity, airway remodeling, and 72 

reduced FoxP3+ and FoxP3- IL-10-secreting regulatory T cells (Tregs) in an HDM-based 73 

experimental murine asthma model  74 

• Adoptive transfer of IL-10-proficient but not IL-10-deficient B cells improves lung 75 

function and attenuates airway remodeling in HDM-sensitized B cell-deficient mice, 76 

while FoxP3+ Treg numbers are equally affected by transfer both cell types 77 

 78 

Capsule Summary 79 

IL-10-proficient but not IL-10-deficient B cells are crucial for the control of lung function 80 

and airway remodeling in experimental asthma, while FoxP3+ Treg expansion is equally 81 

affected by both B cell types. 82 

 83 

Key words  84 

experimental asthma, allergy, house dust mite, airway hyperreactivity, lung remodeling, 85 

regulatory B cells, IL-10, B cell transfer, precision-cut lung slices 86 

 87 

Abbreviations  88 

AHR:  airway hyperreactivity, BALF:  bronchoalveolar lavage fluid, C: compliance, LN : 89 

lymph nodes, Bregs: B cells with a regulatory function, E: elastance, FM:  follicular mature, 90 

GC: germinal centre, H&E:  haematoxylin and eosin, IL-10:  Interleukin-10, i.n.: intranasal, 91 

MCh:  methacholine, µMT:  B cell-deficient mice, NaCl: sodium chloride, PAS: periodic 92 

acid-Schiff, PB/PC: plasmablasts/plasma cells, PCLS: precision-cut lung slices, R: 93 

resistance, Th2: T helper type 2, Tregs: regulatory T cells, Tr1:  type 1 regulatory T, WT:  94 

wildtype. 95 
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Introduction  97 

Asthma is a chronic respiratory disease affecting more than 300 million people worldwide.1 It 98 

is caused by an inadequate immune response towards otherwise harmless antigens and is 99 

characterized by airway hyperreactivity (AHR) with reversible airway obstruction, mucus 100 

hypersecretion, airway inflammation, and remodeling.2-4 Today, it is the most common 101 

chronic disease in children.5 102 

One key objective of current research approaches is to better understand the mechanisms of 103 

immunological tolerance in order to develop effective prevention and treatment strategies. In 104 

the last decades, T cells have been in the primary focus of immune tolerance research, and 105 

numerous experimental and clinical studies clearly demonstrated their key role in the 106 

pathogenesis and regulation of allergic diseases.6, 7 However, more recently, B cells have 107 

been recognized as important mediators in allergy and tolerance.8-11 One important B cell 108 

population are Interleukin-10 (IL-10)-producing regulatory B cells (Bregs)12 which have the 109 

capacity to reduce activation of T cells and block the production of pro-inflammatory 110 

cytokines.13 The regulatory and anti-inflammatory potential of in vitro and in vivo activated 111 

and tolerogenic B cells has been demonstrated in numerous studies over the last years: their 112 

adoptive transfer alleviated the disease phenotype at least partly in different murine models of 113 

chronic organ inflammation such as food allergy,14 allergic airway disease,15, 16 and skin 114 

allograft transplantation tolerance.17 Recently, data from human asthma patients and murine 115 

asthma models have confirmed the relevance of IL-10-positive Bregs in allergic airway 116 

inflammation and their contribution to long-term tolerance towards allergens.11  117 

To elucidate the role of B cells in the development of allergy and immunological tolerance, 118 

we used an experimental asthma model based on sensitization with the clinically relevant 119 

allergen house dust mite (HDM).18, 19 Our results in B cell-deficient (µMT) mice show that 120 

lack of B cells leads to significantly increased AHR and airway remodeling compared to the 121 

wildtype (WT) situation. While the transfer of WT B cells significantly improved lung 122 

function and airway remodeling in allergic B cell-deficient mice, the transfer of IL-10-123 

deficient (IL-10-/-) B cells failed to do so. However, transfer of both cell types boosted 124 

regulatory FoxP3+ T cell (Treg) numbers in recipient animals. These data in a murine asthma 125 

model, illustrate the central role of Bregs in the regulation of allergic asthma. 126 
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Materials and methods 128 

Animals 129 

B6.129S2-Ighmtm1Cgn/J (B cell-deficient/µMT) mice were obtained from Jackson (Bar 130 

Harbor, ME, USA), C57BL/6J WT mice from Charles River (Sulzfeld, Germany), B6.SJL-131 

PtprcaPepcb/BoyJ and B6.129P2IL10tm1Cgn/J (IL10 KO/IL10-/-) mice from André Bleich, 132 

Hannover Medical School. Mice were gender and age matched between groups and housed 133 

under specific pathogen-free conditions. All experiments were approved by the committee of 134 

animal welfare. 135 

 136 

Experimental model of HDM-induced asthma 137 

Mice were treated as described previously.20 In brief, WT and B cell-deficient mice were 138 

immunized once per week by intranasal (i.n.) application of 100µg Dermatophagoides 139 

pteronyssinus extract (HDM, Greer Laboratories, Lenoir, NC, USA) in 0.9% sodium chloride 140 

(NaCl, Fig 1A). Control mice received NaCl i.n. only (NaCl). Lung function measurements 141 

were performed three days after the last HDM application. Subsequently, mice were 142 

sacrificed. 143 

 144 

B cell isolation and adoptive transfer 145 

Splenic B cells from naïve WT and IL-10-/- mice were enriched by CD43 microbeads 146 

according to the manufacturer`s recommendations (Miltenyi Biotec, Bergisch Gladbach, 147 

Germany) yielding 94-97% pure CD19+ B cells. About 16x106 B cells were injected 148 

intravenously (i.v.) into the tail vein within 24 hours prior to the first HDM-immunization. 149 

 150 

Lung function 151 

Invasive lung function was measured as described previously.8, 21 In brief, mice were 152 

anesthetized and AHR was measured in response to increasing methacholine concentrations 153 

(maximum 30mg/ml MCh, Sigma-Aldrich, Steinheim, Germany). Resistance (R), compliance 154 

(C) and elastance (E) are presented as percentage of baseline. 155 

 156 

Bronchoconstriction and cytokine production of precision-cut lung slices (PCLS) 157 

PCLS were performed as described previously.22 For contraction measurements, a lung slice 158 

with airway was placed in DMEM/F12 medium (Gibco/ThermoFisher Scientific, Waltham, 159 

MA, USA) including 1% penicillin/streptomycin, 15mM HEPES (Biochrom, Berlin, 160 

Germany) and used for videomicroscopy. Increasing MCh concentrations (10-10-10-3M) were 161 
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added and images were captured in 10-second-intervals for a total of 2 minutes/concentration 162 

by stereo microscope Zeiss Discovery V8 and digital video camera AxioCam IcM1 (Zeiss, 163 

Oberkochen, Germany). Airway area quantification was performed employing ImageJ 164 

software and bronchoconstriction is presented as percentage of initial airway area. For 165 

cytokine production, two slices/well were placed in DMEM/F12 medium and stimulated with 166 

10µg/ml HDM and medium in triplicates for one day. Total protein content was determined 167 

as described elsewhere.22 IL-10 was detected by cytometric bead array according to the 168 

manufacturer`s manual (LEGENDplex, BioLegend, Fell, Germany) and results were 169 

normalized to protein content (Fig E1 in the Online Repository).  170 

 171 

Analysis of bronchoalveolar lavage fluid (BALF) 172 

Preparations of BALF and cell differentiation were performed as previously described.23 173 

 174 

Lung histology 175 

Preparation of lung sections, haematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) 176 

staining were performed as described elsewhere.24 Collagen fibers were stained by Masson 177 

Goldner (HTX-Weigert (Merck, Darmstadt, Germany); Ponceau-Säurefuchsin (Waldeck, 178 

Münster, Germany; Sigma-Aldrich), Orange G, Lichtgrün (both Merck)), and Elastika-van-179 

Gieson staining (Resorcin-Fuchsin, Picrofuchsin (Waldeck; Sigma-Aldrich), HTX-Weigert 180 

(Merck)). Lung cross sections were scanned using Keyence BZ 9000 microscope (Keyence, 181 

Osaka, Japan) and NanoZoomer S210 Digital slide scanner C13239 (Hamamatsu Photonics, 182 

Hamamatsu, Japan). Pulmonary inflammation, mucus production and collagen fibers were 183 

quantified by an experimenter-independent in-house developed software.25 184 

 185 

Sircol soluble collagen assay 186 

Freshly generated acid- and pepsin-soluble collagen was measured according to the 187 

manufacturer`s instructions (Biocolor, Carrickfergus, United Kingdom). Briefly, right post-188 

caval lung lobe was lysed in 0.1mg/ml pepsin (Sigma-Aldrich) and 0.5M acetic acid 189 

(J.T.Baker/Thermo Fisher Scientific) overnight. 1ml Sircol dye reagent/100µl supernatant 190 

was added and formed collagen-dye complex was resuspended in 1ml alkali reagent. 191 

Absorbance was measured in duplicates at 540nm (Synergy2 Multidetection microplate 192 

reader, BioTec Instruments, Winooski, VT, USA). Collagen content was calculated using a 193 

standard curve. 194 

 195 
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Preparation of serum and lung supernatant 196 

Serum preparation was described elsewhere.21 Right middle lobe was mechanically crushed 197 

on ice by micropestle (Eppendorf, Hamburg, Germany), syringe and needles of decreasing 198 

diameter, centrifuged and supernatant was frozen at -80°C until use. 199 

 200 

Cell isolation  201 

Isolation of spleen, lymph node (sum of mandibular, superficial cervical and bronchial lymph 202 

nodes) and lung cells were performed as described earlier.8 In some experiments splenic T 203 

cells were isolated by CD4+ T Cell Isolation Kit II (Miltenyi Biotec) according to the 204 

manufacturer`s recommendations or by sorting of CD19-CD3+CD4+ T cells using FACSAria 205 

IIu and FACSAria Fusion (both BD, Heidelberg, Germany). Lung B cells were sorted as 206 

CD3-CD19+ B cells. Sorting strategy and representative reanalysis plots are shown in Fig E4, 207 

E and G in the Online Repository. 208 

 209 

Gene expression 210 

RNA was extracted by RNeasy Mini/Micro plus Kit (Qiagen, Hilden, Germany). Reverse 211 

transcription and quantitative PCR were performed as described previously with minor 212 

modifcations.26 20-100ng RNA were used for PCR with following primers: Il10 213 

(Mm00439614_m1), Tgfb1 (Mm01178820_m1), Ebi3 (Mm00469294_m1), Il12b 214 

(Mm01288989_m1), Il12a (Mm00434169_m1), Il2b (Mm00434256_m1), Lag3 215 

(Mm00493071_m1), Il6 (Mm00446190_m1), Ifng (Mm01168134_m1), Il4 216 

(Mm00445259_m1), Tnf (Mm00443258_m1), Hprt (Mm01545399_m1, all Thermo Fisher 217 

Scientific). Gene expression was normalized using 2-∆∆Ct algorithm.27 218 

 219 

In vitro cytokine production 220 

Cells were restimulated in vitro with HDM (10µg/ml) in RPMI+ (RPMI 1640 medium 221 

including 10% FBS, 1% penicillin/streptomycin (all Biochrom), 1% HEPES (Gibco, Thermo 222 

Fisher Scientific), 100µM ß-mercaptoethanol (Sigma-Aldrich) and RPMI+ for three days. 223 

Cytokines in supernatants were measured via DuoSet ELISA kits (R&D Systems, 224 

Minneapolis, MN, USA) or cytometric bead array (LEGENDplex, BioLegend) according to 225 

manufacturer`s manuals. In some experiments cells were restimulated in vitro with HDM 226 

(10µg/ml) in RPMI+ for 25 hours. IL-10-secreting T and B cells were analyzed by IL-10 227 

secretion assay according to the manufacturer`s manual (Miltenyi Biotec). 228 

 229 
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Flow cytometry and antibodies 230 

Flow cytometry was performed as described previously6, 23 using the following antibodies 231 

(clones): CD19-PerCP-Cy5.5 (1D3), CD19-BV510 (1D3), CD4-PE (RM4-5), CD8-PerCP-232 

Cy5.5 (53-6.7), CD25-PE-Cy7 (PC61), CD138-APC (281-2), CD4-PerCP-Cy5.5 (RM4.5; all 233 

BD, Heidelberg, Germany), CD21/CD35-PE (7E9), CD24-FITC (M1/69), Ki-67-APC 234 

(16A8), B220-PerPC-Cy5.5 (RA3-6B2), CD21-PerCP-Cy5.5 (7E9), CD3e-APC-Cy7 (145-235 

2C11), CD4-Pacific Blue (GK1.5), CD19-APC-Cy7 (6D5), CD44-APC-Cy7 (IM7), CD24-236 

Pacific Blue (M1/69), CD25-BV510 (PC61), CD49b-APC-Cy7 (DX5), LAG-3-PE-Cy7 237 

(C9B7W), 7-AAD Viability Staining; all BioLegend), CD23-PE-Cy7 (B3B4), MHCII-APC 238 

(M5/114.15.2), Foxp3-APC (FJK-16s), ICOS-FITC (C398.4A), IgM-PE-Cy7 (II/41), CD38-239 

PE (90; all eBioscience, Frankfurt, Germany), PNA-FITC (Vector Laboratories, 240 

Peterborough, United Kingdom).  241 

 242 

Immunoglobulin measurements 243 

Immunoglobulins were detected by cytometric bead array (LEGENDplex) and ELISA (IgE, 244 

both BioLegend) according to the manufacturer`s manuals. 245 

 246 

Statistical analysis 247 

For all statistical analyses, GraphPad Prism software was employed (GraphPad Software, La 248 

Jolla, CA, USA). Statistically significant differences (95% confidence interval) between two 249 

groups were determined using unpaired two-tailed Student`s t-testing or nonparametric 250 

Mann-Whitney test. To compare more than two groups, two-way ANOVA (Tukey`s multiple 251 

comparison post-test) or one-way ANOVA (Tukey`s or Sidak`s multiple comparison post-test 252 

or Kruskal-Wallis test combined with Dunn`s multiple comparison post-test for data without 253 

Gaussian distribution) were used. Differences were considered significant at * p<0.05, ** 254 

p<0.01, *** p<0.001, **** p<0.0001. 255 
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Results 257 

HDM-sensitized B cell-deficient mice develop significantly increased AHR, but display 258 

diminished airway inflammation compared to WT mice  259 

To analyze the influence of B cells on local and systemic immune responses during 260 

experimental asthma, WT and B cell-deficient mice were referred to our well-established 261 

asthma protocol (Fig 1, A). In both, HDM-treated WT and B cell-deficient mice, this led to 262 

increased AHR compared to their respective controls (Fig 1, B-D). However, sensitized B 263 

cell-deficient mice displayed a significantly stronger AHR compared to their sensitized WT 264 

counterparts (Fig 1, B-D). To test this unexpected observation, we employed a second, 265 

independent technique for AHR measurement. We used PCLS and assessed airway 266 

constriction after methacholine provocation ex vivo.22 In line with our in vivo observation 267 

these measurements confirmed the stronger bronchoconstriction in lung tissue of HDM-268 

sensitized B cell-deficient versus WT mice (Fig 1, E).  269 

Analysis of BALF revealed significantly increased total cell counts and influx of eosinophils 270 

in both sensitized mouse strains compared to their respective controls. However, absolute cell 271 

numbers were significantly higher in sensitized WT compared to B cell-deficient mice, most 272 

prominently with regard to eosinophils (Fig 1, F, left), while percentages of eosinophils and 273 

neutrophils were similar in both strains (Fig 1, F, right). Investigator-independent 274 

quantification of H&E-stained lung tissues revealed significantly reduced airway 275 

inflammation in HDM-sensitized B cell-deficient versus WT mice (Fig E2, A in the Online 276 

Repository). Thus our analyses demonstrate that B cell-deficiency exacerbates AHR in 277 

HDM-sensitized mice. 278 

 279 

Pulmonary collagen deposition is augmented in sensitized B cell-deficient mice 280 

compared to WT mice 281 

Mucus production was assessed by PAS-staining of lung sections. HDM-sensitization 282 

induced mucus hypersecretion in both strains without significant difference between the 283 

genotypes (Fig 2, A-B).  284 

Reduced lung compliance can be associated with fibrotic tissue remodeling in airway 285 

diseases.28, 29 We therefore assessed the collagen content in the lung. HDM-sensitized B cell-286 

deficient but not WT mice showed an increase of collagen deposition as quantified by 287 

positive Masson Goldner (Fig 2, C-D) and Elastika-van-Gieson stains (Fig E2, B in the 288 

Online Repository), and of newly synthesized collagen (Fig 2, E). Taken together, these 289 

results demonstrate that B cells are central in controlling HDM-mediated airway remodeling. 290 
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 291 

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

To evaluate the HDM-induced T cell response under the control of B cells, we investigated 293 

antigen-specific cytokine responses in vitro. IL-10 production was significantly reduced in 294 

splenic and LN cells as well as in PCLS cultures from HDM-sensitized B cell-deficient 295 

compared to WT mice (Fig 3, A, Fig E3, C in the Online Repository). LN cells from HDM-296 

sensitized WT mice produced significantly higher levels of IL-5 and IL-13 compared to those 297 

from allergic B cell-deficient mice (Fig 3, B), while IL-5 and IL-13 levels were comparable 298 

in spleen and lung of both strains (Fig E3, A-B in the Online Repository). The analysis of 299 

splenic T cell subsets demonstrated fewer T helper and cytotoxic T cells in naïve and allergic 300 

B cell-deficient mice compared to their WT counterparts (Fig E4, A-C in the Online 301 

Repository). Also, allergic B cell-deficient mice displayed significantly fewer spleen and LN 302 

FoxP3+ and FoxP3+ICOS+ Tregs (Fig 3, C-D) and decreased FoxP3 mRNA expression of 303 

splenic CD4+ T cells (Fig 3, F). Pulmonary Treg numbers were comparable between both 304 

mouse strains (Fig E4, D in the Online Repository). To test if Tregs are involved in the 305 

overall low IL-10 levels in secondary lymphoid organs of B cell-deficient mice we analyzed 306 

IL-10 mRNA expression and IL-10 secretion by splenic T cells. CD4+ T cells from allergic B 307 

cell-deficient mice expressed less IL-10 mRNA compared to those from WT mice (Fig 3, G). 308 

Additionally, in HDM-sensitized B cell-deficient mice the total number of IL-10-secreting 309 

CD4+ T cells, FoxP3+IL-10+, FoxP3+ICOS+IL-10+ Tregs, and FoxP3-CD49b+LAG-3+ IL-10+ 310 

type 1 regulatory T (Tr1) cells was significantly reduced after HDM-restimulation in vitro 311 

(Fig. 3, H-I, Fig E4, F in the Online Repository). However, IL-10 secretion of FoxP3+ and 312 

FoxP3+ICOS+ Tregs was comparable between both mouse strains, whereas FoxP3-313 

CD49b+LAG-3+ Tr1 cells from B cell-deficient mice secreted less IL-10 as their WT 314 

counterparts (Fig 3, J). Taken together, our data illustrate significantly impaired T cell 315 

responses and disturbed IL-10 production in HDM-sensitized B cell-deficient mice. 316 

 317 

HDM-immunization induces a strong B cell response in the lung  318 

With the aim to analyze local B cell responses, we first characterized B cells from HDM-319 

sensitized and naïve WT mice. Total B cell numbers in the lung of HDM-sensitized mice 320 

were significantly increased with a specifically high number of follicular mature (FM) B 321 

cells, germinal centre (GC) B cells and plasmablasts/plasma cells (PB/PC) (Fig 4, A-D). FM 322 

B cells expressed elevated levels of MHCII and CD23, indicating their activated status (Fig 4, 323 

Jo
urn

al 
Pre-

pro
of



Habener  11 
 

11 
 

E). Consistent with these findings, we detected elevated levels of IgM, tolerogenic IgA, as 324 

well as Th2-related IgE, IgG1, IgG2b, and Th1-related IgG2c in sensitized lungs (Fig 4, F).   325 

Moreover, the expression of immunosuppressive IL-10, LAG-3, and Epstein-Barr virus 326 

(EBV)-induced gene 3 (Ebi-3, β-chain subunit of IL-35), but not TGF-β was significantly 327 

increased in lung B cells from allergic mice (Fig 4, G-H). The expression of multifunctional 328 

and pleiotropic IL-6 was significantly increased, while TNF-α, IFN-γ and IL-12a expression 329 

was comparable between both groups (Fig 4, H). Expression of Th2-related IL-2, IL-4, and 330 

IL-12b was not detectable (data not shown). Taken together, our data demonstrating a 331 

significant increase of differentiated B cell subsets and upregulation of IL-10, LAG-3 and 332 

Ebi-3 as well as IgM, IgA, IgE, IgG1, IgG2b, and IgG2c support a critical role of B cells in 333 

the local immune response to allergen challenge.  334 

 335 

IL-10-secreting B cell subsets are increased in lungs of allergic WT mice 336 

Since lungs from sensitized mice exhibited elevated B cell numbers and B cell-specific IL-10 337 

expression, we analyzed their potential to secrete IL-10 after HDM-restimulation in vitro. 338 

Consistently, HDM-sensitization resulted in increased relative and absolute numbers of IL-339 

10-secreting B cells in the lung (Fig 5, A). Next, we elucidated the involvement of lung FM, 340 

GC B cells and PB/PC in IL-10 production. All three B cell subsets derived from HDM-341 

sensitized mice produced more IL-10 as those derived from naïve mice. The highest IL-10 342 

amount was produced by FM B cells, followed by GC B cells and PB/PC (Fig 5, B-D). Our 343 

data hint to an important role of IL-10-secreting B cells in the lung in response to allergen 344 

challenge. 345 

 346 

Transfer of WT but not of IL-10 -/- B cells significantly reduces AHR in allergic B cell-347 

deficient mice 348 

Based on the observation that IL-10, FoxP3+ and FoxP3-IL-10+ Tregs were significantly 349 

reduced in HDM-sensitized B cell-deficient compared to WT mice, we hypothesized that IL-350 

10 secreting B cells may be key in the regulation of AHR. To test this hypothesis, we 351 

performed adoptive B cell transfer experiments employing naïve WT and IL-10-/- mice as B 352 

cell donors. Purified CD19+ B cells from WT and IL-10-/- mice were transferred i.v. into B 353 

cell-deficient mice prior to HDM-sensitization (Fig 6, A, Fig E5, A in the Online Repository). 354 

Importantly, both distribution of transferred B cell subpopulations and B cell engraftment of 355 

WT and IL-10-/- B cells were comparable in B cell-deficient recipients (Fig E5, B-D in the 356 

Online Repository). However, while transfer of WT B cells significantly alleviated the 357 

Jo
urn

al 
Pre-

pro
of



Habener  12 
 

12 
 

increase of AHR in sensitized B cell-deficient mice as demonstrated by improvement of all 358 

analyzed lung function parameters, the transfer of IL-10-/- B cells had no such effect (Fig 6, 359 

B-D). Furthermore, WT but not IL-10-/- B cell transfer led to an increase in total BALF cell 360 

numbers, without affecting the distribution of inflammatory BALF cell types (Fig 6, E). In 361 

accordance with the improved lung function, airway remodeling in allergic B cell-deficient 362 

mice was clearly ameliorated upon WT, but not IL-10-/- B cell transfer, as demonstrated by 363 

decreased collagen deposition (Fig 7, A-B). No difference of freshly generated collagen or 364 

mucus hypersecretion was seen (Fig E6, A-C in the Online Repository). Taken together, these 365 

data illustrate that IL-10-proficient B cell transfer significantly improves AHR and airway 366 

remodeling in HDM-induced asthma. 367 

 368 

Both WT and IL-10 -/- B cell transfer impact antigen specific cytokine production, 369 

FoxP3+ Treg expansion and IgE secretion 370 

Adoptive transfer of WT B cells to B cell-deficient mice resulted in a normalization of 371 

splenic IL-10 levels and T cell subsets including Treg numbers (Fig 8, A-C, Fig E7, B-C in 372 

the Online Repository). Additionally, the production of antigen-specific IL-5 and IL-13 was 373 

similarly impacted (Fig E7, A in the Online Repository). However, all these effects appeared 374 

to be independent of B cell-derived IL-10, as no significant differences occurred between 375 

recipients of WT and IL-10-/- B cells (Fig 8, D-H, Fig E7, D-F in the Online Repository).  376 

Since GC B cells and PB/PC of HDM-sensitized WT mice secreted significantly more IL-10 377 

as those derived from naïve mice, we analyzed the impact of IL-10-competent and IL-10-378 

deficient B cells on IgE production. We found that transfer of IL-10-/- B cells compared to 379 

WT B cells resulted in significantly elevated IgE levels in the BALF of recipient mice (Fig 8, 380 

I).  381 
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Discussion 383 

The present study investigated the impact of B cells on allergy and immunological tolerance 384 

in a HDM-based murine asthma model. Our data demonstrate that local allergen-sensitization 385 

boosted the pulmonary B cell response, especially IL-10-secreting B cells. In contrast, HDM-386 

sensitized B cell-deficient mice displayed significantly stronger AHR and airway remodeling, 387 

decreased IL-10 levels, and diminished Treg numbers in secondary lymphoid organs. The 388 

transfer of IL-10-proficient WT B cells into B cell-deficient recipients prior to HDM-389 

sensitization substantially counteracted these features, especially AHR and pulmonary 390 

collagen deposition. By contrast, transfer of IL-10-/- B cells failed to improve AHR and lung 391 

remodeling, while FoxP3+ Tregs and cytokine levels were similar in recipients of WT or IL-392 

10-/- B cells. Our findings indicate that AHR and airway remodeling are regulated by IL-10-393 

producing B cells while other B cell mediated effects like FoxP3+ Treg expansion appear to 394 

be IL-10-independent and impacted by other B cell functions. 395 

 396 

To the best of our knowledge, we here demonstrate for the first time that airway 397 

hyperreactivity and remodeling, two hallmark features of allergic asthma, are increased in B 398 

cell-deficient mice in experimental HDM-based asthma. This increased remodeling may have 399 

contributed to the development of poor lung function30 and airway obstruction31 in our model. 400 

Our finding on the relevance of B cells in lung remodeling is in line with previous work by 401 

Arras and colleagues, who showed that B cells contribute to the protection against murine 402 

lung fibrosis induced by silica particles.32 Moreover, B cell-deficiency was shown to be 403 

associated with hepatic fibrosis and increased granuloma formation after Schistosoma 404 

mansoni infection.33  405 

A detailed phenotypical analysis of pulmonary B cells from HDM-sensitized compared to 406 

naïve WT mice revealed an increase of overall B cells as shown by elevated FM B cells, GC 407 

B cells and PB/PC. Additionally, lung B cells showed strengthened IL-10 secretion and B 408 

cell-deficiency resulted in decreased IL-10 production. We therefore directly compared the 409 

role of IL-10-competent versus IL-10-/- B cells in AHR and pulmonary remodeling using 410 

adoptive cell transfer experiments. Of note, although comparable engraftment of IL-10-411 

competent and IL-10-/- B cells did not fully restore the B cell compartment in recipient mice, 412 

we demonstrated that both hallmark features of allergic asthma are centrally regulated by IL-413 

10-competent but not IL-10-/- B cells. This observation is in line with recent work showing 414 

that the supply of recombinant IL-10 into murine lung can prevent and reverse pulmonary 415 

fibrosis34 and that B cell-derived IL-10 restrains excessive monocyte infiltration into the 416 
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liver, thereby alleviating hepatic inflammation and fibrosis in murine Schistosoma 417 

infection.35 The central influence of B cells on AHR has been controversially discussed.36,37,38 418 

We therefore used invasive lung function measurement, the gold standard to assess AHR in 419 

vivo. Additionally, we verified our results by PCLS ex vivo.22 420 

 421 

Generally, the effect of B cell-derived IL-10 can be either direct or indirect.39-41 Several 422 

studies have shown that B cell-derived IL-10 can directly induce Treg expansion and 423 

inhibition of antigen-presenting function of dendritic cells (DC) and monocyte-derived TNF-424 

α in vitro.42-44 The suppression of DC-derived proinflammatory cytokines subsequently 425 

prevents T helper cell differentiation.45, 46 IL-10 can also impact B cells in a para- and 426 

autocrine way. High IL-10 expression by B cells can directly mediate an immunoregulatory B 427 

cell phenotype by upregulation of suppressor of cytokine signaling 3 (SOCS3), glycoprotein 428 

a repetitions predominant (GARP), CD25 and programmed cell death ligand 1 (PD-L1),47 as 429 

well as the enrichment of IL-10-producing Bregs,48 and the preferential differentiation into 430 

IgG4+ plasma cells.49 431 

B cell-deficiency resulted in both, reduced FoxP3+ Treg and IL-10-secreting CD4+ T cell 432 

pools in secondary lymphoid organs. Although absolute numbers of IL-10-secreting FoxP3+ 433 

and FoxP3-CD49b+LAG-3+ Tr1 cells were diminished, only Tr1 cells showed reduced 434 

capacity to secrete IL-10. This finding suggests that IL-10 is reduced in B cell-deficient mice 435 

partly because of absent B cell-derived IL-10, decreased Treg numbers and Tr1-derived IL-436 

10 secretion. Indeed, in human allergen-specific immunotherapy (IT), increased IL-10-437 

secreting Tr1 cells were associated with diminished clinical symptoms.50 Furthermore, in 438 

experimental asthma models, IT decreased AHR and pulmonary structural changes and 439 

induced Tr1 cells, which crucially contributed to IT effectiveness,51 and when transferred, 440 

reduced AHR and airway inflammation.52  441 

It remains to be determined, if IL-10+ and IL-10-/- B cells similarly boost functional IL-10 442 

production by Tregs in our model. Given that IL-10-/- B cell mice develop exacerbated 443 

collagen-induced arthritis and reduced IL-10-secreting Tr1 cells53 and that IL-10-producing 444 

LAG-3+ Treg-of-B cells alleviates AHR in an OVA-based model,54 it is tempting to speculate 445 

that IL-10-competent B cells could improve Tr1 cell function in allergic B cell-deficient 446 

recipients more effective than IL-10-/- B cells, which in turn could modulate the pulmonary 447 

outcome in our model.  448 

Another IL-10-dependent mechanism could be the decrease of IgE-production and -function. 449 

It is well known, that IgE-mediated mast cell degranulation leads to reversible airway 450 
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obstruction.30 Previous studies showed B cell-dependent suppression of IgE- and antigen-451 

mediated mast cell activation in a IL-10-dependent manner in vitro and in an anaphylaxis 452 

model48 as well as diminished IgE production by IL-10–overexpressing B cells and PBMC 453 

cultured with IL-10 in vitro.47, 55 Since our results exhibit elevated numbers of IL-10-454 

secreting FM B cells, GC B cells and PB/PC in lungs from allergic WT mice and increased 455 

IgE levels in the BALF of IL-10-/- B cell recipients, one can speculate that higher IgE 456 

production and/or disability to produce IL-10 could partly lead to strengthened mast cell 457 

degranulation and airway obstruction in allergic IL-10-/- B cell recipients. Therefore, further 458 

studies are needed to clarify the exact mechanism(s) by which B cell-derived IL-10 improves 459 

the pulmonary outcome.  460 

Another interesting finding was the impact of B cells on antigen-specific T cell cytokine 461 

production and Treg distribution. An imbalanced Th2 response is characteristic of allergic 462 

asthma.10 Antigen-specific Th2 cytokine production of LN cells was significantly reduced in 463 

HDM-treated B cell-deficient compared to WT mice. This is in line with findings showing 464 

the importance of LN T cell:B cell zone for initial Th2 cell development, and influence of B 465 

cells on IL-4-producing T cells,56 which may have been a cause for reduced Th2 cytokines in 466 

our observations.  467 

Furthermore, B cell transfer significantly induced FoxP3+ Tregs and IL-10 production, 468 

demonstrating that B cells are necessary to induce an adequate regulatory lymphocyte pool to 469 

counteract allergic inflammation. This tolerogenic effect, lasting at least 3.5 weeks post-470 

transfer in our model, is in line with their immediate influence in acute allergic airway 471 

inflammation: short term transfer of CD9+ B cells from asthmatic into HDM-immunized WT 472 

mice led to improved plethysmography-based airway function, reduced allergen-specific 473 

serum IgE, and a favorable Treg/T effector ratio two days after cell transfer.57 However, 474 

transfer of both WT and IL-10-deficient B cells induced comparable numbers of FoxP3+ 475 

Tregs and similar IL-10 production by splenic and LN cells in our model, supporting the 476 

notion that FoxP3+ Treg induction may not have been the decisive mechanism influencing 477 

AHR and remodeling in our experiments. Consistent with these data, previous studies showed 478 

that adoptive transfer of WT and IL10−/− B cells induced comparable numbers of FoxP3+ 479 

Tregs in experimental autoimmune encephalomyelitis in vivo.58 Furthermore, OVA-pulsed 480 

IL-10-/- B cells were able to effectively induce Tregs in vitro,59 suggesting that B cell-derived 481 

IL-10 is not the only prerequisite for B cell-mediated induction and/or maintenance of 482 

FoxP3+ Tregs.58 483 
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Next to IL-10, B cells can also exert immunosuppressive effects via TGF-ß, IL-35,40, 41 484 

thrombospondin (TSP1)60 and CD1d.61 Our data demonstrated increased Ebi-3, but reduced 485 

TGF-ß expression in lung B cells from allergic mice, suggesting a possible involvement of 486 

Ebi-3, rather than TGF-ß. Ebi-3 can form the heterodimers IL-35 (together with IL-12b), IL-487 

27 (together with IL-27p28) or regulate independently the immune response.62 Indeed, 488 

transferred IL-35-stimulated B cells subsequently produced IL-35 and ameliorated 489 

experimental autoimmune uveitis.63 Furthermore, mice lacking IL-35+ B cells lost their 490 

ability to recover from experimental autoimmune encephalomyelitis.64 Additionally, IL-35 491 

application during OVA-sensitization attenuated AHR, local DC accumulation, conversion of 492 

recruited monocytes into inflammatory DCs and T cell proliferation.65 Recently, Ayasoufi et 493 

al showed IL-27 expression by B cells,66 which is critically involved in the suppression of 494 

OVA-induced experimental asthma.67 495 

Moreover, our data show that lung B cells from sensitized mice upregulated the expression of 496 

inhibitory receptor LAG-3. It has recently been shown that LAG-3 is expressed on 497 

immunosuppressive natural plasma cells in an infection model68 and that Treg-derived LAG-498 

3 can suppress DC maturation and immunostimulatory capacity.69  499 

Additional studies will answer, which IL-10-independent B cell function(s) caused the 500 

observed regulatory effects. 501 

 502 

B cells are key in allergy and immunological tolerance, and a plethora of recent work 503 

supports the role for B cells in regulating immune reactions.70 The production of anti-504 

inflammatory molecules by Bregs is crucial in immunosuppression, and we here show that 505 

IL-10-producing B cells are central in HDM-induced allergy and regulation of AHR and 506 

remodeling. Moreover, B cells are crucial to induce Tregs and modulate antigen-specific 507 

cytokine responses in this process. This may be interesting in the development of further 508 

treatment or prevention strategies for asthma. For example, IT has been shown to induce 509 

Bregs in human patients.12 As such, we hope our data may help to pave the way for B cell-510 

targeted prevention and treatment strategies for asthma and allergies in human patients in the 511 

future. 512 

In summary, we here show a central role of Bregs in the modulation of lung function and 513 

airway remodeling as well as induction of Tregs in a murine asthma model. Our data may 514 

support future concepts for B cell targeted prevention and treatment strategies.515 
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Figure Legends  733 

 734 

Fig 1. Allergic B cell-deficient (µMT) mice develop increased airway hyperreactivity (AHR) 735 

compared to WT mice. A, Mouse model of house dust mite (HDM)-induced experimental 736 

asthma. Mice were sensitized intranasally (i.n.) four times with sodium chloride solved HDM 737 

(HDM/NaCl 0.9%). Control mice received NaCl 0.9% only. Mice were sacrificed three days 738 

after the last HDM-application. B-D, Lung function parameters resistance (R, B), compliance 739 

(C, C) and elastance (E, D) of allergic (HDM) and control (NaCl) WT and B cell-deficient 740 

mice were measured during methacholine (MCh) provocation and are presented as 741 

percentage of baseline respectively (n=10-14/group, three independent experiments). E, Ex 742 

vivo measurement of bronchoconstriction by precision-cut lung slices (PCLS). The graph 743 

displays relative airway area of initial area during stimulation with increasing MCh 744 

concentrations (n=3-4/group, seven preparations). * WTNaCl versus WTHDM, # µMTNaCl 745 

versus µMTHDM, § WTHDM versus µMTHDM. F, Cell differentials of the bronchoalveolar 746 

lavage fluid (BALF) are presented as total (left) and relative (right) numbers. Data are 747 

presented as mean ± SEM (n=7-9/group, two independent experiments). Macrophages (Mac), 748 

eosinophils (Eos), lymphocytes (Lym), neutrophils (Neu), * § P < .05, ** ## P < .01, *** P < 749 

.001, and **** #### P < .0001 750 

 751 

Fig 2. HDM-induced allergic asthma elevates pulmonary collagen deposition in B cell-752 

deficient (µMT) mice. A-B, Lung cross sections (Fig 2, A) were stained with periodic acid-753 

Schiff (PAS) and positive pixel were quantified by in-house software HistoClick (Fig 2, B, 754 

n=9-10/group, two independent experiments). C-D, Lung cross sections (Fig 2, C) were 755 

stained with Masson Goldner and positive pixel were quantified by HistoClick (Fig 2, D, 756 

n=9-12/group, three independent experiments). E, Newly synthesized acid- and pepsin-757 

soluble collagen amount in the right post caval lung lobe of HDM-sensitized and naïve mice 758 

(Fig 2, E, n=8-11/group, two independent experiments). Data are presented as mean ± SEM. 759 

ns  not significant, * P < .05, ** P < .01, *** P < .001, and **** P < .0001. Magnification = 760 

x200, scale bar = 100µm.       761 

 762 

Fig 3. Allergic B cell-deficient (µMT) mice show reduced IL-10 levels and regulatory T cell 763 

numbers. A and B, Cytokines were measured in the supernatants of HDM-restimulated cells 764 

(Fig 3, A-B, spleen: n=9-15, lymph nodes (LN): n=7-12, three independent experiments 765 

respectively). C-D, FoxP3+ regulatory T cells (Tregs) and ICOS+FoxP3+ Tregs in spleens and 766 
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LNs were measured by flow cytometry (Fig 3, C, n=6-14/group, three independent 767 

experiments; D, n=3-8/group, two independent experiments). E, Flow cytometry data were 768 

used to calculate Teff/Treg ratio (Fig 3, E, n=6-14/group, three independent experiments). F-769 

G, Expression of FoxP3 and IL-10 mRNA was measured in splenic CD4+ T cells by 770 

quantitative PCR (Fig 3, F-G; n=6-8/group, two independent experiments) and normalized by 771 

2-∆∆Ct algorithm. H-J, Splenic IL-10-producing Treg subsets were measured after HDM-772 

restimulation in vitro via flow cytometry (CD4+IL-10+, FoxP3+IL-10+ Tregs: n=12-17/group, 773 

three independent experiments; FoxP3+ICOS+IL-10+ Tregs, FoxP3-CD49b+LAG-3+IL-10+ 774 

type 1 regulatory T (Tr1) cells: n=9-10/group, two independent experiments). Data are 775 

presented as mean ± SEM. ns  not significant, * P < .05, ** P < .01, *** P < .001, and **** 776 

P < .0001. 777 

 778 

Fig 4. HDM-immunization induces a strong B cell response in the lung. A-E, Total lung B 779 

cells and B cell subsets were analyzed via flow cytometry (Fig 4, A, n=9-17/group, four 780 

independent experiments). Follicular mature (FM) B cells (Fig 4, B), germinal centre (GC) B 781 

cells (Fig 4, C, n=11-15/group, three experiments respectively) and plasmablasts/plasma cells 782 

(PB/PC, Fig 4, D, n=8-16/group, four independent experiments) as well as CD23 and MHCII 783 

expression on FM B cells were analyzed in HDM-immunized and control WT mice (Fig 4, E, 784 

n=6-7, two independent experiments). F, Total immunoglobulin isotypes were measured in 785 

the lung (Fig 4, F, n=9-14/group, two independent experiments) by cytometric bead array and 786 

ELISA. G-H, mRNA expression was analyzed in isolated lung B cells by quantitative PCR 787 

and was normalized by 2-∆∆Ct method (Fig 4, G-H, n=9-14/group, three till four independent 788 

experiments). Data are presented as mean ± SEM. MFO  Fluorescence minus one control, ns  789 

not significant, * P < .05, ** P < .01, *** P < .001, and **** P < .0001. 790 

 791 

Fig 5. IL-10-secreting B cell subsets are increased in lungs of allergic WT mice. A-D, 792 

Relative and total numbers of IL-10-secreting B cells (Fig 5, A, n=9, two independent 793 

experiments), follicular mature (FM) B cells (Fig 5, B), germinal centre (GC) B cells (Fig 5, 794 

C) and plasmablasts/plasma cells (PB/PC, Fig 5, D, n=5/group, one representative experiment 795 

of two respectively) were detected after HDM-restimulation in vitro via flow cytometry. 796 

Representative flow cytometry plots are shown. Data are presented as mean ± SEM. * P < 797 

.05, ** P < .01, and *** P < .001. 798 
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Fig 6. Transfer of WT B cells improves poor lung function of allergic B cell-deficient (µMT) 800 

mice. A, CD19+ B cells from WT and IL-10-deficient (IL-10-/-) mice were purified and 801 

transferred into B cell-deficient (µMT) mice prior to the first intranasal (i.n.) HDM-802 

immunization (HDM/NaCl). Mice were sacrificed three days after the last HDM-application. 803 

B-D, Lung function parameters resistance (R, Fig 6, B), compliance (C, Fig 6, C) and 804 

elastance (E, Fig 6, D) were measured during methacholine (MCh) provocation and are 805 

presented as percentage of baseline respectively (n=11-19/group, two till five independent 806 

experiments). E, Differentiation of bronchoalveolar lavage fluid (BALF) cells is presented as 807 

total (Fig 6, E top) and relative (Fig 6, E bottom) numbers (n=3-11/group, two independent 808 

experiments). Results are expressed as mean ± SEM. Macrophages (Mac), eosinophils (Eos), 809 

lymphocytes (Lym), neutrophils (Neu),  * P < .05, *** P < .001, and **** P < .0001 810 

 811 

Fig 7. Transfer of WT B cells reduces pulmonary collagen deposition in HDM-immunized B 812 

cell-deficient (µMT) mice. A and B, Lung cross sections (Fig 7, A) were stained with Masson 813 

Goldner and positive pixel were quantified by in-house software HistoClick (Fig 7, B, n=4-814 

13/group, two independent experiments). Magnification = x200, scale bar = 100µm. Data are 815 

presented as mean ± SEM. ns  not significant, * P < .05, and ** P < .01 816 

 817 

Fig 8. IL-10-proficient B cells do not significantly influence cytokine production and FoxP3+ 818 

Treg priming. A-C, After adoptive transfer of WT B cells and HDM-immunization, IL-10 819 

levels in the supernatant of HDM-restimulated cells (Fig 8, A, spleen: n=11-16/group, lymph 820 

nodes (LN): n=9-14/group), splenic FoxP3+ Tregs (Fig 8, B, n=11-14/group, three 821 

independent experiments respectively), and FoxP3+ICOS+ Tregs (Fig 8, C, n=8-11/group, 822 

two independent experiments) were measured. D-F, I , IL-10 production upon in vitro HDM-823 

restimulation (Fig 8, D, n=6-13/group), total amounts of FoxP3+ Tregs, FoxP3+ICOS+ Tregs 824 

(Fig 8, E-F, n=6-13/group, two independent experiments respectively), and IgE level in 825 

serum and bronchoalveolar lavage fluid (BALF; Fig 8 G, serum, n=11-19/group, two till five 826 

independent experiments; BALF, n=11-13/group, two till three independent experiments), 827 

were measured after WT and IL-10-deficient (IL-10-/-) B cell transfer and HDM-828 

immunization in allergic B cell-deficient (µMT) mice. Data are expressed as mean ± SEM. 829 

MFI mean fluorescence intensity, ns  not significant, * P < .05, ** P < .01, *** P < .001, and 830 

*** P < .001 831 
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