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ABSTRACT 50 

  51 
Background: Allergic asthma is a chronic lung disease resulting from inappropriate immune 52 

responses to environmental antigens. Early tolerance induction is an attractive approach for primary 53 

prevention of asthma.  54 

Objective: We analysed the mechanisms of perinatal tolerance induction to allergens with particular 55 

focus on the role of B cells in preconceptional and early intrauterine immune priming.  56 

Methods: Wild type (WT) and B cell deficient mice received ovalbumin (OVA) intranasally before 57 

mating. Their offspring was analysed in a murine model of allergic airway inflammation.  58 

Results: While antigen application before conception protected WT progeny from allergy, it 59 

aggravated allergic airway inflammation in B cell deficient offspring. B cell transfer restored 60 

protection, demonstrating the crucial role of B cells in perinatal tolerance induction. Effective 61 

diaplacentar allergen transfer was detectable in pregnant WT mice but not in pregnant B cell KO dams, 62 

and antigen concentrations in WT amniotic fluid were higher than in IgG-free amniotic fluid of B cell 63 

deficient dams. Application of OVA/IgG immune complexes (IC) during pregnancy boosted OVA 64 

uptake by fetal dendritic cells (DCs). Fetal DCs in humans and mice expressed strikingly higher levels 65 

of Fcγ receptors compared to DCs from adults and were highly efficient in taking up OVA-IC. 66 

Moreover, murine fetal DCs effectively primed antigen-specific foxp3+ Tregs after in vitro 67 

coincubation with OVA/IgG containing amniotic fluid.  68 

Conclusion: Our data support a decisive role for B cells and immunoglobulins during in utero 69 

tolerance priming. These findings improve the understanding of perinatal immunity and may support 70 

the development of effective primary prevention strategies for allergy and asthma in the future.  71 

 72 

 73 

 74 

75 
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Key messages 76 

• Mucosal antigen application to female mice before conception protects WT progeny from 77 

experimental allergic airway inflammation. 78 

• In absence of B cells, the same intervention aggravates the allergic phenotype in the offspring. 79 

• Antigen/IgG containing amniotic fluid from preconceptionally tolerized dams primes antigen-80 

specific foxp3+ Tregs. 81 

• Fetal dendritic cells are highly efficient in taking up immune complexes in both humans and 82 

mice. 83 

 84 

Capsule Summary  85 

Maternal allergen application before conception protects murine WT-offspring from allergy 86 

but aggravates allergic airway inflammation in B-cell deficient pups. Perinatal tolerance 87 

induction is associated with intrauterine antigen/IgG-transfer to fetal DCs which in turn 88 

effectively prime antigen-specific Tregs. 89 

 90 

Key words  91 

Allergy, Asthma, Tolerance, Perinatal, Prenatal, B cells, Tregs, Immunoglobulins, Immune 92 

Complexes, Tolerance, Amniotic Fluid 93 

 94 

Abbreviations 95 

AF:  amniotic fluid 96 
BALF:  bronchoalveolar lavage fluid 97 
BLG:  beta lactoglobulin 98 
DC:   dendritic cells 99 
FcγR:  fragment crystalizing gamma receptor 100 
FcRn:  neonatal Fc Receptor 101 
fluoOVA:  fluorescence labelled ovalbumin 102 
F1:   first offspring generation 103 
IC:   immune complex 104 
Ig:  immunoglobulin 105 
IL:  interleukin 106 
µMT:   B cell deficient mice 107 
OVA:   ovalbumin  108 
OVA-IC: OVA/IgG immune complexes 109 
Th:   T helper 110 
Tregs:   regulatory T cells  111 
WT:  wild type 112 
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Introduction  114 

More than 300 million people worldwide suffer from allergic asthma, a multifactorial disorder 115 

influenced by a multitude of genetic and environmental factors [1-3]. Amongst paediatric patients, it is 116 

one of the leading causes of morbidity, affecting around 10% of children in the Western world [4, 5]. 117 

Although pharmacotherapy can effectively control asthma symptoms, no curative or effective 118 

prevention strategies exist. A number of epidemiological studies demonstrated the protective impact of 119 

environmental factors in early childhood (e.g. farm living or attending day care centres) on a child´s 120 

asthma risk [3, 6-9]. Moreover, maternal factors during pregnancy and lactation such as microbiota, 121 

allergen exposure, stress, air pollution, and various others were shown to influence an individual´s 122 

allergic susceptibility [10-14].  123 

Mucosal exposure towards allergens can induce antigen-specific tolerance [15], and the development 124 

of tolerance against allergens can already start during prenatal life. In a murine model, we and others 125 

previously demonstrated that antigenic exposure of the mother even before pregnancy crucially 126 

influences the progeny’s allergy risk [16-18]. In our study, tolerization of female mice before mating 127 

induced a long-lasting and antigen-specific protection from the allergic phenotype in the offspring 128 

which depended on transfer of antigen-specific immunoglobulins (Ig), transferred either in utero or via 129 

breast milk after birth [17].  130 

Later it was shown that maternofetal tolerance priming continues into the postnatal period through 131 

breast milk mediated transfer of IgG/allergen complexes which induce antigen-specific Tregs [16, 19]. 132 

As it is known that antigen transfer into the amniotic fluid can already shape the fetal immune 133 

response [20], we were interested in further elucidating the very early steps of perinatal tolerance 134 

priming. 135 

The aim of the present study was to analyze by which mechanisms the mother´s preconceptional 136 

allergen experience influences the offspring´s allergic susceptibility. Specifically, we wanted to 137 

analyze to what extent maternofetal allergy prevention to harmless antigens, such as allergens acquired 138 

in female subjects before pregnancy, is influenced by B cells. 139 

To this end, we analysed the influence of preconceptional allergen application in wild type (WT) and 140 

B cell deficient mice. We employed B cell deficient µMT mice on a C57Bl/6 background which lack 141 

the immunoglobulin µ chain gene and have no mature B cells [21, 22]. Murine mothers received 142 

antigen before mating, and the allergic phenotype as well as intrauterine antigen and immunoglobulin 143 

(Ig) targeting was analysed in their offspring. Furthermore, the tolerogenic potency of amniotic fluid 144 

from antigen exposed dams and the antigen binding and Treg inducing capacity of fetal and adult 145 

dendritic cells (DC) were assessed.  146 

Whilst maternal antigen exposure protected WT pups from allergy, it aggravated allergic airway 147 

inflammation in B cell deficient mice. The lack of B cells was associated with reduced maternofetal 148 

Treg priming during lactation, and a marked impairment of intrauterine allergen uptake by fetal DCs. 149 
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Moreover, amniotic fluid-induced Treg priming after OVA exposure of pregnant dams was 150 

significantly reduced in B cell deficient mice.  151 

Intrauterine allergen transfer and uptake by fetal DCs, as well as antigen specific in vitro Treg priming 152 

were restored after application of OVA complexed to antigen-specific IgG.  153 

Taken together, our results support a decisive role for B cells and IgG during in utero priming of 154 

immunological tolerance and may contribute to the development of potent prevention strategies for 155 

allergy and asthma.  156 

157 
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Material and Methods  158 

 159 

Mice 160 

B cell deficient B6.129S2-Ighmtm1Cgn /J (µMT) and wild-type C57BL/6J (WT) mice were obtained 161 

from Jackson (Bar Harbor/USA). Ovalbumin (OVA) specific T cell receptor transgenic mice 162 

(C57BL/6-Tg(TcraTcrb)425Cbn/J;OT-II CD45.1) were provided by Oliver Pabst, Hannover Medical 163 

School. All experiments were approved by local authorities (LAVES#10/0300). Mice were age/gender 164 

matched between groups and housed under specific pathogen free conditions.  165 

 166 

Maternal antigen administration and murine model of allergic airway inflammation  167 

Murine mothers were anesthetized with isofluran and received 500 µg OVA (grade V; Sigma-Aldrich, 168 

Hilden/Germany, product #A5505, Lot # 038K7012) intranasally (i.n.) on day -6 and -3 before mating. 169 

Pups were tested in the allergic airway inflammation model with OVA (grade V) or beta lactoglobulin 170 

(BLG Sigma-Aldrich, Hilden/Germany, product #L2506, Lot # 096K7009). Mice were 171 

intraperitoneally sensitized with OVA (20 µg i.p.) adsorbed to aluminium-hydroxide (alum; Thermo-172 

Fisher, Waltham/USA) followed by i.n challenges (20 µg) as described in Fig. 1. For testing of 173 

tolerance induction as shown in Fig. S1, tolerization and induction of allergic airway inflammation 174 

was conducted in 8-10 week old B cell deficient mice, and LPS-free OVA (polymixin-based LPS 175 

clearance of grade V Sigma OVA) was used. 176 

 177 

B cell transfer 178 

For transfer of B cells, CD19+ cells were isolated from naïve C57Bl/6 WT mice by magnetic cell 179 

sorting (MACS mouse B cell isolation kit, Miltenyi-Biotec, Bergisch-Gladbach/Germany). 2x107 WT 180 

B cells were injected intravenously (i.v.) to the tail vein  of female µMT mice 10 days before mating.  181 

 182 

Measurement of lung function 183 

Invasive lung function was assessed as described previously [23]. In brief, mice were anesthetized and 184 

airway hyperreactivity was assessed under increasing doses of methacholine [24].  185 

 186 

Analysis of Bronchoalveolar Lavage Fluid (BALF) and lung histology 187 

BALF, cytospins and lung histologies were performed as described before [25]. Histologies were 188 

photographed with an AxioCam-ICc1 camera and further analysed with AxioVision/V4.8.2 (Zeiss, 189 

Jena/Germany) and in house programs [25] 190 

 191 

Determination of antigen-specific Ig levels 192 

OVA specific IgG1/IgE were determined by ELISA as previously described [25].  193 

 194 
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ELISPOT assay 195 

Total and OVA specific IgM antibody secreting cells were assessed after overnight culture on 196 

precoated MultiScreen HTS-IP plates (Millipore, Schwalbach/Germany), followed by incubation with 197 

anti-mouse IgG-HRP (SouthernBiotech, Birmingham/USA) and AEC substrate (Vector Laboratories, 198 

Peterborough/United Kingdom). Spots were scanned by Eli.Scan F3200 (A.EL.VIS GmbH, 199 

Hannover/Germany). 200 

 201 

Cytokine measurements 202 

Antigen-specific restimulation was performed as previously described [25]. Cytokines were measured 203 

with specific ELISAs (R&D systems, Minneapolis/USA) or cytometric bead arrays (Biolegend, San 204 

Diego, USA or Affymetrix, Santa Clara, USA) according to the manufacturer´s recommendations. 205 

 206 

Collection of amniotic fluid, IC administration and in vivo antigen-tracking  207 

Amniotic fluid (AF) was collected as previously described [26]. On pregnancy day 19/20 (matched 208 

experimental groups in each experiment), AF was collected from naïve mice or preconceptionally 209 

OVA-treated mice (2x500µg i.n. on d-6 and -3 before mating and 40mg OVA i.v. 6 hours prior to 210 

sacrificing). Samples were spun down (2000xg, 10 min), then supernatants were immediately frozen. 211 

For tracking of DC antigen uptake, pregnant mice received 400µg of Alexa flour labelled OVA i.v. 212 

(AF647 or AF488 fluoOVA, Life-Technologies, Carlsbad/USA) or OVA immune complexes (IC) 213 

manufactured by incubating 400µg fluoOVA with 200µg OVA specific mouse IgG1 (clone L71, 214 

Chondrex, Redmond/USA) at 37°C for 30 min. 6 hours later, mothers were sacrificed and fetal organs 215 

were dissected, digested with collagenase/DNase for 20 min at 37°C, erylysed and analysed. 216 

 217 

Antigen and Immune complex uptake in vitro by murine and human DCs 218 

Murine fetal and adult splenocytes were co-incubated with fluorescence-labelled OVA (100µg/ml), or 219 

fluorescence-labelled OVA-IC (100µg/ml fluoOVA plus 200µg/ml OVA specific IgG1 clone L71 220 

preincubated 30 min at 37°C) at 37°C for 10 minutes. Cells were washed three times, and analysed by 221 

flow cytometry. All human cord blood experiments were approved by the local ethics committee, and 222 

all donors gave their informed consent. Mononuclear cells from peripheral or cord blood were isolated 223 

by density centrifugation from healthy donors and placentar blood from healthy pregnancies. All cord 224 

blood donating mothers were non-atopic, two donors of adult peripheral blood were atopic and 225 

suffered from allergic rhinitis and atopic dermatitis, respectively (donor specific data included in 226 

suppl. Fig. 6). Mononuclear cells were exposed to OVA (25µg/ml) or OVA-IC (25µg/ml fluo-labelled 227 

OVA and 25µg/ml rabbit IgG (ICN-Biomedicals, Irvine/USA) preincubated 30 min at 37°C) for 10 228 

minutes, washed three times and further analysed (HLA-DR (G46-6), CD11c (S-HCL-3), lin-cocktail 229 

2 (Becton-Dickinson, Franklin Lakes/USA).  230 

 231 
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Western blot of amniotic fluid  232 

AF was mixed with loading buffer (BioRad, Munich/Germany), boiled for 10 min at 95°C and 233 

subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (7.5% AnykD-gel, BioRad, 234 

Munich/Germany) with consecutive nitrocellulose membrane transfer. Within each experiment, same 235 

amounts of AF from each group were loaded (50-150µg, same amount of protein/lane on each gel). 236 

OVA was detected with rabbit anti-OVA (Ab1221, Abcam, Cambridge/UK), followed by HRP-237 

conjugated goat anti-mouse IgG1 (Jackson-ImmunoResearch, Suffolk/UK). Signals were captured 238 

using enhanced chemiluminescence (Thermo-Scientific, Rockford/USA) in a luminescence-imager 239 

(DNR Bio-Imaging, Jerusalem/Israel, Chemidic, BioRad, Munich/Germany). 240 

  241 

Antigen-specific T cell priming  242 

OVA specific spleen and lymph node CD4 T cells were purified from OT-II/CD45.1 mice by MACS 243 

(mouse CD4 T cell isolation kit, Miltenyi-Biotec, Bergisch-Gladbach/Germany). For in vitro 244 

experiments, T cells were co-incubated with adult or fetal DCs isolated by MACS (CD11c+, Miltenyi-245 

Biotec, Bergisch-Gladbach/Germany) or FACS (CD11c+/CD11b+ cells) in a ratio of 1:50, and with 246 

amniotic fluid (dilution 1:50 - 1:10, matched between groups within each experiment), or 100µg/ml 247 

OVA, or OVA-IC (100µg/ml OVA plus 200µg/ml OVA IgG1 clone L71 preincubated for 30 min at 248 

37°C) for five days. For in vivo experiments, one-day-old pups received 5x106 OT-II/CD45.1 CD4 T 249 

cells subcutaneously with simultaneous application of 500µg OVA i.n. to their preconceptionally 250 

tolerized mothers. Two weeks later, OT-II/CD45.1+CD4+ spleen and lymph node T cell populations of 251 

500-5000 cells were detectable in more than 75% of both WT and deficient pups which were then used 252 

for further analyses. T cell priming was analysed using CD4 (Becton-Dickinson, Franklin 253 

Lakes/USA), Vbeta5.1/5.2-TCR (Clone MR9-4), CD45.1, CD25, and foxp3 (eBioscience, San 254 

Diego/USA) with a FACS-Canto II (Becton-Dickinson, Franklin Lakes/USA) and FlowJo V10 255 

(TreeStar, Ashland/USA).  256 

 257 

Statistics 258 

Graphs were created with GraphPad Prism5 (GraphPad-Software Inc., La Jolla/USA). Depending on 259 

data structure which was assessed by Kolmogorov/Smirnov normality testing, Student’s t-test or 260 

Mann-Whitney-test (two experimental groups) or one-way-ANOVA/Tukey or Kruskal-Walis/Dunn´s-261 

testing (three groups) were applied. Paired Ttesting or Wilcoxon-matched-pair-testing was applied to 262 

analyse adult vs. fetal/cord IC uptake or paired cytokine stimulations from more than one experiment.  263 

 264 

265 
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RESULTS  266 

Allergic airway inflammation is inhibited by preconceptional mucosal antigen application in the 267 

offspring of WT mice while the same protocol increases airway inflammation in B cell deficient 268 

mice, which is partly restored by B cell transfer.  269 

To study the impact of B cells in the context of maternal preconceptional antigen exposure on the 270 

offspring´s allergy risk, female WT and B cell deficient mice received two doses of the model allergen 271 

OVA mucosally in the week before mating and the progeny of these two different mouse strains was 272 

tested in a murine model of allergic airway inflammation (Fig. 1). In B cell deficient µMT mice [21], a 273 

targeted disruption in the gene encoding for Ig µ leads to a lack of mature B cells and Ig. In spite of 274 

their B cell deficiency with resulting lack of CD19+CD5+ regulatory B cells (Suppl. Fig. 1a) and 275 

impaired T cell priming [27], B cell deficient mice develop an asthma-like phenotype and can be 276 

successfully tolerized by mucosal antigen application (Suppl. Fig. 1 and [22, 28, 29]). 277 

In the progeny of WT mice, preconceptional mucosal antigen administration protected the offspring 278 

from allergic airway inflammation as shown by reduced leukocytic infiltrates in H&E stained lung 279 

sections (Fig. 2a,b) as well as reduced total cell and eosinophil numbers in the BALF (Fig. 2c). In 280 

contrast, preconceptional antigen application to B cell deficient female mice did not protect the 281 

progeny from developing an allergic phenotype, but aggravated their allergic airway inflammation. 282 

Leukocytic infiltrates in lung sections as well as total cell numbers and eosinophil numbers in the 283 

BALF were significantly increased compared to the offspring of B cell deficient mice that did not 284 

receive OVA mucosally before mating (Fig. 2d, e). 285 

The B cell and Ig repertoire in B cell deficient mice can be partially restored by adoptive transfer of 286 

WT B cells [27]. To examine whether B cell transfer to the mother abolished the pro-allergenic effect 287 

of preconceptional antigen administration, WT B cells were transferred to B cell deficient female mice 288 

before mucosal OVA application and consecutive mating. The transferred cells engrafted in recipient 289 

mice, as shown by enlarged spleens, detection of B220+/IgD+ cells in the bone marrow of transplanted 290 

mice as well as OVA specific IgM and IgG production (Suppl. Fig. 4).  291 

Indeed, B cell transfer before mucosal antigen application and mating of B cell deficient mice reduced 292 

the allergic airway inflammation in the offspring compared to that of pups from mothers that were 293 

treated comparably but did not receive B cells. The offspring of B cell transplanted dams displayed a 294 

significantly reduced eosinophilic airway inflammation in H&E stained lung sections and lower total 295 

and eosinophil BALF cell counts (Fig. 2g-i). 296 

 297 

Mucosal antigen application to female mice before mating results in inhibition of IgE and Th2 298 

cytokine production in WT mice but aggravates Th2 cytokines in B cell deficient mice; this effect 299 

is restored by B cell transfer.  300 

In WT mice, mucosal antigen application before mating resulted in significantly reduced serum titres 301 

of antigen-specific IgE and IgG1 in the offspring (Fig. 3a,b), again demonstrating the maternofetal 302 
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transfer of tolerance and allergy protection [17, 18]. As expected, antigen specific IgE and IgG1 were 303 

not detectable in B cell deficient mice (Fig. 3 d, e), also not in offspring mice around 12 weeks after B 304 

cell transfer to the B cell knock out mother (Fig. 3f).  305 

In WT mice, perinatal tolerance transfer was again demonstrated by significantly reduced antigen-306 

specific Th2 cytokines in cell culture supernatants of splenocytes and bronchial lymph node cells after 307 

restimulation with OVA (Fig. 3c-d). In contrast, in the same setting, Th2 cytokines were significantly 308 

increased in the offspring of B cell deficient mice that had received OVA mucosally before mating 309 

(Fig. 3e). As seen for airway inflammation, reconstitution of B cell deficient mice by B cell transfer 310 

reversed this increase and led to significantly reduced Th2 cytokines. 311 

Our data show that mucosal application of the model allergen OVA to female mice before mating 312 

protects the offspring from the development of allergic airway inflammation while it aggravates 313 

allergic airway inflammation in B cell deficient mice. Transfer of B cells to B cell deficient mice 314 

before mucosal antigen application leads to protection of the offspring as seen in WT mice 315 

demonstrating the critical role of B cells for the observed effect. 316 

To examine whether the pro-allergenic effect of maternal tolerization in B cell deficient mice was 317 

antigen-specific, female B cell deficient mice received OVA before mating and after weaning, while 318 

their progeny was tested in a model of allergic airway inflammation based on the unrelated antigen 319 

beta lactoglobulin (BLG; Suppl. Fig. 3a). When immunized with BLG, the maternal intervention 320 

induced no significant changes of allergic symptoms in the progeny (Suppl. Fig. 3b-d) confirming 321 

antigen-specificity of maternal immune priming which had previously been shown by us and others for 322 

maternofetal tolerance induction in WT mice [16-18].  323 

In summary, mucosal antigen application before conception reduced allergic symptoms in the WT 324 

offspring while it aggravated allergic airway inflammation in the B cell deficient progeny in an 325 

antigen-specific manner. B cells were crucial for perinatal tolerance transfer and protection since 326 

reconstitution of B cell deficient mice by B cell transfer resulted in abrogation of the proallergenic 327 

effect in their offspring. 328 

Impaired Treg priming and intrauterine OVA transfer  in B cell deficient mice 329 

A central mechanism in maternofetal tolerance priming is the induction of antigen-specific Tregs [16, 330 

19]. B cell deficient µMT mice are known to have disturbed Treg expansion [27, 30], and indeed we 331 

observed reduced frequencies of Tregs in two-week-old µMT pups (Fig. 4a).  332 

To test whether this Treg deficiency also affected maternofetal priming of antigen-specific Tregs, we 333 

transferred antigen-specific CD4+ T cells from OVA-T cell receptor transgenic OT-II mice to one-day-334 

old WT and B cell deficient pups of naïve and OVA tolerized murine mothers. Two weeks later, the 335 

frequency of foxp3+ Tregs within the transferred OVA specific CD4+ T cell population in spleens and 336 

lymph nodes of recipient pups was analysed. A significantly higher rate of antigen-specific Tregs was 337 

observed in the WT compared to B cell deficient offspring (Fig. 4b), illustrating a marked deficiency 338 

in maternofetal antigen-specific Treg priming in B cell deficient mice. 339 
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To explore by which mechanism prenatal maternal antigen exposure modulated the pups´ immune 340 

response and how the observed marked deficiency in maternofetal Treg priming may influence 341 

previous observations in our allergic airway inflammation model, we next investigated the amount, 342 

fate, and tolerogenic potential of intrauterinely transferred antigen in WT and B cell deficient mice. 343 

Because we could not track OVA in the amniotic fluid or on fetal DCs after preconceptional mucosal 344 

antigen administration alone, preconceptionally OVA treated murine mothers received an additional 345 

high dose fluorescently labeled antigen (fluoOVA) intravenously shortly before analyses of 346 

intrauterine transfer and fetal DC tracking.  347 

When we compared the in utero targeting of maternally administered antigen, higher proportions of 348 

fluoOVA+ fetal splenic and thymic DCs were observed in the fetuses of OVA exposed WT mothers 349 

compared to those of OVA exposed B cell deficient mothers (Fig. 4c). Moreover, transfer of i.v.-350 

administered OVA to the amniotic fluid (AF) was far more efficient in WT mothers, and - as expected 351 

- intrauterine OVA-specific IgG was only observed in tolerized WT but not in B cell deficient mothers 352 

(Fig. 4d,e and suppl. Fig. S5).  353 

Next, we were interested to study the implications of this differential amniotic fluid composition in 354 

WT versus B cell deficient mice with regard to antigen-specific tolerance and Treg priming in the 355 

offspring. For this purpose, we isolated T cells from OT-II donor mice that are transgenic for an OVA-356 

specific T cell receptor. Moreover, we isolated DCs from WT fetal mice and cocultured them with 357 

OVA specific T cells and the amniotic fluid of pregnant WT or B cell deficient mice which were either 358 

naïve or OVA-tolerized. In this coculture, AF from WT mothers induced a significant increase of 359 

antigen-specific CD4+CD25hifoxp3+ Tregs, while the ratio of CD4+CD25hifoxp3- effector T cells to 360 

CD4+CD25hifoxp3+ Tregs was significantly reduced. In contrast, AF from B cell deficient mothers was 361 

not as effective in priming a tolerogenic T cell response (Fig. 4f-h).  362 

 363 

Transplacental antigen targeting to FcγRhi DCs is augmented by immune complexing 364 

To further understand the interplay of antigen, immunoglobulins and DCs during intrauterine immune 365 

priming, we next compared the phenotype and function of fetal and adult DCs. In both WT and B cell 366 

deficient mice, fetal DCs expressed the Fcγ receptor CD16/32 significantly stronger than their adult 367 

counterparts (Fig. 5a,b). CD16/32 binds immune complexes [31], and OVA-IC uptake was 368 

significantly stronger in fetal than in adult DCs with the strongest uptake in CD16/32 Fcγ receptorhi 369 

fetal DCs (Fig. 5 c,d). To test whether this highly efficient IC-uptake by fetal DCs was also relevant in 370 

vivo, preconcpetionally OVA exposed pregnant B cell deficient mothers received fluoOVA or 371 

IgG/fluoOVA immune complexes (IC) intraveniuosly and the antigen uptake of fetal DCs was 372 

analysed. Indeed, also in vivo, IgG-complexing of OVA significantly increased the antigen uptake in 373 

the B cell deficient fetal DCs (Fig. 5e,f).  374 

Next, we tested the relevance of IC-augmented antigen uptake in DCs derived from human cord blood 375 

and human peripheral blood from adults. Also in the human setting, OVA-uptake was significantly 376 
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boosted by immune complexing in DCs from both adults and cord blood donors. (Fig. 5g), and the 377 

ratio of OVA positive DCs after OVA-IC vs OVA coincubation alone was significantly higher in cord 378 

blood samples (Fig. 5h and suppl. Fig. 6). These observations point to a central role of immune 379 

complexing in fetal DC antigen uptake also in man. 380 

381 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 13 

Discussion 382 

Our data demonstrate the strong impact of B cells in perinatal tolerance priming. We show that 383 

preconceptional maternal antigen exposure induces antigen-specific tolerance in the WT offspring, but 384 

aggravates allergic airway inflammation in the progeny of B cell deficient mice. B cell deficient mice 385 

show a marked impairment of maternofetal Treg priming during lactation and a significantly reduced 386 

intrauterine antigen transfer and uptake by fetal DCs. Both WT and B cell deficient fetal DCs express 387 

strikingly high levels of FcγR and are highly efficient in taking up IgG-complexed OVA. Moreover, 388 

we found fetal DCs to induce antigen-specific Tregs when coincubated with OVA/IgG containing 389 

amniotic fluid of WT dams but not when coincubated with amniotic fluid of OVA exposed B cell 390 

deficient mice.  391 

The observed intrauterine antigen transfer in WT mice and its potency in immunological priming 392 

support previous findings on the critical role of intrauterine OVA transfer in WT mice. Utthof et al. 393 

showed that in utero transferred maternal antibodies inhibit the offspring´s T cell antigen-specific 394 

responses [26]. In addition, we show that this process is critically regulated by IgG and significantly 395 

impaired in the absence of B cells. Moreover, we present the novel finding that AF from tolerized WT 396 

mothers primes Tregs, an observation so far only described for IC containing breastmilk of antigen 397 

exposed dams [16]. Our experiments demonstrate that IgG is central in promoting intrauterine antigen 398 

transfer, antigen targeting to fetal DCs, and priming of antigen-specific Tregs. Although our 399 

experimental setup may be unphysiological to the point that we used mature antigen specific T cells to 400 

assess potential priming effects of amniotic fluid - whilst T cell maturation in mice is not completed in 401 

utero - our results still point to a decisive role of B cells and antigen specific IgG in the early shaping 402 

of T cell responses. This notion is further supported by recent work by Gupta et al., who showed 403 

effective tolerance induction in a mouse model of haemophilia. In their model, intrauterine transfer of 404 

IgG Fc-fused Factor VIII lead to effective intrauterine DC targeting of this protein with consecutive 405 

promotion of Tregs in the pups which were protected from antigen specific alloimmunization in later 406 

life [32]. 407 

One of our most surprising findings was the antigen-specific proallergenic effect of maternal antigen 408 

application in B cell deficient mice. Our results suggest that in the absence of B cells, low doses of 409 

antigen are transferred in utero and induce a pro-allergenic, T effector cell biased immune response. 410 

This observation fits to the previously described deficiency of B cell deficient mice in low antigen 411 

dose induced oral tolerance [33] and the strong dose dependency of mucosal tolerance development 412 

[34]. Importantly, our findings expand previous knowledge on the immune priming effect of maternal 413 

IC containing body fluids, which had primarily focused on breast milk, to the prenatal period [16, 19, 414 

35-38] and go in line with our previous finding that maternofetally induced tolerance can be achieved 415 

in WT pups even if the offspring is not nursed by their allergen exposed mother but by an antigen 416 

naïve wet nurse [17]. We chose our previously described approach of preconceptional application of 417 

high antigen doses, because this protocol had shown to induce tolerance in WT offspring mice and it 418 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 14 

ensured induction of OVA specific IgG before and during early pregnancy [17, 18]. Our own work and 419 

that of many others support the notion that the perinatal phase (including pregnancy and lactation) 420 

represents a favourable time window to induce profound antigen specific tolerance [16-19, 32, 39]. 421 

Because our main interest was to analyze how the mother´s preconceptional exposure to harmless 422 

antigens influences the allergy risk in the offspring, we chose to administer high doses of mucosal 423 

antigen to the mother before mating, similar to the approach previously described by our group [17, 424 

18]. For our main in vivo experiments. we chose the intranasal route of antigen administration as this 425 

approach had been demonstrated to be highly effective in intragenerational tolerance induction [29, 426 

40] as well as transmaternal tolerization [16, 19]. Although the proallergenic effect of maternal 427 

ovalbumin administration varied from experiment to experiment, B cell deficient offspring mice 428 

consistently showed no or inversed effects of maternal tolerization compared to WT offspring mice in 429 

the allergic airway inflammation model. Previously, we had described that preconceptionally induced 430 

maternofetal tolerance priming depended on the transfer of IgG and did not occur in FcRn deficient 431 

mice lacking the neonatal receptor for diaplacental IgG transfer [17, 41]. However, FcRn is also 432 

important in shuffling albumin proteins via the placenta [42]. Hence, intrauterine transfer of the model 433 

allergen ovalbumin was also hindered in FcRn deficient mice which completely prevented prenatal 434 

antigen-specific T cell priming in this strain [17, 32]. By contrast, through specific knockout and re-435 

introduction of B cells and IgG, our current in vivo and in vitro experiments allowed for the 436 

comparison of specific immunological effects of free OVA versus OVA/IgG-IC in the perinatal 437 

setting.  438 

Our findings on intrauterine antigen/IgG transfer may also be relevant in humans. It has been shown 439 

that common asthma allergens as well as allergen specific IgG can be delivered transplacentally to the 440 

human fetus [43-48]. For infectious antigens such as plasmodium proteins, it was demonstrated that 441 

human diaplacental antigen transfer is facilitated when these proteins are bound to specific IgG and 442 

transferred in IC form [49]. Interestingly, IgG transfused to human mothers, for example in pregnant 443 

women receiving intravenous Ig, is effectively transferred to the offspring via placenta and breast milk 444 

[50]. 445 

Another striking finding in our study that supports a central role for Ig-fusion in intrauterine antigen 446 

trafficking was the highly significant increase in FcγR expression on murine fetal DCs and the 447 

enhanced OVA-IC uptake in fetal than in adult DCs. Also in human adult and cord blood DCs, antigen 448 

uptake was significantly boosted by immune complexing. Together with our in vitro data and recent 449 

findings by others on Treg induction after intrauterine Fc-fused antigen exposure [32], this suggests 450 

that fetal DCs are remarkably efficient in taking up IC and priming tolerogenic T cell responses. Of 451 

note, also other Fc receptors, especially FcRn, are upregulated in murine perinatal APCs [51, 52] and 452 

we cannot exclude that these may have also contributed to the enhanced IC uptake by fetal DCs 453 

observed in our model. 454 
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One of the immediate effects of IC binding is accumulation of antigen on the cell surface, which is 455 

associated with DC maturation and enhanced antigen internalization and presentation [31, 53] leading 456 

to modulation or suppression of immune responses in mice and man [19, 54-57]. More than 15 years 457 

ago, Machiels and colleagues treated asthma patients by intradermal inoculation with IC manufactured 458 

from allergen extract and excess autologous IgG. They observed a remarkable treatment response, and 459 

a similar IC therapy success was later observed in patients with allergic rhinitis [57, 58].  460 

Although obvious differences between murine and human immune ontology exist, gestation generally 461 

appears to be a favourable time window to prime immunological tolerance in humans as well [17, 32, 462 

59, 60]. A recent paper demonstrated that already in human cord blood, around 1-3% of the CD4+ T 463 

cells display a memory phenotype [61]. Children born in the farming environment, which is known to 464 

protect from allergies, display already at birth higher rates of Tregs and a tolerogenic cytokine 465 

response upon leukocyte stimulation [62, 63]. However, although it is still unclear by which exact 466 

mechanisms and to what extent this early priming affects the development of allergies in later life, 467 

these findings suggest that a tolerogenic T cell memory protecting the child from allergies can be 468 

primed prenatally in humans too [64].  469 

To further understand the relevance of our findings, future work will focus on analysing the exact 470 

composition and modification of murine and human antigen-specific Ig and IC that are transferred in 471 

utero, and on their nature in healthy human pregnancies and mothers and neonates with allergic 472 

predisposition. On the long run, this may contribute to an improved understanding of perinatal 473 

immunity and the development of potent prevention strategies for allergy and asthma.  474 

In conclusion, our current work supports a decisive role for B cells and immunoglobulins during in 475 

utero tolerance priming. It shows that one mechanism by which maternal antigen experience shapes 476 

the offspring´s immune response is the intrauterine transfer of IC. This appears to be a protective 477 

mechanism, introducing the neonatal immune system to antigens and defining Treg-worthy friend or T 478 

effector cell requiring foe. Our data improve the understanding of perinatal immune priming and may 479 

support the development of effective primary prevention strategies in asthma in the future. 480 

 481 

482 
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Fig. 1 Experimental scheme for evaluating the effects of maternal tolerization on the 483 

offspring`s allergy risk.  484 

Murine mothers (WT or B cell knockout) received two mucoal OVA doses and were consecutively 485 

mated. After weaning, offspring mice were tested in the OVA based allergic airway inflammation 486 

model. In some experiments, B cell deficient mothers received WT B cells by tail vein injection three 487 

days before the first OVA dose. 488 

 489 

Fig. 2 Preconceptional mucosal antigen application to the dam reduces allergic airway 490 

inflammation in the offspring but aggravates airway inflammation in B cell KO mice; this is 491 

abolished after transfer of B cells to B cell deficient mothers before antigen administration.  492 

Offspring of tolerized WT mothers display (a) reduced lung inflammation and mucus production in 493 

H&E and PAS stained paraffin-embedded lung-slices, (b) reduced airway inflammation in investigator 494 

independent analysis of H&E stained lung sections, and (c) reduced total cell numbers and 495 

eosinophilia in BALF compared to the offspring of naïve WT dams. In B cell KO offspring, maternal 496 

OVA administration leads to (d) aggravated lung inflammation and mucus production and (e) 497 

increased airway inflammation in investigator independent analysis of H&E stained lung sections, and 498 

(f) increased total numbers and eosinophils in the BALF. B cell transfer to B cell deficient dams before 499 

antigen administration leads to (g) reduced lung inflammation and mucus production, (h) reduced 500 

airway inflammation in investigator independent analysis of H&E stained lung sections, and (i) 501 

reduced total numbers and eosinophils in the BALF compared to offspring of tolerized B cell knockout 502 

mothers without B cell transfer.  503 

Alum: control group; OVA: allergic group; Mova OVA: allergic offspring of OVA exposed dams; B 504 

cell Tx: allergic offspring of OVA exposed and B cell transplanted dams, eo: eosinophils, mac: 505 

macrophages, lym: lymphocytes, neu: neutrophils, WT: n≥ 6 mice per experimental group (data from 506 

one (a,b) and two respresentative experiments out of ≥3); B cell KO: n≥ 8 mice per experimental 507 

group (data from one (d,e) and two respresentative experiments out of ≥3); B cell KO+Tx: n≥ 4 mice 508 

per experimental group (data from one (d,e) and two respresentative experiments out of ≥3), graphs 509 

display mean + s.e.m., *P < 0.05, **P < 0.01, ***P < 0.001).  510 

 511 

Fig. 3 Preconceptional mucosal OVA administration reduces antigen specific immunoglobulins 512 

and cytokine production in the WT offspring, while it increases antigen specific cytokine 513 

responses in the offspring of B cell deficient mice; this aggravation is partially abolished upon B 514 

cell transfer.  515 

Offspring of tolerized WT mice display (a) reduced serum levels of OVA-specific IgE and (b) OVA-516 

specific IgG1, and diminished antigen specific cytokine production from (c) splenocytes and (d) 517 

bronchial lymph node cells. Offspring of OVA exposed B cell deficient mothers show (e,f) no 518 

immunoglobulin production but (g) increased antigen specific cytokine production by splenocytes and 519 
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(h) bronchial lymph node cells. In offspring of B cell transplanted, OVA exposed µMT mice, (i,j) 520 

absent immunoglobulins and reduced antigen specific cytokine production after in vitro (k) splenocyte 521 

and (l) bronchial lymph node cell restimulation with OVA are observed.  522 

Alum: control group; OVA: allergic group; Mova OVA: allergic offspring of OVA exposed dams; B 523 

cell Tx: allergic offspring of OVA exposed and B cell transplanted dam, eo: eosinophils, mac: 524 

macrophages, lym: lymphocytes, neu: neutrophils, WT: n≥ 11 mice per experimental group from two 525 

(a-c) and n≥ 4 mice per experimental group from one representative experiment (d), B cell KO: n≥ 7 526 

mice per experimental group from two (f,g) and n≥ 3 mice per experimental group from one 527 

representative experiment (e,h), B cell KO +Tx: n≥ 7 mice per experimental group from two (k) and 528 

n≥ 3 mice per experimental group from one representative experiment (i,j,l), graphs display mean + 529 

s.e.m., *P < 0.05, **P < 0.01, ***P < 0.001).  530 

 531 

 532 

Fig. 4 Defective Treg priming and in utero antigen transfer in B cell deficient mice 533 

(a) Reduced Treg frequency in two week old B cell deficient pups (frequency of CD4+ CD25hi foxp3+ 534 

T cells, n≥26 mice per experimental group; data from 3 experiments); (b) defective antigen-specific 535 

Treg priming in two week old B cell deficient pups after antigen re-exposure of the mother during 536 

lactation (frequency of antigen-specific OTII CD4+foxp3+ T cells in recipient pups (n≥6 mice per 537 

group; data from 2 experiments), (c) reduced in vivo intrauterine transfer of fluorescently labelled 538 

OVA (fluoOVA) to CD11c/CD11b+ fetal dendritic cells in B cell deficient mice (frequency of OVA+ 539 

CD11c/CD11b+ fetal splenic and thymic DCs, means ±s.e.m. of two experiments each including n≥5 540 

fetuses per group), (d) OVA specific IgG (ELISA, one representative experiment including n≥5 fetuses 541 

per group) in WT compared to B cell deficient amniotic fluid, (e) transfer of higher amounts of OVA 542 

in the amniotic fluid of WT mice that received OVA preconceptionally compared to amniotic fluid of 543 

equally treated B cell deficient mice (AF, Western Blot, one representative experiment with pooled 544 

amniotic fluid of n≥5 fetuses per group), (f) priming of antigen-specific CD4+CD25hifoxp3+ Tregs by 545 

fetal DCs after coincubation with amniotic fluid of naïve WT dams (Ctrl.), OVA exposed WT dams 546 

(WT) and OVA exposed B cell deficient mothers (KO), as well as medium alone (Med), OVA 547 

immune complexes (IC), and OVA alone. (g) CD4+CD25hifoxp3- T effector to CD4+CD25hifoxp3+ 548 

Treg ratio in the different coincubation settings (one representative experiment, KO: B cell deficient 549 

mice). All bars display mean + s.e.m., *P < 0.05, **P < 0.01, ***P < 0.001. 550 

 551 

Fig. 5 Increased in vitro uptake of IC by fetal DCs 552 

(a) Flowcytometry gating and (b) frequency of adult vs. fetal CD16/32 FcγRhi DCs, (c,d) uptake of 553 

fluorescently labelled OVA (fluoOVA) in CD11b+CD11c+ fetal and adult DCs after in vitro incubation 554 

with OVA-IC (percentage of fluoOVA IC+ DCs in total CD11b+CD11c+ DCs, data from ≥3 555 

mice/group, one representative experiment), (e,f) uptake of OVA-IC by total fetal DCs after injection 556 
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of OVA alone (OVA) or OVA-IC (IC) to B cell deficient pregnant mothers (means ±s.e.m of 2 557 

experiments each including n≥5 fetuses per group), (g) antigen uptake in human adult versus cord 558 

blood DCs after incubation with OVA or OVA IC and (h) ratio of OVA IC/ OVA antigen uptake from 559 

individual donors (data from n=7 donors per group, data from 3 experiments). All bars display mean + 560 

s.e.m., *P < 0.05, **P < 0.01, ***P < 0.001. 561 

  562 

563 
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Online repository figure legends 

 

Fig. S1: B cell deficient mice lack CD5+ regulatory B cells but still can be tolerized in a murine 

model of allergic airway inflammation  

(a) Lacking population of CD19+CD5+ B cells in the spleens of B cell deficient mice (1 experiment 

with 19-26 mice/group), (b) experimental scheme, (c) reduced BALF cell counts and BALF 

eosinophils (eos), macrophages (mac), lymphocytes (lym), neutrophils (neu), (d) reduced lung 

inflammation and mucus production (PAS/HE staining of paraffin-embedded lung-slices) in tolerized 

compared to allergic B cell knockout mice, (e) reduced concentration of cytokines in cell culture 

supernatants after antigen-specific restimulation of bronchial lymph node cells (one representative 

experiment with 2-6 mice/group, mean + s.e.m., control: control goup; allergic: OVA-allergic group 

tolerized: OVA-tolerized group. *P < 0.05, **P < 0.01, ***P < 0.001). 

 

Fig. S2: Increased airway hyperreagibility in the offspring of B cell deficient mice that reveived 

OVA mucoslally before mating  

Aggravated airway hyperreagibility in B cell KO mice after maternal OVA administration (ED: 

effective dose to elicit significant increase of lung resistance (RL) in invasive lung function 

measurements, one experiment with n≥12 mice per experimental group, *P < 0.05). 

 

Fig. S3: Proallergenic effect of maternal immunization in B cell deficient mice is antigen-specific 

(a) Experimental scheme. (b) BALF total cell count, and BALF eosinophils (eos), macrophages (mac), 

lymphocytes (lym), neutrophils (neu); (c) Lung inflammation and mucus production, as evaluated by 

HE and PAS staining; (d) Antigen-specific cytokine production. (control: control goup; mother naive: 

BLG-allergic offspring of naïve dams; mother OVA: BLG-allergic offspring of OVA-tolerized dams; 

mean + s.e.m., n≥4 mice per experimental group from two experiments, n.s. not significant). 

 

Fig. S4: Successful engraftment of B cells in B cell deficient recipient mice 

(a) Increased spleen size and (b) detection of B220+IgD+ cells in bone marrow flow cytometry of 

transplanted B cell deficient mice more than two months after transplantation and mating, (c) total and 

OVA specific IgM production as assessed by ELISPOT assays of splenocytes, (d) OVA specific IgG, 

but no (e) OVA specific IgE production after B cell transfer (1-3 representative mice from at least two 

experiments with n≥5 mice/group). 

 

Fig. S5: Detection of OVA in the amniotic fluid of treated WT and B cell deficient mice 

(a) Increased OVA amount in the amniotic fluid of WT mice that received OVA preconceptionally 

compared to amniotic fluid of equally treated B cell deficient mice (full unedited Western Blot). 
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Fig. S6: Donor individual data for IC uptake in human adult versus cord blood DCs including 

information on atopy status  

(a) Antigen uptake in human adult versus cord blood DCs after incubation with OVA or OVA IC as 

shown in main Fig. 5, individual donors can be tracked by respective data point formattings (donor 

▲suffers from mild atopic dermatitis, donor � suffers from allergic rhinitis, all other donors are non-

atopic); (h) ratio of OVA IC/ OVA antigen uptake from individual donors with same individual data 

point markings as in (a), n=7 donors per group, 3 independent experiments. All bars display mean + 

s.e.m., *P < 0.05, **P < 0.01, ***P < 0.001. 

 

 


