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ABSTRACT 34 

 35 

Background: Birch pollen is an important elicitor of respiratory allergy. The major allergen, 36 

Bet v 1, binds IgE exclusively via conformational epitopes. 37 

Objective: To identify Bet v 1-specific epitope repertoires of IgE and IgG from birch pollen-38 

allergic and non-allergic subjects. 39 

Methods: Chimeric proteins were created by grafting individual epitope-sized, contiguous 40 

surface patches of Bet v 1 onto a non-allergenic structural homologue and expressed in 41 

Escherichia coli. Binding of IgE, IgG1 and IgG4 from sera of 30 birch pollen-allergic and 11 42 

non-allergic subjects to Bet v 1, 13 chimeric proteins and four bacterial Bet v 1 homologues 43 

were measured by ELISA. The proportion of epitope-specific in total Bet v 1-specific IgE and 44 

the cross-reactivity of Bet v 1-specific IgE with bacterial homologues were determined by 45 

competitive ELISA. 46 

Results: Thirteen soluble, correctly folded chimeric proteins were produced. IgE from 27/30 47 

birch pollen-allergic patients bound to 1-12 chimeric proteins (median 4.0) with patient-48 

specific patterns. Three chimeras binding IgE from the majority of sera were identified, whose 49 

pgrafted patches overlapped with previously published epitopes. Patterns of IgG1 and IgG4 50 

binding to the chimeric proteins did not correspond to the binding patterns of IgE. Sera of 51 

19/30 birch pollen-allergic patients contained low amounts of IgE to bacterial homologues. 52 

Bacterial proteins were able to partially inhibit IgE binding to Bet v 1.  53 

Conclusion: Epitopes recognized by Bet v 1-specific antibodies from birch pollen-allergic 54 

patients are specific to each patient and differ between IgE, IgG1 and IgG4.  55 
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Key messages: 56 

 The repertoire of conformational epitopes recognized by Bet v 1-specific IgE is highly 57 

variable. 58 

 The epitope recognition profiles of Bet v 1-specific IgG1 and IgG4 differ from the 59 

patterns observed for IgE. 60 

 Despite their low sequence similarity to Bet v 1, bacterial structural homologues of 61 

Bet v 1 are recognized by IgG1 and low amounts of IgE and IgG4 from some birch 62 

pollen-allergic patients. 63 

Capsule summary:  64 

Mapping of conformational epitopes of the major birch pollen allergen, Bet v 1, using 65 

chimeric proteins showed that epitope recognition profiles were specific to each patient and 66 

differed between IgE, IgG1 and IgG4. 67 

Key words: 68 

birch pollen allergy; Bet v 1; conformational epitopes; epitope mapping 69 

Abbreviations: 70 

AP alkaline phosphatase 71 

BSA bovine serum albumin 72 

HRP horseradish peroxidase 73 

mAb monoclonal antibody 74 

NP 4-hydroxy-3-nitrophenyl acetyl 75 

sIg specific immunoglobulin 76 

TBST Tris-buffered saline, 0.05% Tween 20  77 
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INTRODUCTION 78 

In the temperate zones of the northern hemisphere, birch (Betula spp.) and related trees from 79 

the order Fagales are among the most important elicitors of pollen allergy.1, 2 Most birch 80 

pollen-allergic patients are sensitized to the major allergen Bet v 1, with sensitization rates of 81 

over 90% in northern and central Europe.3 Bet v 1 belongs to a ubiquitous, conserved family 82 

of plant proteins. As a consequence of IgE cross-reactivity between Bet v 1 and homologous 83 

allergens in other plants, Bet v 1-sensitized patients frequently experience allergic symptoms 84 

to pollen from related trees, such as hazel, alder and oak, and also suffer from pollen-85 

associated food allergy to certain fruits, vegetables and nuts.2 However, not all Bet v 1-86 

sensitized individuals develop plant food allergy, and there is no association between IgE-87 

reactivity to certain Bet v 1 homologues and allergy to the respective foods.4 88 

Knowledge about epitopes of allergens for IgE and other immunoglobulins is important for 89 

basic and clinical research, such as elucidating mechanism in forming the IgE repertoire, 90 

delineating the molecular basis of IgE cross-reactivity, increasing the accuracy of diagnostic 91 

tests by using epitope-based diagnostics, and design of hypoallergens for allergen 92 

immunotherapy.5 The interaction of Bet v 1 with human IgE depends on its native 93 

conformation. This was shown by the lack of IgE binding and allergenic activity of Bet v 1-94 

derived synthetic peptides, recombinant fragments and unfolded mutants.6-8 Identification of 95 

conformational epitopes was possible only with time-consuming or indirect methods,such as 96 

computationally mapping phage display-derived IgE-binding peptide mimics to the Bet v 1 97 

surface,9 epitope mapping of murine monoclonal antibodies (mAbs) that inhibited serum IgE 98 

binding to Bet v 1,10, 11 or of human mAbs isolated from IgE-expressing B cells.12, 13 The 99 

epitope of the murine IgE-inhibiting mAb BV16 was identified by co-crystallization of its 100 

Fab-fragment with Bet v 1 and confirmed by site-directed mutagenesis.10, 14
 The center of this 101 

epitope is located on the so-called p-loop, a surface-exposed glycine rich stretch highly 102 

conserved among Bet v 1-related allergens. 103 
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A direct method of identifying conformational epitopes is measuring IgE binding to chimeric 104 

proteins generated by grafting contiguous surface patches of Bet v 1 onto a structurally related 105 

protein with decreased or absent IgE binding. This method was used to confirm the 106 

importance of the p-loop epitope15, 16 and to identify the epitope of a human IgE mAb selected 107 

by phage display.12 We characterized the Bet v 1-specific IgE (sIgE) epitope repertoire from a 108 

large cohort by grafting four non-overlapping surface-exposed patches of Bet v 1, each 109 

comprising about 25% of its molecular surface, to Api g 1, a Bet v 1 homologue from celeriac 110 

with low IgE binding capacity.17 We showed that the sIgE epitope repertoire of birch pollen-111 

allergic patients is highly individual and IgE epitopes are distributed across most parts of the 112 

Bet v 1 surface.  113 

Here, we grafted epitope-sized Bet v 1-derived surface patches onto a bacterial homologue 114 

with high structural but low sequence similarity to Bet v 1, which was expected to lack IgE 115 

binding. Thereby we aimed to characterize conformational epitopes of Bet v 1 with an 116 

increased resolution. In addition, we compared the epitope binding repertoires of sIgE with 117 

those of other immunoglobulins from birch pollen-allergic and non-allergic donors. Prompted 118 

by an unexpected binding of IgE from some patients to the bacterial scaffold protein, we also 119 

investigated binding of antibodies from birch-allergic patients to other structurally similar 120 

proteins from bacterial species that are part of the normal human microbiota. 121 

  122 
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METHODS 123 

Patients 124 

Serum or plasma samples from 30 Bet v 1-sensitized, birch pollen-allergic patients were 125 

analyzed (Table E1 in the Online Repository). Patients were selected based on typical 126 

symptoms (seasonal allergic rhinoconjuctivitis or asthma in spring), positive skin-prick tests 127 

with birch pollen extract and sIgE to birch pollen and Bet v 1 (ImmunoCAP, Thermo-Fisher). 128 

Twenty-four patients (B1-B24) had been recruited for a previously published study,18 six 129 

patients were recruited at the Outpatient Clinic Reumannplatz, Vienna, Austria. Except for 130 

B26 and B27, none of the patients had received allergen immunotherapy. In addition, sera 131 

from eleven non-atopic donors with reported lack of allergic symptoms to common allergen 132 

sources were included as negative controls. All patients provided written informed consent to 133 

the use of their serum samples and clinical data. The study was approved by the Ethics 134 

Committee of the Medical University of Vienna (Registration Number: 2158/2018). 135 

Design of Bet v 1-TTHA0849 chimeras 136 

Based on a structural alignment, surface-exposed residues of the bacterial Bet v 1-related 137 

protein TTHA0849 from Thermus thermophilus19 were replaced by corresponding ones of Bet 138 

v 1 while preserving the hydrophobic core. Thereby, we created 13 chimeric proteins carrying 139 

epitope-sized, partially overlapping Bet v 1-derived surface patches (Fig. 1, Fig. E1 in the 140 

Online Repository). A detailed protocol can be found in the Online Repository. 141 

Protein expression, purification and characterization 142 

The chimeric proteins, Bet v 1 and its bacterial structural homologues, TTHA0849, SMU440 143 

from Streptococcus mutans, PA1206 from Pseudomonas aeruginosa and SA2116 from 144 

Staphylococcus aureus (Fig. E2 and Table E2 in the Online Repository), were expressed in 145 

Escherichia coli. All proteins were purified by chromatography and characterized by SDS-146 
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PAGE, mass spectrometry, circular dichroism spectroscopy and dynamic light scattering. The 147 

full protocol is available in the Online Repository. 148 

Quantitative immunoglobulin ELISA 149 

sIgE, sIgG1 and sIgG4 from patients’ or non-atopic donors’ sera were measured using a 150 

quantitative ELISA. Microtiter plates were coated with antigens and probed with sera diluted 151 

1:10-1:300 or dilution buffer as a control. Binding of specific antibodies was detected by 152 

isotype-specific enzyme-labeled secondary antibodies followed by incubation with 153 

chromogenic or fluorogenic substrates. Quantification was achieved by coating plates with 154 

Bet v 1 or 4-hydroxy-3-nitrophenyl acetyl (NP)-conjugated bovine serum albumin and 155 

detection with serial twofold dilutions (0.3-10 ng/ml) of isotype-matched recombinant human 156 

mAbs to Bet v 1 or the NP hapten. A detailed protocol and the results of quality control 157 

experiments are available in the Online Repository. 158 

All samples were measured in duplicates. For antibody binding to chimeric proteins, the 159 

absorbance or fluorescence values of TTHA0849 were subtracted in order to exclude the 160 

contribution of antibodies bound by the scaffold. Resulting values surpassing three times the 161 

standard deviation of the buffer controls were considered positive. Concentrations of specific 162 

antibodies were calculated by comparing the background-corrected signals with the standard 163 

curve and multiplying the values with the serum dilution. 164 

For competitive ELISA, sera, diluted 1:100-1:300, were incubated for 2 h with 20 µg/ml or 165 

serial fivefold dilutions of the competitor proteins or dilution buffer as a control and 166 

subsequently added to the antigen-coated plate overnight at 4°C. Detection by secondary 167 

antibodies was performed as described above.  Percent inhibition was calculated, after 168 

background subtraction, as follows: %inhibition = 100 * (1 – [fluorescence of the inhibited 169 

sample]/[fluorescence of the reference sample]). For inhibitions with Bet v 1 and the bacterial 170 
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proteins, the non-inhibited serum was used as a reference, while for inhibitions with chimeric 171 

proteins, the samples inhibited with the scaffold, TTHA0848, were used. 172 

Statistical analyses 173 

Two-way ANOVA was used to evaluate differences in the numbers of recognized chimeras 174 

between isotypes and between the allergic and non-allergic group for each isotype.  175 

Correspondence between chimera binding patterns of different isotypes compared to the 176 

extent of correspondence expected by chance was quantified using Cohen’s Kappa. P-values 177 

< 0.05 were considered significant. All statistical analyses were conducted using Prism 5 178 

(GraphPad Software) or SPSS Statistics 24 (IBM).  179 
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RESULTS 180 

Expression of Bet v 1-TTHA0849 chimeras yielded soluble, correctly folded proteins 181 

To characterize the repertoire of conformational epitopes of Bet v 1, we created 14 chimeric 182 

proteins (TB1-TB14), each displaying a distinct Bet v 1-derived contiguous patch on the 183 

surface of the bacterial Bet v 1-homologue TTHA0849 (Fig. 1A). Stabilizing mutations were 184 

introduced into TB3, TB7, TB11 and TB12 to improve expression yields (Fig. 1B). One 185 

chimeric protein (TB12) still remained insoluble. Nevertheless, the grafted patches of the 186 

successfully produced 13 chimeras covered the complete solvent-exposed surface of Bet v 1 187 

with overlaps between neighboring patches (Fig. 1B, Fig. E1 in the Online Repository). All 188 

chimeric proteins adopted secondary structures similar to the scaffold TTHA0849 and Bet v 1 189 

(Fig. E3 in the Online Repository) and were monomeric in solution with proportions of 190 

oligomeric or aggregated molecules < 5%, as determined by dynamic light scattering (data not 191 

shown). 192 

To test whether the chimeric proteins were suitable for mapping conformational epitopes, we 193 

performed an ELISA with the anti-Bet v 1-mAb BV16, whose known epitope is nearly 194 

identical with the Bet v 1-derived patch transferred to TB1. As expected, BV16 bound to Bet 195 

v 1 and TB1, but not to the other chimeras or the scaffold protein, TTHA0849  (Fig. E4A in 196 

the Online Repository). 197 

sIgE from most Bet v 1-sensitized patients binds to multiple conformational epitopes 198 

We analyzed binding of Bet v 1-sIgE, sIgG1 and sIgG4 from 30 Bet v 1-sensitized birch-199 

pollen-allergic patients (B1-B30; Table E1 in the Online Repository) and 11 non-allergic 200 

donors (N1-N11) to the chimeric proteins in a quantitative ELISA (Fig. 2). 201 

Sera from 27 of 30 (90%) birch-allergic patients contained IgE binding to 1-12 chimeric 202 

proteins (median of all sera: 4.0), and 24 (80%) bound to at least 2 chimeras (Fig. 2A; Table 203 
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E3 in the Online Repository). Chimera binding profiles were distinct for each patient. The 204 

non-allergic donor group (N1-N11) showed no IgE reactivity for Bet v 1 or any of the 205 

chimeric proteins. 206 

Three chimeric proteins displaying partially overlapping patches were bound by IgE from the 207 

majority of sera (Fig. 1C): TB2, TB7 and TB8 were recognized by 17 (57%), 16 (53%) and 208 

16 sera, respectively. The p-loop epitope, represented by TB1 (Fig. 1A),10 bound IgE from 209 

12/30 (40%) sera. One chimeric protein (TB9) was not recognized by any of the sera. 210 

To confirm that IgE binding to chimeric proteins was mediated by Bet v 1-sIgE, we 211 

performed an inhibition ELISA using 8 sera with varying binding patterns in the direct ELISA 212 

(Fig. 3A). Twelve of 13 chimeras were able to inhibit IgE binding to Bet v 1. TB8, which 213 

bound IgE from 16/30 sera in the direct ELISA (including 2/8 sera used in the inhibition 214 

assay), failed to inhibit IgE binding to Bet v 1. However, IgE binding to TB8 was inhibited by 215 

Bet v 1 by 80% (data not shown). The chimeras with the highest inhibitory capacities were 216 

TB1 and TB2, which inhibited IgE binding to Bet v 1 with all sera by 8-30% (mean: 19%), 217 

and 18-56% (mean: 33%), respectively. The other chimeric proteins caused partial IgE 218 

inhibition < 25% with 2-6 sera. In a concentration-dependent assay with TB1, TB2 and a 219 

mixture of these chimeras (Fig. 3B), we observed partial inhibition of IgE binding to Bet v 1 220 

only at very high concentrations of chimeric proteins, pointing to a low affinity of the 221 

chimeras for Bet v 1-specific IgE. Due to the low amount and affinity of sIgE to the chimeric 222 

proteins, we were not able to perform the assay in the reverse format, i.e. inhibition of IgE 223 

binding to the chimeric proteins by Bet v 1. 224 

The epitope binding patterns of Bet v 1-sIgG1 and sIgG4 are distinct from that of IgE 225 

Sera from all tested birch pollen-allergic patients contained Bet v 1-sIgG1 (range: 15-6852 226 

ng/ml; median: 244 ng/ml) and sIgG4 (range: 2-789 ng/ml; median: 71 ng/ml), albeit with 227 

distinct epitope specificities (Fig. 2B, C). 228 
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IgG1 from 29/30 sera recognized 1-7 chimeric proteins (median 2.0; Figs. 2B, 4A). TB1, 229 

bound by 28 sera, overlapped with the only immunodominant epitope. TB14 was not bound 230 

by IgG1 from any of the sera. Four of eleven sera from non-allergic donors had sIgG1 to Bet 231 

v 1 and TB1. 232 

sIgG4 to Bet v 1 and chimeric proteins was detected only in sera from birch pollen-allergic, 233 

but not from non-allergic donors (Fig. 2C). Sera from 27/30 patients bound to 1-11 chimeras 234 

(median: 4.0; Fig. 4A). The protein most frequently recognized (19/30) was TB5. Three 235 

additional chimeras (TB1, TB3 and TB6) were recognized by 16 sera. The protein with the 236 

lowest IgG4-reactivity was TB10, bound by a single serum. 237 

A comparison of the antibody binding frequencies of the chimeric proteins (Fig. 4B) showed 238 

that the chimeras with the highest frequencies of antibody binding were specific to each 239 

isotype: TB2, TB7 and TB8 for IgE, TB1 for IgG1 and TB1, TB3, TB5 and TB6 for IgG4.. 240 

Similar differences were observed when comparing the chimeras with the lowest antibody 241 

binding frequencies: TB9 did not bind IgE, TB14 lacked IgG1 binding, whereas TB10 bound 242 

IgG4 only from a single serum.  An overall comparison of chimera binding patterns of all 243 

pairs of isotypes (Fig. 4C, Table E4 in the Online Repository) showed that, apart from similar 244 

binding patterns of IgG1 and IgG4 in some patients, the extent of correspondence was not 245 

significantly different from a random correspondence given the observed chimera binding 246 

frequencies (as shown by kappa values close to zero). 247 

Bacterial structural Bet v 1 homologues are recognized by antibodies from birch pollen-248 

allergic and non-allergic individuals 249 

The bacterial scaffold protein TTHA0849, used as a negative control in the ELISA, bound 250 

antibodies from some sera despite its low sequence similarity to Bet v 1 (Table E2 in the 251 

Online Repository). This prompted us to test three additional structural Bet v 1 homologues 252 
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from bacterial species that are, unlike Thermus thermophilus, part of the normal human 253 

microbiota (Table E2 in the Online Repository). 254 

About half of the birch-allergic patients had IgE to three of the four tested proteins 255 

(TTHA0849, SA2116 and SMU440), while PA1206 bound IgE from only 2 sera (Fig. 5A, 256 

Fig. E5 in the Online Repository). In total, 19 of 30 sera had sIgE to at least one bacterial 257 

protein. Nevertheless, the amounts of IgE to the bacterial proteins (medians of positive sera 258 

between 4.7 ng/ml for SMU440 and 9.0 ng/ml for TTHA0849) were considerably lower than 259 

the concentration of Bet v 1-sIgE (median 246 ng/ml). Moreover, 2/11 sera from non-allergic 260 

donors had IgE to one bacterial protein each.  261 

We observed patient-specific patterns of IgG1 and IgG4 binding to the bacterial proteins in 262 

sera of allergic and non-allergic donors (Fig. E5 in the Online Repository). Like for IgE, the 263 

amounts of sIgG4 to bacterial proteins were considerably lower than the concentration of Bet 264 

v 1-sIgG4 (Fig. 5A), while the amounts of sIgG1 to bacterial proteins were similar to that of 265 

Bet v 1-sIgG1.  266 

To examine cross-reactivity of Bet v 1-sIgE with its bacterial homologues, we performed an 267 

IgE inhibition ELISA with 7 sera of birch pollen-allergic patients (Fig. 5B). All bacterial 268 

proteins were able to partially inhibit IgE binding to Bet v 1 (median extents of inhibition 269 

between 8% for TTHA0849 and 18% for SA2116). Due to the low amounts of sIgE to the 270 

bacterial proteins, we were not able to perform the assay in the reverse format, i.e. inhibition 271 

of IgE binding to the bacterial proteins by Bet v 1.  272 
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DISCUSSION 273 

In this work, we characterized the epitope binding repertoires of Bet v 1-specific antibodies in 274 

sera of birch pollen-allergic and non-allergic donors. To this end, we used structure-based 275 

grafting of surface areas containing potential conformational epitopes of Bet v 1 to a non-276 

allergenic structural homologue. Thereby, we created a panel of chimeric proteins displaying 277 

overlapping patches covering the complete surface of Bet v 1 (Figs. 1, Fig. E1 in the Online 278 

Repository). We showed that the Bet v 1-sIgE repertoires of birch pollen-allergic patients are 279 

polyclonal and highly individual (Figs. 2 and 3). Moreover, epitopes of IgG1 and IgG4 differ 280 

from IgE binding sites (Figs. 2 and 4). 281 

IgE specific to respiratory allergens mainly binds to conformational epitopes. This has been 282 

shown, among others, for Bet v 16-8 and the major grass pollen allergen Phl p 5.20 These 283 

epitopes cannot be mapped using efficient peptide mapping techniques, such as microarrays 284 

or bead-based multiplex assays. Instead, more sophisticated and indirect methods have to be 285 

employed.21 286 

Structure-based grafting of potential epitopes of allergens to non-allergenic homologues or 287 

vice versa allows for direct localization of areas overlapping with conformational epitopes. 288 

This method was first used for epitope mapping of Ber e 1 from Brazil nut22 and later applied 289 

to the olive pollen allergens Ole e 1 and Ole e 1523, 24 as well as to selected epitopes of Bet v 290 

1.12, 15, 16 In a previous study, we grafted four large non-overlapping Bet v 1-derived surface 291 

patches to its low-allergenic homologue Api g 1 from celeriac.17 In the present work, we 292 

further developed this approach by reducing the size of the grafted patches to being slightly 293 

greater than the typical epitope size,25 generating an increased number of chimeric proteins 294 

with overlapping grafted areas, and using a bacterial Bet v 1-homologue with low sequence 295 

similarity and, consequently, almost absent IgE binding as the acceptor protein (Fig. 1, Fig. 296 

E1 in the Online Repository). By selectively transferring surface-exposed residues, we 297 
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generated folded, soluble proteins and successfully purified 13 of 14 designed chimeras (Fig. 298 

1, Figs. E1 and E3 in the Online Repository). 299 

We identified three partially overlapping surface areas (TB2, TB7 and TB8; Fig. 1C) that 300 

bound IgE from more than 50% of the patients and another six areas that bound IgE from 301 

more than one-third of the sera (Fig. 2A). Hence, most parts of the surface of Bet v 1 are 302 

highly allergenic. Our data corroborate the results of previous epitope mapping studies, each 303 

of them identifying IgE binding sites on a different part of the surface.9-13 Likewise, epitope 304 

mapping of Gly m 4, the Bet v 1 homologue from soybean,26 Phl p 127 and Phl p 520 from 305 

grass pollen and the mite allergen Der f 2128 showed polyclonal IgE binding to large parts of 306 

the allergen surface. Accordingly, clonality of sIgE has been identified as an important 307 

determinant of the extent of mast cell activation29. 308 

The most frequently recognized areas identified here overlap with previously identified 309 

important IgE epitopes (Fig. E5 in the Online Repository). TB1 bound IgE from 40% of birch 310 

pollen-allergic patients (Fig. 2A) and accounted for up to 30% of Bet v 1-sIgE (Fig. 3). Its 311 

surface patch is almost identical with the contact surface of the mAb BV16, which inhibited 312 

40% of IgE binding to Bet v 1 (Fig. E6A in the Online Repository).10 Gieras and coworkers 313 

identified three Bet v 1 peptides as minimal epitopes of a set of strongly IgE-inhibiting murine 314 

mAbs.11 One peptide (49-58) overlaps with the p-loop epitope also recognized by BV16 and 315 

represented by TB1, whereas the peptide 73-88 overlaps with the patch of TB7 (Fig. E6B), 316 

and the peptide 88-103 is part of the patches of TB2, TB8 and TB13 (Fig. E6C). These four 317 

chimeras bound IgE from about half of the sera each (Fig. 2A). 318 

The amounts of IgE binding to the chimeric proteins were considerably lower than Bet v 1-319 

specific IgE (Table E3 in the Online Repository). Moreover, inhibition assays revealed a very 320 

low affinity of patients’ IgE for the chimeric proteins, as very high concentrations of chimeric 321 

proteins were required to partially inhibit IgE binding to Bet v 1 (Fig. 3). Both effects might 322 
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be caused by antibodies that bind only to the edge of the patch with low affinity. An 323 

alternative explanation could be subtle conformational differences between the grafted 324 

patches and the corresponding regions on the surface of Bet v 1. The low affinity of chimera-325 

specific IgE might also explain the incomplete inhibition of IgE binding to immobilized 326 

chimeras by the chimeric protein itself and by Bet v 1 (data not shown). Moreover, the high 327 

serum concentrations required for this assay due to the low chimera-specific signal might 328 

have caused interference by Bet v 1-specific IgG and IgA. In summary, the method of 329 

designing chimeric proteins may still be optimized regarding patch size and criteria for 330 

including surface-exposed residues. 331 

Sera of all Bet v 1-sensitized, birch pollen-allergic patients contained Bet v 1-sIgG1 and 332 

sIgG4 (Fig. 2B, C), albeit with different epitope specificities than sIgE. We did not find a 333 

correlation between epitope binding patterns of different antibody classes (Fig. 4C). The 334 

origin of IgE-expressing B cell has been a matter of debate. Studies that sequenced heavy 335 

chain transcripts from B cells of allergic patients either found no clonal relationship between 336 

IgE and other isotypes30 or concluded that IgE originated mainly from indirect class switch 337 

from IgG1 and to a lesser extent from other switched B cells.31 The non-relatedness of IgE 338 

and IgG repertoires in our sera supports the notion that development of IgE-producing B cells 339 

occurs independently of IgG-producing ones by direct class switch from IgM. However, high 340 

throughput single-cell sequencing of Bet v 1-specific B cells will be required to corroborate 341 

this hypothesis. 342 

We also tested binding of serum antibodies to bacterial structural homologues of Bet v 1, 343 

including three proteins from bacteria that are part of the normal human microbiota but can 344 

also be pathogenic.32-34 Few data, other than their structures, on the Bet v 1 homologues in 345 

those species are available.35 Despite their low sequence identities with Bet v 1, we detected 346 

binding of IgE and IgG4 mainly from birch pollen-allergic patients as well as IgG1 from 347 

Jo
urn

al 
Pre-

pro
of



Schmalz et al 17 

 

allergic and non-allergic donors to all four tested bacterial proteins (Fig. 5A, Fig. E5 in the 348 

Online Repository). While the concentrations of IgE to the bacterial proteins were 10-100 349 

times lower than Bet v 1-sIgE concentrations, the amount of sIgG1 to the bacterial proteins 350 

and Bet v 1 were similar. These data point to a role of bacterial Bet v 1 homologues in the 351 

development of birch pollen allergy. One may speculate that in atopic patients, B cells 352 

specific to Bet v 1-related proteins from common bacteria might undergo additional affinity 353 

maturation and class switch triggered by Bet v 1 and pollen-derived adjuvants, leading to IgE 354 

with high affinity for Bet v 1, but only minimal residual binding to their original bacterial 355 

antigens. A similar mechanism was recently shown in patients with pemphigus vulgaris, 356 

whose autoantibodies had originally been directed to walnut proteins.36 However, supporting 357 

this mechanism will require extensive examination of cross-reactivity between Bet v 1 and 358 

bacterial proteins for different isotypes as well as single-cell sequencing of B cells specific to 359 

Bet v 1 and bacterial proteins in order to establish their clonal relationship. 360 

In summary, we showed that epitope grafting is an approach suitable for delineating the 361 

repertoire of conformational epitopes bound by allergen-specific IgE and other isotypes. 362 

Chimeric proteins presenting individual epitopes of Bet v 1 will be useful tools for gaining 363 

insights into the mechanism of allergen immunotherapy by high-resolution epitope 364 

monitoring of sIgE and sIgG during birch pollen immunotherapy37. Moreover, analyzing 365 

epitope repertoires of birch pollen-allergic patients with varying extents of pollen-associated 366 

plant food allergy may shed light on factors that cause the variable clinical consequences of 367 

sensitization to Bet v 1.  368 
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 484 

FIGURE LEGENDS 485 

Fig. 1. Chimera design. A Design of chimeric proteins showing TB1 as an example. A 486 

surface-exposed residue of Bet v 1 (here: E45) is selected as the center of the patch (1), the 487 

patch is created by adding adjacent surface-exposed residues up to a surface area of 1000 Å2 488 

(2), and the chimeric protein is created by replacing structurally equivalent residues on the 489 

surface of the scaffold protein, TTHA0849, by those from Bet v 1 (3). B Structure-based 490 

sequence alignment of Bet v 1, the scaffold TTHA0849 and the chimeric proteins. Bet v 1-491 

derived residues introduced into the chimeric proteins are shaded, solubility enhancing 492 

mutations outside the grafted patch are shown in bold, secondary structure elements of Bet v 1 493 

are shown below the alignment (s: strand, h: helix). C Models of the chimeric proteins TB2, 494 

TB7 and TB8 with the grafted patches in dark grey. 495 

Fig. 2. Binding patterns of Bet v 1-specific antibodies to chimeric proteins. Sera from 30 496 

birch pollen-allergic patients (B1 to B30) and 11 non-allergic donors (N1 to N11) were 497 

assayed by a quantitative ELISA for sIgE (A), sIgG1 (B) and sIgG4 (C). Numbers of sera 498 

tested positive are indicated in the row beneath each heatmap, numbers of chimeric proteins 499 

recognized by each serum are summarized in the rightmost columns. 500 

Fig. 3. Inhibition of IgE-binding to Bet v 1 by chimeric proteins. A. Sera from 9 birch 501 

pollen-allergic patients were preincubated with 20 µg/mL Bet v 1, chimeric proteins or 502 

TTHA0849 as a control before measuring unblocked Bet v 1-sIgE by ELISA. B. Titrated 503 

inhibition of IgE binding to Bet v 1 using selected chimeras as inhibitors. In both assays, 504 

inhibition values obtained with TTHA0849 were set to zero. 505 

Fig. 4. Comparison of isotype-specific chimera binding patterns. A. Numbers of chimeric 506 

proteins bound by antibodies from birch pollen-allergic (B) and non-allergic (N) donors’ sera. 507 
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Significant differences determined by 2-way ANOVA are indicated (* = p < 0.05; *** = p < 508 

0.001). B. Antibody binding frequencies of each chimeric protein among birch pollen-allergic 509 

patients. C. Agreement of chimera binding patterns of each pair of isotypes calculated for 510 

each birch pollen-allergic patient’s serum expressed by Cohen’s kappa. A kappa value of 0 511 

corresponds to the chance agreement as expected from the number of positive chimeras for 512 

each isotype. 513 

Fig. 5. Antibody binding to bacterial Bet v 1 homologues. A. Concentrations of individual 514 

immunoglobulin isotypes in sera of 30 allergic patients for Bet v 1 and its bacterial 515 

homologues as determined by ELISA. Only positive values with their median indicated by a 516 

horizontal line and the number of reactive sera specified above the graph are shown. B. 517 

Inhibition of IgE binding to Bet v 1 by its bacterial homologues. Sera from 7 birch pollen-518 

allergic patients were preincubated with Bet v 1 or bacterial proteins before measuring 519 

unbound Bet v 1-sIgE by ELISA. The graph shows inhibition of IgE binding relative to 520 

untreated sera. Horizontal lines indicate median values. 521 
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