
…

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

1 di 20 22/12/2021, 07:24



′

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

2 di 20 22/12/2021, 07:24



Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

3 di 20 22/12/2021, 07:24



Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

4 di 20 22/12/2021, 07:24



–

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

5 di 20 22/12/2021, 07:24



Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

6 di 20 22/12/2021, 07:24



–

–

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

7 di 20 22/12/2021, 07:24



–

’

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

8 di 20 22/12/2021, 07:24



’

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

9 di 20 22/12/2021, 07:24



Ɛ

β

–

β

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

10 di 20 22/12/2021, 07:24



− −

−

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

11 di 20 22/12/2021, 07:24



− −

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

12 di 20 22/12/2021, 07:24



Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

13 di 20 22/12/2021, 07:24



Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

14 di 20 22/12/2021, 07:24



Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

15 di 20 22/12/2021, 07:24



č

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

16 di 20 22/12/2021, 07:24



Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

17 di 20 22/12/2021, 07:24



ε

Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

18 di 20 22/12/2021, 07:24



Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

19 di 20 22/12/2021, 07:24



Isolation of nanobodies with potential to reduce patients' IgE binding t... https://onlinelibrary-wiley-com.bibliosan.clas.cineca.it/doi/10.1111/all...

20 di 20 22/12/2021, 07:24











Table S1. Details of synthetic peptides used for immunization 

  

Position 
aa 

Sequence 
Number 

of aa 

Peptide 1 1-24 M G V F N Y E T E T T S V I P A A R L F K A F I C 25 

Peptide 2 30-59 L F P K V A P Q A I S S V E N I E G N G G P G T I K K I S F C 31 

Peptide 3 50-79 C G P G T I K K I S F P E G F P F K Y V K D R V D E V D H T N 31 

Peptide 4 110-139 D G G S I L K I S N K Y H T K G D H E V K A E Q V K A S K E C 31 

Peptide 5 130-160 C K A E Q V K A S K E M G E T L L R A V E S Y L L A H S D A Y N 32 

Peptide 6 75-104 C V D H T N F K Y N Y S V I E G G P I G D T L E K I S N E I K 31 

 

Position, sequence and length of Bet v 1-derived synthetic peptides 
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METHODS 25 

Allergens, pollen extracts, antibodies, patients’ sera 26 

Recombinant allergens Bet v 1 (birch), Aln g 1 (alder), Cor a 1 (hazel) and Mal d 1 27 

(apple) were obtained from Biomay AG (Vienna, Austria). Bet v 1 fragments 1 and 2 28 

were kindly providedE1. Bet v 1-derived peptides 1-6 were freshly synthesized for the 29 

camel´s immunization as previously described (Table S1)E2. Birch, alder and hazel 30 

pollen were purchased from Allergon (Ängelholm, Sweden). Pollen (3 g) were 31 

suspended in 20 mL 10 mM potassium phosphate buffer (pH 7.0) containing 200µL 32 

protease inhibitor cocktail (EDTA-free, Stock: 1 tablet in 10 mL H2O; Sigma-Aldrich, 33 

St. Louis, MO, USA), stirred for two hours at room temperature and centrifuged for 34 

one hour (20,000 rpm, 4°C). The supernatant was dialyzed against ddH2O for 48 35 

hours at 4°C and lyophilized. The dry extract was dissolved in ddH2O and the total 36 

protein content was determined by MicroBCA (Thermo Fisher Scientific, Waltham, 37 

MA, USA). Mouse anti-HA-tag antibody labeled with HRP was purchased from 38 

Sigma-Aldrich. Donkey anti-His6-tag antibody labeled with HRP was purchased from 39 

Invitrogen (Carlsbad, CA, USA). Mouse anti-human-IgE labeled with AKP was 40 

purchased from BD Pharmingen (San Diego, CA, USA). Sera were obtained from 41 

patients suffering from birch pollen allergy according to case history, skin prick testing 42 

and IgE serology after informed consent was obtained. Serum and blood samples 43 

were analyzed in an anonymized manner with permission from the Ethics committee 44 

of the Medical University of Vienna (EK641/2014). 45 

  46 
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Camel immunization with the major birch pollen allergen, Bet v 1 and Bet v 1-47 

derived peptides 48 

All animal work was undertaken in strict accordance with recommendations of the 49 

National Standard of the Russian Federation GOST R 53434–2009. The camel 50 

immunization was carried out at the Scientific-Experimental Base "Chernogolovka" of 51 

the Severtsov Institute of Problems of Ecology and Evolution at the Russian 52 

Academy of Sciences (Chernogolovka, Russia) using a camel kept at the Center for 53 

Collective use “Live Collection of Wild Mammals”. The work was approved on 54 

11.02.18 (registration number 17) by the Commission on Bioethics formed on May 3, 55 

2017 in the Severtsov Institute of Problems of Ecology and Evolution. 56 

A young 1.5-year-old male camel (Camelus bactrianus) was immunized for the first 57 

time in its life. Before starting the immunization process, we verified that no Bet v 1-58 

specific antibodies were available in the camel´s pre-immune serum. The 59 

immunization was carried out by 5-stage subcutaneous injections (each time the 60 

injection was carried out at 4-5 sites relatively accessible for piercing and located at 61 

the upper part of the sides of the body or in the neck region). The second injection 62 

was carried out 3 weeks after the first, and the next 3 injections 8-14 days after the 63 

previous one. Complete Freund's adjuvant (Difco Laboratories, Detroit, MI, USA) for 64 

the first stage and incomplete Freund's adjuvant (Difco Laboratories) for the 65 

subsequent stages were used as adjuvants for the immunization. The adjuvants were 66 

mixed in equal proportions with the antigen solution right before immunization 67 

(typically, it was a mix of 4 and 4 mL).  68 

To aim for a nanobody repertoire that besides being highly diverse and specific for a 69 

broad epitope spectrum also targets already identified important IgE epitopes of Bet v 70 

1, we used both the full-length Bet v 1 protein and Bet v 1-derived peptides (25-32 aa 71 

long) corresponding to the surface-exposed areas of this protein (Table S1)E2. Earlier 72 
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immunization of rabbits and mice with the selected peptides led to the successful 73 

generation of peptide-specific antibodies that inhibit patients´ IgE binding to Bet v 1 74 

by competing for these IgE epitopesE2,E3.  75 

For immunization, peptides and full-size protein conjugated to a carrier protein were 76 

used in the following order: conjugates with Keyhole Limpet Hemocyanin (KLH, My 77 

Bio Sourc Inc., San Diego, CA, USA ) for the first three stages of immunization, and 78 

conjugates with Bovine Serum Albumin (BSA, Amresco, Solon, OH, USA) for the two 79 

final stages. For the first four steps, 500 µg of each peptide and the full-length protein 80 

conjugated with an equal weight of the carrier protein were taken for injection. For the 81 

last step, 200 µg of conjugates and 500 µg of full-length unconjugated Bet v 1 protein 82 

were taken. We used different carrier proteins in order to focus the spectrum of 83 

induced antibodies on Bet v 1 epitopes, and not on epitopes of the given carrier 84 

protein. Peptides were conjugated to the carrier protein in individual reactions using 85 

the glutaraldehyde cross-linking procedure as describedE4. Full-size recombinant Bet 86 

v 1 protein was conjugated to the carrier protein using disuccinimidyl suberate (DSS) 87 

crosslinker according to the protocol of the manufacturing company (Thermo Fisher 88 

Scientific). 89 

The final blood sample (150 mL) was taken 6 days after the fifth injection to analyze 90 

the Bet v 1-specific IgG titer and to gain peripheral blood mononuclear cells (PBMCs) 91 

for the construction of a cDNA-VHH-library. To prevent clotting of the blood, an equal 92 

volume of phosphate buffered saline (PBS) containing heparin (100 U/mL) and EDTA 93 

(3 mM) was added to the blood. 94 

Monitoring of the anti-Bet v 1 IgG titer available in the blood of the immunized camel 95 

was carried out using ELISA plates (MaxiSorp, Nunc, Roskilde, Denmark) 96 

immobilized with recombinant Bet v 1 (2µg/ml in 1x PBS). After several washing 97 

steps (once in 1x PBS, twice in 1x PBS with 0.05% Tween 20 (1x PBST), or 1x 98 
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PBST, and in 1x PBS once again), immune and pre-immune sera samples (diluted 99 

from 1:100 to 1:12800 in 1x PBS) were added for 2 hours incubation on a rotating 100 

platform at room temperature. After several washing steps, secondary anti-camel IgG 101 

polyclonal affinity-purified rabbit antibodies conjugated to HRP (previously obtained 102 

by Tillib et al., unpublished) were added in concentration of 1 μg/ml. After 1 hour 103 

incubation and the final thorough washing step, the activity of the bound peroxidase 104 

was detected using ABTS (Sigma-Aldrich) as a chromogenic substrate. The optical 105 

density was measured at a wavelength of 405 nm using a microplate fluorometer. 106 

Results of the ELISA experiments are expressed as means of duplicate 107 

determinations with a deviation of less than 5%. 108 

 109 

Construction of a cDNA-VHH library and selection of anti-Bet v 1 nanobody-110 

coding sequences by phage display 111 

The cloning of cDNA-sequences encoding the entire set of variable domains (VHHs) 112 

of specific heavy chain-only antibodies from PBMCs of immunized camel (RNA 113 

isolation, cDNA synthesis, two-stage PCR with specific primers, insert restriction and 114 

purification, and insertion into a phagemid vector) was performed as previously 115 

describedE5–E9. This procedure resulted in a new specific nucleotide sequence library 116 

of nanobody-coding sequences in the pHEN4 phagemid vectorE10. This library 117 

consisted of two sub-libraries that were different in the restriction sites used for 118 

insertion into the phagemid vector of sequences coding for antigen recognition 119 

domains, (i) NcoI + NotI and (ii) PstI + NotI. E. coli cells (strain TG1) were 120 

transformed by electroporation with recombinant plasmid DNA obtained by ligation of 121 

the two insert sub-libraries and two corresponding vector sequences. Standard 122 

cloning, bacterial and bacteriophage M13 procedures were performed following the 123 
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techniques describedE11,E12. The generated VHH-library satisfied the criteria of 1x 107 124 

clones and about 85% of inserts of the expected size.  125 

The selection of nanobody-coding sequences by phage display, production of 126 

nanobodies in the bacterial periplasm, and the analysis of the nanobodies’ ability to 127 

recognize a given antigen were performed using the previously described 128 

techniquesE6–E8. Briefly, recombinant Bet v 1 (10 µg in 100 µL of 1x PBS) was 129 

immobilized on ELISA plates (MaxiSorp) overnight at 4ºC. Casein blocking buffer 130 

(Sigma-Aldrich) and 1% BSA (Sigma-Aldrich) in 1x PBS were used as alternating 131 

blocking agents. On average, approximately 1011 phage particles in 100 µL from the 132 

original library were introduced into a well with the immobilized Bet v 1. After 133 

incubation and multiple washing steps (in 1x PBS and in 1x PBST), bound phages 134 

were eluted in 1.4% triethylamine and neutralized adding equal volume of 1 M Tris-135 

HCl, pH 7.2. The eluted phages were used to infect growing bacterial E. coli K12/TG1 136 

cells with a purpose to amplify the eluted phages for the next round of selection. 137 

M13KO7 bacteriophage (New England Biolabs, Ipswich, MA, USA) was used as a 138 

helper phage. The phage display selection procedure was performed with alternating 139 

blocking proteins for 3 cycles. After the final round of selection eluted phages were 140 

used to infect E. coli K12/WK6 cells and after 30 minutes of incubation infected cells 141 

were plated on LB agar (with 100 µg/ml ampicillin and 1% glucose) in Petri dishes. 142 

Forty-eight clones of nanobody-coding sequences were analyzed in terms of DNA 143 

primary structures (fingerprint-like analysis as describedE6) or/and by custom DNA 144 

sequencing (Center of Collective Use «Genome», Engelhard Institute of Molecular 145 

Biology, Russian Academy of Science, Moscow, Russia). The binding of the 146 

corresponding nanobodies obtained from the bacterial periplasm to Bet v 1 was 147 

confirmed by ELISA. Three major groups (variants) of cloned and selected 148 

nanobody-coding sequences were identified representing 52% (including clone 24), 149 
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35% (including clone 32) and 4% (including clone 23) of all selected clones 150 

correspondingly. The selected cDNA sequences (clones 23, 24 and 32) encoding the 151 

three selected major nanobody groups/variants were subcloned (by conventional or 152 

PCR cloning) into the pHEN6 expression plasmidE13 together with the pelB leader 153 

sequence (for periplasmic production), camel upper hinge (the longest hinge variant) 154 

and two short tag sequences (HA-tag and (His)6-tag) at the C-terminus coding region 155 

to obtain the formatted nanobodiesE7,8 that are easy to purify (using Ni-NTA-agarose) 156 

and to detect (with antibodies against HA-tag). 157 

 158 

Formatting of anti- Bet v 1 nanobodies (Nb-ILZ) to form trimers  159 

Initially selected cDNA sequences encoding anti- Bet v 1 nanobodies (Nb23, Nb24 160 

and Nb3) were formatted (by conventional or PCR cloning) with an addition to their 161 

C-terminal part of a trimerizing isoleucine zipper domain (ILZ) as describedE7. The 162 

ILZ sequence is responsible for the posttranslational trimerization of the formatted 163 

nanobody (Nb23-ILZ, Nb24-ILZ, Nb32-ILZ)E7. 164 

 165 

Determination of DNA sequences corresponding to nanobodies and their 166 

derivatives (Nb-ILZ) 167 

DNAs were prepared (NucleoBond Xtra Maxi plus, Macherey-Nagel, Düren, 168 

Germany) and sequences were confirmed by custom DNA sequencing (Eurofins 169 

Genomics, Ebersberg, Germany). DNA sequences were translated (ExPASy, Swiss 170 

Institute of Bioinformatics, Geneva, Switzerland) and amino acid sequences were 171 

aligned with the multiple sequence alignment tool ClustalW (European Bioinformatics 172 

Institute, Cambridge, UK). 173 
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Expression and purification of nanobodies as monomers or trimers 174 

Phagemid vector pHEN6 containing the DNA of nanobodies specific for Bet v 1 were 175 

transformed into E. coli XL1-Blue competent cells (Agilent Technologies, Santa 176 

Clara, CA, USA) and plated on LB-plates containing 100 µg/mL ampicillin and 1% 177 

glucose. Single colonies were picked and incubated in 4 mL 2x YT medium 178 

containing 100 µg/mL ampicillin and 1% glucose overnight at 37°C. Cultures were 179 

transferred into 200 mL fresh 2xYT-medium (supplemented with 80µg/mL ampicillin 180 

and 0.1% glucose) each, and after an OD600 of 0.5 – 0.7 was reached, the 181 

temperature was reduced to 30°C and expression was induced by adding 0.2 mM 182 

IPTG. After incubation at 30°C overnight, cultures were centrifuged (3,500 rpm, 4°C, 183 

15 min) and nanobodies were extracted from the periplasm by incubation of the pellet 184 

with 4 mL TES buffer (50 mM Tris pH 8.0, 0.5 mM EDTA, 20% saccharose) 185 

containing 10 mM imidazole, 100 µg/mL PMSF and 5 mM β-mercaptoethanol, and 186 

subsequently with 6 mL 10 mM Tris buffer (pH 8.0) containing 1 mM MgCl2 for 30 min 187 

on ice each. The suspension was centrifuged again (14,000 rpm, 4°C, 30 min) and 188 

the supernatant containing nanobodies was purified by affinity chromatography using 189 

HIS-Select® Nickel Affinity Gel (Sigma-Aldrich) according to protocol of Qiagen (The 190 

QIAexpressionist™, fifth edition, 2003). Purified nanobodies were dialyzed against 191 

DPBS (Gibco, Life Technologies, Carlsbad, CA, USA) containing 10 mM imidazole 192 

using 3K Amicon Ultra centrifugal filter tubes (Millipore, Billerica, MA, USA). 193 

Concentrations were determined by absorption at 280 nm (DeNovix DS-11 FX+ 194 

spectrophotometer, Wilmington, DE, USA) and Bradford-based colorimetric protein 195 

assay (Bio-Rad, Hercules, CA, USA). Extinction coefficients, theoretical isoelectric 196 

points and molecular masses for all nanobodies, Nb23, Nb24, Nb32 and Nb23-ILZ, 197 

Nb24-ILZ and Nb32-ILZ, were calculated using the Expasy tool ProtParam. 198 
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A successful purification was checked by SDS-PAGE (14%) under reducing and non-199 

reducing conditions following Coomassie Brilliant Blue staining. Nanobodies were 200 

mixed with 4x sample buffer (62.5 mM Tris/HCl, 2.5% SDS, 8.5% glycerol, 0.025% 201 

bromphenolblue). To achieve reducing conditions 5% (v/v) beta-mercaptoethanol 202 

was added to the 4x sample buffer and samples were boiled at 95°C for 5 min before 203 

loading. Nanobodies were separated and blotted onto nitrocellulose membrane (0.2 204 

µm, Amersham Protran, GE Healthcare). The membrane was blocked with buffer A 205 

(40 mM Na2HPO4, 0.6 mM NaH2PO4, 0.5% BSA, 0.5% Tween 20, 0.05% NaN3) for 206 

30 minutes and incubated with mouse anti-HA-tag (1:5000 in buffer A) or donkey anti 207 

His6-tag antibodies (1:2000 in buffer A) coupled with HRP for two hours at room 208 

temperature. Bound antibodies were traced with HRP-substrate DAB 209 

(Diaminobenzidine, 0.6 mg/mL, Roth, Karlsruhe, Germany) in 50 mM Tris/HCl (pH 210 

7.3). 211 

 212 

Reactivity of nanobodies to Bet v 1 and to cross-reactive allergens Aln g 1, Cor 213 

a 1 and Mal d 1 214 

4 µg/mL of recombinant Bet v 1, Aln g 1, Cor a 1 and Mal d 1 (Biomay) as well as 215 

10µg/mL of birch, alder and hazel pollen extracts were coated onto ELISA plates 216 

(MaxiSorp) at 4°C overnight. Wells were washed three times with 1x PBST and 217 

blocked with 1x PBST containing 1% (w/v) BSA for three hours at room temperature. 218 

Plates were washed three times and purified Nb23, Nb24 and Nb32, diluted in 1x 219 

PBST containing 0.1% (w/v) BSA to a final concentration of 1 µg/mL, were incubated 220 

overnight at 4°C. Bound nanobodies were traced with HRP-labeled mouse anti-HA-221 

tag antibody (1:4000 in PBST/0.1%BSA) and HRP substrate ABTS (1mg/ml, Sigma-222 

Aldrich). ODs were measured at 405 nm and a reference wavelength of 495 nm with 223 
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a TECAN Infinite F50 microplate reader (Männedorf, Switzerland). Results are shown 224 

as means of triplicates and error bars indicate standard deviation (SD). 225 

 226 

Reactivity of nanobodies to blotted pollen extracts 227 

200 µL pollen extract (birch, alder and hazel) mixed with 4x sample buffer were 228 

loaded on 14% acrylamide gels and separated under reducing conditions. Separated 229 

proteins were blotted onto a nitrocellulose membrane which was subsequently cut 230 

into 0.5 cm wide stripes. Stripes were blocked with buffer A for 30 min and incubated 231 

with Nb23 (5µg/mL), Nb24 (5µg/mL), Nb32 (5µg/mL), unrelated Nb (negative control, 232 

5µg/mL), Bet v 1-specific rabbit serum (1:5000) or unrelated rabbit serum (negative 233 

control, 1:5000) (diluted in buffer A) for two hours at room temperature. Stripes were 234 

washed again with buffer A and bound nanobodies and antibodies were detected by 235 

incubating with HRP-labeled mouse anti-HA-tag (1:5000 in buffer A) or donkey anti-236 

rabbit (1:2000 in buffer A) antibodies, respectively, for two hours at room 237 

temperature. The stripes were washed once more and bound detection antibodies 238 

were visualized with HRP-substrate DAB (0.6 mg/mL, Roth, Karlsruhe, Germany) in 239 

50 mM Tris/HCl (pH 7.3). 240 

 241 

Identification of the binding sites of Bet v 1-specific nanobodies 242 

For epitope mapping, ELISA plates were coated with 4 µg/mL Bet v 1, Bet v 1 243 

fragment 1 (aa 1-74) and 2 (aa 75-160)E1 or 5µg/mL Bet v 1 peptides 1-6 244 

encompassing the entire Bet v 1 sequenceE2 and saturated as described. Purified 245 

nanobodies diluted 1:10 in PBS/0.1% BSA were incubated overnight at 4°C and 246 
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detected as detailed before. Results are shown as means of triplicates and error bars 247 

indicate standard deviation (SD). 248 

 249 

Affinity studies of nanobodies by plasmon surface resonance 250 

Affinity studies by plasmon surface resonance were performed on a Biacore 3000 251 

(Cytiva, formerly GE Healthcare, Sweden) at 25°C. The surface of a sensor chip CM5 252 

was activated by injecting a 1:1 mixture of 1-ethyl-3-(3-253 

dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) for 7 254 

minutes at a flow rate of 5 µL/min. Bet v 1, diluted 10 µg/mL in 10 mM acetate buffer 255 

pH 4.5 according to pH scout, was immobilized. The surface was deactivated with 35 256 

µL 1M ethanolamine at a flow rate of 5 µL/min. The reference flow cell was activated 257 

and deactivated as described above. 258 

Multicycle kinetics were repeatedly conducted to determine kinetic rate constants for 259 

Nb23, Nb24 and Nb32. Nanobodies diluted in HBS-EP (0.01 M HEPES, 0.15 M 260 

NaCl, 3 mM EDTA, 0.005% vol/vol surfactant P20 (pH 7.4)) were injected in two-fold 261 

increasing concentrations (0.49 nM – 500 nM; 15.31nM as duplicate) over reference 262 

and Bet v 1 surface for 8 min with a flow rate of 30 µL/min. Dissociation was 263 

investigated for 30 min in buffer flow. Regeneration of the chip surface was 264 

established by injecting 10 mM glycine-HCl (pH 1.5) three times for 30 seconds at 30 265 

µL/min followed by injecting HBS-EP for 60 min to guarantee a stable baseline for the 266 

next cycle. Dissociation constants (KD) and rate constants (on-rate: ka, off-rate: kd) 267 

were calculated with BIAevaluation software 3.2 (GE Healthcare) using a 1:1 268 

(Langmuir) binding model. 269 

 270 
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Inhibition of allergic patients´ IgE binding to ELISA plate bound Bet v 1, Aln g 1 271 

and Cor a 1 by nanobodies 272 

ELISA plates were coated with 1 µg/mL Bet v 1 overnight at 4°C. Wells were washed 273 

three times with 1x PBST and saturated with 2% (w/v) BSA in 1x PBST. In a pilot 274 

experiment, all three nanobodies applied individually and in combination 275 

(Nb23+24+32) were used at a predefined concentration of 10 µg/mL first to evaluate 276 

their specific potential to inhibit patients´ IgE binding to Bet v 1. In a separate setting, 277 

Nb32 was applied in 2-fold serial decreasing dilutions ranging from 20 µg/mL to 0.15 278 

µg/mL in 1x PBST containing 0.5% (w/v) BSA (PBST/0.5%BSA) to determine the 279 

optimal concentration of Nb32 for patients´ IgE inhibition. Based on the results of 280 

these pilot experiments, for the following study Nb32 was used in a concentration of 281 

10 µg/mL to ensure excess of nanobodies. 282 

ELISA plates coated with 1 µg/mL Bet v 1, Aln g 1 and Cor a 1, washed and 283 

saturated as described above were incubated with Nb32 overnight at 4°C. After 284 

washing with 1x PBST sera from patients allergic to Bet v 1, diluted 1:10 in 285 

PBST/0.5%BSA, were added overnight at 4°C. Bound Bet v 1-specific IgE was 286 

traced with AKP-coupled mouse anti-human-IgE (BD Pharmingen) diluted 1:1000 in 287 

PBST/0.5%BSA and pNPP (1 mg/mL, Sigma-Aldrich). ODs were measured at 405 288 

nm with a reference wavelength at 550 nm and are shown as means of triplicates. 289 

Percentage inhibition of patients’ IgE binding after pre-incubation with Nb32 290 

compared to buffer was calculated as follows: 100- (OD after pre-incubation with 291 

Nb32 * 100/OD after pre-incubation with buffer). 292 

 293 
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Influence of Nb32 and Nb32 trimer on Bet v 1-induced basophil degranulation 294 

tested by rat basophilic leukemia cell-based mediator-release assay and 295 

human basophil activation test 296 

Rat basophilic leukemia (RBL) cells (RS-ATL8E14) transfected with the human FcεRI 297 

were cultivated in Minimal Essential Medium (Gibco) supplemented with 10% (v/v) 298 

heat-inactivated Fetal Bovine Serum (Gibco), 2 mM L-Glutamine (Gibco), 100 U/mL 299 

Penicillin-Streptomycin (Gibco), 0.2 mg/mL Geneticin (Life Technologies) and 0.2 300 

mg/mL Hygromycin B (Life Technologies). 1.5x105 cells/well were seeded in 301 

transparent, flat-bottomed, sterile 96-well cell culture plates (Costar, Corning 302 

Incorporated, Corning, New York, USA) and incubated with allergic patients’ sera 303 

diluted 1:10 in medium or with medium alone overnight at 37°C. Cells were washed 304 

thrice with Tyrode’s buffer (Tyrode’s salt, Sigma-Aldrich; with added 24 nM NaHCO3) 305 

containing 0.1% BSA and then exposed for one hour at 37°C to different 306 

concentrations of Bet v 1 or Bet v 1 preincubated with Nb32. In detail, Bet v 1 (three-307 

fold serial dilutions) had been preincubated with 20 µg/mL Nb32 diluted in buffer B 308 

(Tyrode’s buffer with 50% D2O and 0.1% BSA) or with buffer B only for two hours at 309 

room temperature in flat-bottomed, transparent 96-well microplates (Greiner, 310 

Kremsmünster, Austria) before being added to the cells. For control purposes, cells 311 

loaded with IgE were incubated with buffer B only and cells not loaded with IgE were 312 

incubated with the highest concentration of Bet v 1 with or without Nb32 (20 µg/mL) 313 

to determine the background release. After one hour, six wells with cells only were 314 

lysed using Triton-X100 with a final concentration of 1% to determine the total β-315 

hexosaminidase content (100%). All cell supernatants were transferred to a fresh 96-316 

well microplate (Greiner) and mixed 1:1 with 0.16 mM 4-Methylumbelliferyl N-acetyl-317 

β-D-galactosaminide (4-MUC, Sigma-Aldrich) in 0.1 M citric acid buffer (pH 4.2). β-318 

hexosaminidase amounts were measured one hour after adding 4-MUC by 319 
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fluorescence (excitation wavelength: 360nm; emission wavelength: 465nm) with a 320 

TECAN infinite M200pro plate reader. To investigate the influence of multivalent 321 

binding partners on basophil activation, we also tested a nanobody trimer (Nb32-ILZ) 322 

and polyclonal Bet v 1-specific rabbit immune serum. Nb32-ILZ in equimolar 323 

concentration to Nb32 and rabbit serum diluted 1:5 were pre-incubated with three-324 

fold serial dilutions of Bet v 1 as described before. For control purposes, rabbit sera 325 

specific for Phl p 1 or Phl p 2 were used. To define background levels cells were 326 

loaded with IgE and incubated with buffer only, and cells not loaded with IgE were 327 

incubated with Bet v 1, Bet v 1 + Nb32, Bet v 1 + Nb32-ILZ or Bet v 1 + rabbit sera. 328 

Release of β-hexosaminidase was determined as detailed above. Allergen-specific 329 

releases are given as percentages of the total mediator contentE15. All results are 330 

shown as means of triplicates and error bars indicate standard deviation (SD). 331 

For basophil activation tests (BATs), Bet v 1 (five-fold serial dilutions, 20 ng/mL – 332 

0.032 ng/mL) was incubated with or without 10-fold excess of Nb32 (200 ng/mL – 333 

0.32 ng/mL) in a HEPES Calcium buffer (HCB, pH 7.4) supplemented with BSA 334 

(1 mg/mL) and IL-3 (2 ng/mL) for two hours at room temperature prior to addition of 335 

heparinized whole blood of birch pollen-allergic individuals. Stimulation with fMLP 336 

(Sigma-Aldrich) and anti-IgE antibody (SeraCare, Milford, MA, USA) served as 337 

positive control for basophil activation and HCB with IL-3 was used as a negative 338 

control. After incubation for 15 min at 37°C the reaction was stopped by addition of 339 

HEPES/EDTA buffer. The cells were then stained with anti-CCR3 (APC), anti-CD123 340 

(PerCP) and anti-CD63 (PE) antibodies (BioLegend, San Diego, CA, USA). After 341 

erythrocyte lysis, the cells were washed and acquired on a FACSCanto II using 342 

FACSDiva Software Version 6.1.3 (BD Biosciences, San Jose, CA, USA). Basophils 343 

were defined as CD123+/CCR3+ cells and activated basophils were distinguished by 344 

CD63+ expression. 345 
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TABLES 393 

Table S1. Details of synthetic peptides used for immunizationE2 394 

  

Position 
aa 

Sequence 
Number 

of aa 

Peptide 1 1-24 M G V F N Y E T E T T S V I P A A R L F K A F I C 25 

Peptide 2 30-59 L F P K V A P Q A I S S V E N I E G N G G P G T I K K I S F C 31 

Peptide 3 50-79 C G P G T I K K I S F P E G F P F K Y V K D R V D E V D H T N 31 

Peptide 4 110-139 D G G S I L K I S N K Y H T K G D H E V K A E Q V K A S K E C 31 

Peptide 5 130-160 C K A E Q V K A S K E M G E T L L R A V E S Y L L A H S D A Y N 32 

Peptide 6 75-104 C V D H T N F K Y N Y S V I E G G P I G D T L E K I S N E I K 31 

 395 

Position, sequence and length of Bet v 1-derived synthetic peptides 396 

 397 

FIGURES 398 

Figure S1. Sequence alignment of Bet v 1-specific nanobodies Nb23, Nb24 and 399 

Nb32. Distinct amino acids are highlighted in grey, cysteines that form interloop 400 

disulfide bridges are colored in orange, hallmark VHH amino acid substitutions 401 

(V37F, G44E/K, L45R, W47G) are marked in blue, complementary determining 402 

regions (CDRs) are boxed in red and tag sequences (HA-tag, 6x His-tag) are 403 

highlighted in yellow. 404 

 405 
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Figure S2. Blotted pollen extracts (birch, left; alder, middle; hazel, right) incubated 406 

with Nb23 (lane 1), Nb24 (lane 2), Nb32 (lane 3) and Bet v 1-specific rabbit serum 407 

(lane 5). An ICAM1-specific nanobody and Phl p 5-specific rabbit serum (lanes 4 and 408 

6, respectively) were used as negative controls. Molecular masses (in kDa) are 409 

indicated on the left margin. 410 

 411 

Figure S3. SPR binding sensorgrams of the interaction between Bet v 1 and Bet v 1–412 

specific nanobodies Nb23, Nb24 and Nb32. Recorded curves (colored) represent 413 

nanobodies (two-fold dilutions ranging from 0.49 nM to 500 nM) binding to and 414 

dissociating from immobilized Bet v 1. Signal intensities (RU) are displayed (y-axes) 415 

versus time (in seconds; x-axes). 416 

 417 

Figure S4. Pilot experiments for inhibition ELISAs. (A) The capacity of Nb23, Nb24, 418 

Nb32 and of their combination (Nb23+24+32) to inhibit patients´ IgE binding (patient 419 

1-3) to ELISA-bound Bet v 1 was determined and compared to IgE binding without 420 

hindrance (buffer). OD values (y-axis) corresponding to the amount of bound IgE are 421 

displayed as means of duplicates. (B) Titration of Nb32 (x-axis: two-fold increasing 422 

concentrations starting from 0.156 µg/mL to 20 µg/mL) to determine the critical 423 

nanobody concentration for prevention of IgE binding exemplified for three patients 424 

(Patient 1, 3 and 5). Shown OD values correspond to bound IgE and are displayed as 425 

means of triplicates ± SDs. 426 
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