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Background: Around 20% of the population in Northern and Central Europe is

affected by birch pollen allergy, with the major birch pollen allergen Bet v 1 as the

main elicitor of allergic reactions. Together with its cross-reactive allergens from

related trees and foods, Bet v 1 causes an impaired quality of life. Hence, new

treatment strategies were elaborated, demonstrating the effectiveness of

blocking IgG antibodies on Bet v 1-induced IgE-mediated reactions. A recent

study provided evidence for the first time that Bet v 1-specific nanobodies reduce

patients´ IgE binding to Bet v 1. In order to increase the potential to outcompete

IgE recognition of Bet v 1 and to foster cross-reactivity and cross-protection, we

developed Bet v 1-specific nanobody trimers and evaluated their capacity to

suppress polyclonal IgE binding to corresponding allergens and allergen-

induced basophil degranulation.

Methods: Nanobody trimers were engineered by adding isoleucine zippers, thus

enabling trimeric formation. Trimers were analyzed for their cross-reactivity,

binding kinetics to Bet v 1, and related allergens, and patients’ IgE inhibition

potential. Finally, their efficacy to prevent basophil degranulation was investigated.

Results: Trimers showed enhanced recognition of cross-reactive allergens and

increased efficiency to reduce IgE-allergen binding compared to nanobody

monomers. Furthermore, trimers displayed slow dissociation rates from allergens

and suppressed allergen-induced mediator release.

Conclusion: We generated high-affine nanobody trimers that target Bet v 1 and

related allergens. Trimers blocked IgE-allergen interaction by competing with IgE

for allergen binding. They inhibited IgE-mediated release of biological mediators,

demonstrating a promising potential to prevent allergic reactions caused by Bet v 1

and relatives.
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Abbreviations: FcεRI = Fc epsilon receptor 1, IgE = immunoglobulin E
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GRAPHICAL ABSTRACT
Introduction

Pollen allergy affects 20-25% of the global population and is

associated with impairment of health and a high economic burden

(1, 2). Birch pollen is an important elicitor of seasonal allergic

symptoms such as rhinoconjunctivitis, mainly appearing in north

temperate zones, including Europe, Asia, and North America (1, 3,

4). Bet v 1, the major birch pollen allergen, is the immunodominant

protein in birch pollen and has been evidenced as a marker allergen

for tree pollen allergy (5–9).

Related tree pollen allergens from alder, hazel, hornbeam, and

oak, all members of the pathogenesis-related-10 (PR-10) family,

have similar three-dimensional structures compared with Bet v 1,

thus matching most of the IgE epitopes (3, 7). Together with Bet v

1-related food allergens, which also comprise similar IgE epitopes

on their surface and often cause birch pollen-related food allergy,
Abbreviations: AIT, allergen-specific immunotherapy; AKP, alkaline

phosphatase; BSA, bovine serum albumin; CA, carbonic anhydrase; CDR,

complementarity determining region; DAB, 3,3′-diaminobenzidin; EDTA,

ethylenediaminetetraacetic acid; FPLC, fast protein liquid chromatography;

FWR, framework region; HRP, horseradish peroxidase; Ig, immunoglobulin;

ILZ, isoleucine zipper; iPTM, interface predicted template modeling; PBS,

phosphate buffered saline; PBST, phosphate-buffered saline + 0.05% Tween 20;

plDDT, predicted local-distance difference test; PR, pathogenesis-related; pTM,

predicted template modeling; RBL, rat basophilic leukemia; SDS-PAGE, sodium

dodecyl sulfate–polyacrylamide gel electrophoresis ; SPR, surface

plasmon resonance.
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Bet v 1 homologs frequently extend health problems beyond birch

pollen season (1, 3, 4, 10).
Based on the strong IgE cross-reactivity of allergens within the

tree order Fagales and Bet v 1-related food allergens, allergen-

specific immunotherapy (AIT) with extracts containing Bet v 1

should theoretically prevent sensitivities to all Bet v 1-like tree and

food allergens with high efficiency (11, 12). However, birch pollen

immunotherapy has not always been successful, especially for

patients suffering from birch pollen-related tree and food allergies

(13–16).
The important question of why AIT with birch pollen extract

failed to induce functional cross-blocking IgG antibodies in all

individuals is still under debate pointing to a Bet v 1-independent

sensitization (16–18). This inconsistent efficacy and the knowledge

that successful AIT is dependent on the boost of allergen-specific

IgG antibodies that compete with patients´ IgE antibodies for

allergen binding, led to the first allergen-specific antibody-based

approaches for allergy treatment (19, 20). Efficient reduction of

allergic symptoms in cat and birch pollen-sensitized patients using

preselected potent monoclonal IgG antibodies as biologics has

already been demonstrated as a rapid and reliable treatment

option for allergy (21–24).
Although the efficacy of monoclonal antibodies to treat allergies

is clearly documented, their complex hetero-tetrameric structure

and the need of proper glycosylation and folding requires

expression in eukaryotic cells. Their time-consuming selection

and large-scale production of clinical-grade quality results in high

costs (25–28). Therefore, conventional antibodies are expensive

therapeutics limiting their use in low- and middle-income

countries. To overcome this challenge, gene-based approaches
frontiersin.org
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and various delivery modes of monoclonal antibodies such as

inhalation or intranasal application have emerged as promising

and advantageous options (27, 29). In parallel, nanobodies have

recently been discovered as potentially appropriate tools for allergy

treatment (30–36). Their unique features such as their capacity to

bind epitopes on their cognate antigens with a strong affinity that

may not be accessible for monoclonal antibodies, their single

domain organization, their easy and inexpensive generation in

prokaryotic cells, render nanobodies valuable agents for food

safety inspections but also for nanobody-mediated interventional

studies (31, 32, 36–38).

Very recently, we have identified high-affinity Bet v 1-specific

nanobodies that cross-react with pollen homologs from alder (Aln g

1) and hazel (Cor a 1) but did not recognize the related food allergen

from apple (Mal d 1) (33). These nanobodies were able to inhibit the

binding of allergic patients’ IgE antibodies to Bet v 1, Aln g 1, and Cor

a 1 by competing for a prominent IgE epitope situated at the C-

terminus of Bet v 1. However, nanobodies only partially suppressed

Bet v 1-induced basophil activation and degranulation using human

basophils and humanized rat basophils (33). In order to broaden the

potential of cross-reaction and cross-protection to Bet v 1 relatives

from tree pollen and pollen-related food, we engineered a multivalent

Bet v 1-specific nanobody construct, based on the fusion of an

isoleucine zipper (ILZ) domain that enables trimerization

immediately after translation. We compared its biological

functionality to our previously selected nanobody monomer, Nb32.
Materials and methods

Allergens, pollen extracts, antibodies,
patients’ sera

Recombinant pollen allergens Bet v 1.0101 (birch), Aln g 1.0101

(alder), Cor a 1.0103 (hazel), Mal d 1.0108 (apple), and Phl p 5.0101

(timothy grass) were obtained from Biomay AG (Vienna, Austria).

Car b 1.0109 (hornbeam), Fag s 1.0101 (beech), Api g 1.0101 (celery),

and Dau c 1.0104 (carrot) were kindly provided by Prof. Barbara

Bohle, Institute of Pathophysiology and Allergy Research (IPA),

Medical University of Vienna (MUV), Cor a 1.0401 (hazelnut), Pru

p 1.0101 (peach) and Gly m 4.0101 (soybean) by Ao. Prof. Christian

Radauer, IPA, MUV and Pru du 1.0101 (almond) and Ara h 8.0101

(peanut) by Assoc. Prof. Merima Bublin, IPA, MUV. Der p 2 (house

dust mite) was provided by Ao. Prof. Susanne Vrtala, IPA, MUV, Cyp

c 1 (common carp) by FH-Prof. Ines Swoboda, IPA, MUV. Birch,

alder, and hazel pollen purchased from Allergon (Ängelholm,

Sweden) were extracted as described (33). Apple extract was

provided by Prof. Barbara Bohle and prepared as described (39).

Monoclonal IgG antibodies, BIP 1 and BIP 3 were kindly provided by

Prof. Barbara Bohle (40). Mouse anti-HA-tag antibody and donkey

anti-rabbit antibody both labeled with HRP were obtained from

Sigma-Aldrich (St. Louis, MO, USA). Anti-human CD23 PE-labelled

antibody (clone REA1222) was purchased from Miltenyi Biotec

(Bergisch Gladbach, Germany). FITC-labelled goat anti-human IgE

antibody was obtained from KPL, Insight Biotechnology Limited

(Wembley Middlesex, UK). Mouse anti-human-IgE antibody labeled
Frontiers in Immunology 03
with AKP was purchased from BD Pharmingen (San Diego, CA,

USA). After informed consent, sera 1-14 were obtained outside

(December) (41), and sera 15-29 were obtained within (April to

June) the birch pollen season from patients suffering from birch

pollen allergy according to case history, IgE serology and the presence

of acute symptoms (sera 15-29). Serum of a non-allergic individual

(serum 31) was taken after informed consent. Demographic, clinical,

and serological data of individuals are displayed in Table 1. Serum

and blood samples were analyzed in an anonymized manner with

permission from the Ethics Committee of the Medical University of

Vienna (sera 1-14: EK1758/2012 (41) and sera 15-31: EK1641/2014).
Camel immunization, construction of a
cDNA-VHH library and selection of Bet v 1-
specific nanobody-coding sequences by
phage display

All animal work was undertaken in strict accordance with

recommendations of the National Standard of the Russian

Federation GOST R 53434–2009. The camel immunization was

carried out at the Scientific-Experimental Base “Chernogolovka” of

the Severtsov Institute of Problems of Ecology and Evolution at the

Russian Academy of Sciences (Chernogolovka, Russia) using a

camel kept at the Center for Collective Use “Live Collection of

Wild Mammals”. The work was approved on 11.02.2018

(registration number 17) by the Commission on Bioethics formed

on 03.05.2017, in the Severtsov Institute of Problems of Ecology and

Evolution. Details about the immunization of the camel, the

construction of cDNA-VHH library, and the selection and

generation of distinct Bet v 1-specific clones have been

described (33).
Bet v 1-specific nanobody trimer
(NbILZ) formatting

An initially selected cDNA sequence encoding the Bet v 1-

specific nanobody (Nb32) was formatted (by conventional cloning)

by adding an isoleucine zipper domain (ILZ), which is responsible

for post-translational trimerization (33, 42, 43). ILZ is a common

motif comprising a characteristic seven-amino-acid repeat

containing isoleucine at the first and fourth position forcing a

parallel three-stranded, alpha-helical coiled coil due to hydrophobic

interactions (43). In detail, an ILZ domain was linked to the C-

terminus of Nb32 between the hinge region (deriving from the

camel IgG2 upper hinge region) and the tag sequences (HA-tag and

6x His-tag) (Figures 1A, B). The Nb32ILZ sequence was then

subcloned into the phagemid vector pHEN6 (44).
Determination of the Nb32ILZ DNA and
protein sequence

Nb32ILZ DNA was prepared (NucleoBond Xtra Maxi plus,

Macherey-Nagel, Düren, Germany), followed by custom DNA
frontiersin.org
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sequencing (Eurofins Genomics, Ebersberg Germany) to confirm the

correct sequence assembly of Nb32, hinge, ILZ, HA- and 6x His-tag.

Nb32ILZ DNA was translated into the protein sequence using the tool

“Translate” from Expasy (https://web.expasy.org/translate/, Swiss

Institute of Bioinformatics, Geneva, Switzerland). The multiple

sequence alignment tool Clustal Omega (https://www.ebi.ac.uk/

jdispatcher/msa/clustalo, European Bioinformatics Institute,

Cambridge, UK) was then used to align the amino acid sequences of

Nb32 and Nb32ILZ. The Nb32ILZ DNA sequence was submitted to

the GenBank database (www.ncbi.nlm.nih.gov/genbank).
Expression and purification of Nb32
monomers and Nb32ILZ trimers

Electrocompetent WK6 cells (ATCC-47078, LGC Standards,

Wessel, Germany) were generated, transformed with the pHEN6

phagemid vector containing either Nb32 or Nb32ILZ genes, streaked

onto 100 µg/ml ampicillin containing LB plates and incubated

overnight at 37°C. Single colonies were picked and pre-cultured

overnight in 4 ml 2x YT medium (supplemented with 1% (w/v)

glucose, 100 µg/ml ampicillin, and 1 mM MgCl2) at 37°C. The
Frontiers in Immunology 04
overnight cultures were transferred into 250 ml fresh 2x YT medium

containing 0.1% (w/v) glucose, 80 µg/ml ampicillin, and 1 mM MgCl2
and incubated at 37°C until an optical density (OD600nm) of 0.5 – 0.7

was reached. Nanobody expression was induced by adding 1 mM

isopropyl b-d-1-thiogalactopyranoside overnight at 30°C. The next

day, cells were collected after centrifugation for 15 minutes at 4°C and

2300 g, and pellets were resuspended and incubated for 30 minutes on

ice in 4 ml TES buffer per 250 ml culture (50 mM Tris pH 8.0, 0.5 mM

EDTA, and 20% (w/v) saccharose) containing 10 mM imidazole, 100

µg/ml phenylmethylsulfonyl fluoride and 5mM beta-mercaptoethanol.

An additional use of a LV1 low-volume microfluidizer homogenizer

(Mikrofluidics, Westwood, MA, USA) ensured sufficient cell

disruption. To finally extract the nanobodies from the bacterial

periplasm, 6 ml second buffer per 250 ml culture (10 mM Tris/HCl

pH 8.0 and 1 mMMgCl2) was added and incubated for 30 minutes on

ice and the suspensions were centrifuged for five minutes at 4°C and

24000 g. Immobilized metal affinity chromatography was conducted to

capture nanobodies using HIS-Select® Nickel Affinity Gel (Merck

Millipore, Burlington, MA, USA) including some modifications to

the protocol of Qiagen (The QIAexpressionist™, fifth edition, 2003).

In detail, the gel was washed with equilibration buffer (50 mM

NaH2PO4, 300 mMNaCl, and 10 mM imidazole), incubated with a 1:1
TABLE 1 Demographic, clinical and serological characterization of birch pollen allergic patients and a non-allergic individual.

Patient Gender Age Symptoms
Bet v 1-specific IgE (kUA/l)

tested with ImmunoCap

1 m 46 R,O 19.9

2 m 26 R,C,D 45.1

3 f 21 R,C 35.8

4 f 26 R,C 46.8

5 f 46 R,C,D 27.5

6 f 22 R,C,D 44.7

10 f 24 R,C 41.1

12 m 25 R,C,D 9.8

13 f 25 R,C,D 35.6

14 m 35 R,C 12.5

15 m 23 R,C >100

19 f 26 R,C,D,O 33.6

20 m 26 R,C,O,A 34.4

22 f 55 R,O 11.5

23 m 20 R,C >100

25 f 21 R,C,D,O 22.5

27 m 26 R,C,A 79.8

28 m 62 C,O 81.0

29 m 40 R,C,A >100*

31 f 51 - - - <0.35
R, allergic rhinitis; C, allergic conjunctivitis; A, asthma bronchiale; D, atopic dermatitis; O, oral allergy syndrome; - - -, no symptoms; kUA/l, kilo units antigen per liter.
*birch-specific IgE (kUA/l) was tested.
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mixture of nanobody containing periplasmic extract and equilibration

buffer for two hours at room temperature (defined at 23°C) and then

poured into the column (Qiagen, Stockach, Germany). After column

washing with wash buffer (50 mM NaH2PO4, 300 mM NaCl, and 20

mM imidazole), elution buffer (50 mM NaH2PO4, 300 mM NaCl, and

250 mM imidazole) was added and fractions were collected. The

purified nanobodies were dialyzed against 1x PBS (0.13 M NaCl,

0.002 M KCl, 0.01 M Na2HPO4 x 2H2O, and 0.017 M KH2PO4)

containing 10 mM imidazole or 1x PBS only (for RBL assays) using 3K

Amicon Ultra centrifugal filter tubes (Merck Millipore). Nanobody

concentrations were measured by absorption at 280 nm (DeNovix DS-

11 FX+ spectrophotometer, Wilmington, DE, USA). Extinction

coefficient, theoretical isoelectric point, and molecular mass for
Frontiers in Immunology 05
Nb32ILZ were calculated using the Expasy tool ProtParam (https://

web.expasy.org/protparam/).

The success of purification was verified by performing an SDS-

PAGE (14%) under reducing and non-reducing conditions followed by

InstantBlue Coomassie Protein Stain (Abcam, Cambridge, UK).

Nanobody fractions were either mixed with 4x sample buffer (62.5

mM Tris/HCl, 2.5% SDS, 8.5% glycerol, and 0.025% bromphenol blue)

(non-reducing conditions) or with 4x sample buffer containing 5%

beta-mercaptoethanol and boiled at 95°C for five minutes (reducing

conditions) before loading onto the gel. A nitrocellulose membrane (0.2

µm, Amersham Protran, GEHealthcare, Chicago, IL, USA) was used to

blot separated nanobodies, which were then blocked with Buffer A (40

mMNa2HPO4, 0.6 mMNaH2PO4, 0.5% bovine serum albumin (BSA),
A

B

C D

E

FIGURE 1

Design and size characteristics of Nb32ILZ. (A) Amino acid sequence and (B) simplified sequence depiction of Nb32ILZ with marked complementarity
determining regions (CDR1-3), isoleucine zipper (ILZ), HA-tag, 6x His-tag for A and B, and labeled framework regions (FWR1-4) for B. (C) Coomassie
brilliant blue-stained SDS-PAGE and western blot of Bet v 1-specific nanobody trimer Nb32ILZ and nanobody monomer Nb32 detected with HRP-
labeled mouse anti-HA-tag antibody under reducing (left) and non-reducing conditions (right). Lane 1: purified Nb32ILZ, 1 µg; lane 2: purified Nb32, 1
µg. Molecular masses (in kDa) are indicated on the left margin. (D) Size exclusion chromatography (SEC) of purified nanobody trimer Nb32ILZ. Proteins
with known molecular weight (BSA: 66 kDa and CA: 30 kDa) were used as markers, arrows indicate their retention volume. Milli absorbance units (mAU;
280 nm) are displayed (y-axis) versus retention volume in ml (x-axis). Displayed data are representatives of three (C) and two (D) independent
experiments. (E) A schematic representation of the Nb32ILZ trimer as predicted by AlphaFold2. Each Nb32 is connected by a hinge region (Glu128-
Glu150, black line), providing flexibility in the orientation of each individual Nb32, to the ILZ domain that is forming a trimer. The ILZ-trimer and each
Nb32 are displayed as ribbon representation. Two orientations of the Nb32ILZ-trimer, rotated by 90°, are shown (side view and view along the trimer
axis). N- and C-termini of one Nb32ILZ are marked with N and C letters.
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0.5% Tween 20, and 0.05% NaN3). HRP-labeled mouse anti-HA-tag

antibody (1:4000 in Buffer A, Sigma-Aldrich) was added and incubated

for two hours at room temperature to detect nanobodies. Blots were

washed with Buffer A, moistened with 50 mM Tris buffer pH 7.5 and

nanobodies were visualized by adding the HRP substrate 3,3′-
diaminobenzidin (DAB) (0.6 mg/ml, Roth, Karlsruhe, Germany).
Size exclusion chromatography to confirm
trimeric formation of Nb32ILZ

To confirm the process of post-translational trimerization and

therefore the trimeric structure of Nb32ILZ, the purified nanobody

trimer was loaded onto a Superdex 200 Increase 10/300 GL column

(GE Healthcare, Chicago, IL, USA) within an ÄKTA FPLC system.

Size exclusion chromatography was performed with 1x PBS

supplemented with 10 mM imidazole as running buffer and with

a constant flow rate of 0.5 ml/min at room temperature. 0.5 mg

Nb32ILZ (diluted in 1x PBS/10 mM imidazole) was applied to the

column. The molecular weight of Nb32ILZ was estimated by

comparing the elution volumes to those of marker proteins with

known molecular weights 0.5 mg BSA (66 kDa) and 0.5 mg CA (30

kDa) loaded in a preliminary experiment on the same column.
Prediction of trimeric formation of ILZ
domain using AlphaFold2

The protein structure prediction was performed using AlphaFold2

(45) integrated into the ColabFold pipeline (46). The sequence of a full-

length Nb32ILZ and the ILZ-region only were submitted as a trimer.

Five predictions were calculated including the relaxation of the

predicted structures using the AMBER force field (47).
Reactivity of Nb32 monomer and Nb32ILZ
trimer to Bet v 1 and cross-
reactive allergens

Recombinant Bet v 1 (birch), Aln g 1 (alder), Car b 1 (hornbeam),

Cor a 1 (hazel), Cor a 1.04 (hazelnut), Fag s 1 (European beech), Pru p

1 (peach), Mal d 1 (apple), Pru du 1 (almond), Ara h 8 (peanut), Gly m

4 (soya), Api g 1 (celery), Dau c 1 (carrot), Phl p 5 (timothy grass)

(Biomay), Der p 2 (house dust mite) (48), Cyp c 1 (common carp) (49),

BSA (Albumin Standard, Thermo Scientific), and bovine IgG (Bovine

Gamma Globulin Standard, Thermo Fisher) (2 µg/ml) as well as birch,

alder and hazel pollen extracts (10 µg/ml) and apple extract (40 µg/ml)

diluted in bicarbonate buffer were immobilized on a 96-well ELISA

plate (Nunc-Immuno™ 96 MicroWell, Sigma-Aldrich) by overnight

incubation at 4°C. Before and after blocking with 1% (w/v) BSA in 1x

PBST (1x PBS + 0.05% (v/v) Tween 20) for three hours at room

temperature, wells were washed three times with 1x PBST. Purified

HA- and His-tagged nanobodies (Nb32 and Nb32ILZ, 2 µg/ml

(Figure 2A) and 1 µg/ml (Figures 2B–E) in 0.1% (w/v) BSA in 1x

PBST) or buffer were added and incubated overnight at 4°C. After
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triple washing with 1x PBST, HRP-labeled mouse anti-HA-tag

antibody (1:4000 in 0.1% (w/v) BSA in 1x PBST, Sigma-Aldrich) was

used to trace the bound nanobodies. The detection antibody was

incubated at 37°C for one hour, followed by 1x PBST washing for

five times. The HRP substrate 2,2’-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) (1 mg/ml, Sigma-Aldrich) was added, and optical

densities (OD) were measured at 405 nm and a reference wavelength

of 495 nm with a TECAN Infinite F50 microplate reader (Tecan group

Ltd., Männedorf, Switzerland).
Reactivity of Nb32 monomer and Nb32ILZ
trimer to blotted pollen extracts

Pollen extracts of birch (total amount of protein: 8 mg/ml),

alder (11 mg/ml), and hazel (8.7 mg/ml) (100 µl) were mixed with

4x sample buffer, loaded on gels (14%), and separated under

reducing conditions. Separated proteins were blotted onto a

nitrocellulose membrane (0.2 µm, Amersham Protran, GE

Healthcare), which was then cut into strips of 0.5 cm width.

Strips were blocked with Buffer A and incubated with Buffer A

diluted Nb32 (1 µg/ml), Nb32ILZ (1.15 µg/ml), unrelated Nb

(ICAM-1 specific, 1 µg/ml) as negative control, Bet v 1-specific

rabbit serum (1:6000) as positive control and unrelated rabbit

serum (1:6000) as second negative control at 4°C overnight. After

washing the strips again with Buffer A, detection antibodies, HRP-

labeled mouse anti-HA-tag antibody (1:4000 in Buffer A, Sigma-

Aldrich) for nanobodies, and HRP-labeled donkey anti-rabbit

antibody (1:2000 in Buffer A, Sigma-Aldrich) for rabbit sera, were

added and incubated for two hours at room temperature. The strips

were washed one last time with Buffer A, followed by the addition of

50 mM Tris buffer pH 7.5 before visualizing the antibodies by

adding the HRP substrate DAB (0.6 mg/ml, Roth).
Surface plasmon resonance studies to
determine dissociation rate constants of
Nb32ILZ trimers

Surface plasmon resonance (SPR) affinity studies were

performed on a Biacore T200 (Cytiva, Uppsala, Sweden) with a

sensor chip CM5 at 25°C. The chip surface was activated by

injection of a 1:1 mixture of 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide and N-hydroxysuccinimide for seven minutes. Bet v

1, Aln g 1, and Cor a 1 diluted in 10 mM acetate buffer pH 4.5

(according to pH scout) were immobilized on different flow cells,

followed by seven minutes of deactivation with 1 M ethanolamine.

The flow rate was 5 µl/min for all steps. Since no binding of

Nb32ILZ to ELISA plate coated BSA and Phl p 5 was observed,

the reference flow cell was activated and deactivated following the

same procedure without immobilization.

To determine dissociation rate constants, multicycle kinetics were

repeatedly implemented. Nb32ILZ trimers or Nb32 monomers diluted

in HBS-EP+ (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA,

0.05% (v/v) surfactant P20) were injected in two-fold increasing
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concentrations (for Nb32ILZ: 0.172 nM – 44 nM; 11 nM as duplicate

and for Nb32: 0.313 nM – 40 nM; 10 nM as duplicate) over reference

and allergen surfaces for eight minutes with a flow rate of 30 µl/min.

Dissociation was measured by subsequently injecting HBS-EP+ buffer

at 30 ml/min for 30 minutes. The chip surface was regenerated by

injecting 40 mM NaOH for 45 seconds at 30 µl/min followed by

injection of HBS-EP+ buffer for 60 minutes to guarantee a stable

baseline for the next cycle. Dissociation rate constants (off-rate: kd) for

Nb32ILZ or Nb32 were calculated with Biacore T200 evaluation

software 3.2.1. (Cytiva) using the bivalent analyte model for

Nb32ILZ and the 1:1 (Langmuir) binding model for Nb32.

Additionally, based on the assumption that each nanobody of the

Nb32ILZ trimer gets in contact with only one Bet v 1/cross-reactive

allergen molecule, we also evaluated the dissociation rate constants of

Nb32ILZ with the 1:1 (Langmuir) binding model to directly compare

and illustrate complex stabilities of Nb32 and Nb32ILZ.
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IgE Inhibition ELISA experiments

Recombinant Bet v 1, Aln g 1, Cor a 1, and Mal d 1 (1 µg/ml) as

well as birch and alder extracts (10 µg/ml) were coated on a 96-well

ELISA plate at 4°C overnight. Wells were washed three times with

1x PBST and blocked with 2% (w/v) BSA in 1x PBST for three hours

at room temperature. Wells were again washed with 1x PBST, and

purified Nb32 and Nb32ILZ were added and incubated overnight at

4°C. Based on our previous results (33) Nb32 and Nb32ILZ were

diluted in 0.5% (w/v) BSA in 1x PBST to reach final concentrations

of 10 µg/ml and 11.5 µg/ml, respectively, to ensure an excess of

nanobodies. After triple washing with 1x PBST, patient sera were

diluted 1:10 in 0.5% (w/v) BSA in 1x PBST and incubated overnight

at 4°C. Wells were washed and the AKP-labeled mouse anti-

human-IgE antibody (1:1000 in 0.5% (w/v) BSA in 1x PBST,

Sigma-Aldrich) was incubated for one hour at 37°C, followed by
A B

C
D

E

FIGURE 2

Cross-reactivity of Nb32ILZ. Reactivity of Nb32ILZ and Nb32 to recombinant Bet v 1, and to (A) related allergens from alder (Aln g 1), hazel (Cor a 1),
apple (Mal d 1), (B) related pollen allergens from hornbeam (Car b 1), European beech (Fag s 1), (C) related food allergens from hazelnut (Cor a 1.04),
peach (Pru p 1), almond (Pru du 1), peanut (Ara h 8), soybean (Gly m 4), celery (Api g 1), carrot (Dau c 1), and (A–C) the unrelated timothy grass
pollen allergen (Phl p 5). (D) Binding of Nb32ILZ and Nb32 to natural Bet v 1 and Bet v 1 homologous allergens (Aln g 1, Cor a 1, and Mal d 1) in birch,
alder, and hazel pollen, and apple extracts. OD values (y-axes) correspond to the amount of nanobody-bound allergens and are shown as means of
technical triplicates ± standard deviation (SD). (E) Reactivity of Nb32ILZ and Nb32 to nitrocellulose-blotted natural Bet v 1, Aln g 1 and Cor a 1 from
birch, alder and hazel pollen extracts. Lane 1 and 2: purified Nb32ILZ, 1 µg/ml, lane 3 and 4: purified Nb32, 1 µg/ml, lane 5 and 6: purified unrelated
Nb (ICAM-1-specific Nb), 1 µg/ml, lane 7 and 8: anti-Bet v 1 rabbit serum, lane 9 and 10: unrelated rabbit serum (anti-Phl p 1). Molecular masses (in
kDa) are indicated on the left margin. Results shown in A are representatives of seven independent experiments, whereas experiment outcomes
depicted in B and C were repeated thrice. Blots displayed in E are representatives of three independent experiments.
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the last 1x PBST washing. The AKP substrate para-

nitrophenylphosphate (1 mg/ml, Sigma-Aldrich) was added, and

ODs were measured at 405 nm and a reference wavelength of 550

nm with a TECAN Infinite F50 microplate reader.
Rat basophilic leukemia cell-based
mediator-release assay

Human FcϵRI transfected rat basophilic leukemia (RBL) cells

(RS-ATL8) (50) were cultivated in Minimal Essential Medium

(Gibco, Fisher Scientific, Waltham, MA, USA) supplemented with

10% (v/v) heat-inactivated fetal bovine serum (Gibco), 2 mM L-

glutamine (Gibco), 100 U/ml penicillin-streptomycin (Gibco), 0.2

mg/ml geneticin (Life Technologies, Carlsbad, CA, USA) and 0.2 mg/

ml hygromycin B (Life Technologies). Cells (1.5x105/well) were

seeded in sterile, transparent, flat-bottomed 96-well cell culture

plates (Costar, Corning Incorporated, Corning, NY, USA) and

sensitized with allergic patient’s sera (1:10 diluted in medium) or

with medium alone overnight at 37°C. After washing cells with

Tyrod’s buffer (Tyrode’s salt (Sigma Aldrich) 24 nM NaHCO3 and

0.1% (w/v) BSA in double distilled water) to remove unbound IgE

antibodies, IgE-loaded cells were incubated with different allergen

concentrations of Bet v 1, Aln g 1, Cor a 1, and Mal d 1 in Buffer B

(Tyrode’s salt, 24 nM NaHCO3 and 0.1% (w/v) BSA in 50%

deuterium oxide) for one hour at 37°C to define the concentration

range that causes ß-hexosaminidase release between background level

and maximal response for each individual serum. To measure

spontaneous release, either IgE-loaded cells were incubated with

Buffer B only, or IgE-non-sensitized cells were incubated with the

allergen only. Total ß-hexosaminidase release (100%) was induced

with 1% (v/v) TritonX100 (Sigma-Aldrich) to lyse non-sensitized

cells (data not shown).

Based on these preliminary experiments, IgE-loaded cells were

exposed to three serial dilutions of allergens that were pre-incubated

with Nb32ILZ, Nb32 or for control purposes with Buffer B only. In

detail, allergens and Nb32ILZ or Nb32 were diluted in Buffer B,

mixed 1:1 to reach final concentrations of 0.2 pM – 125 pM

(allergens) and 0.25 µM – 6.25 µM (Nb32ILZ/Nb32) (to ensure

an excess of nanobodies), and incubated in microplates (Greiner,

Austria) for two hours at room temperature before loading them on

IgE sensitized cells.

To determine the background release, either IgE-loaded cells

were incubated with Buffer B only (representing the baseline) or

IgE- non-sensitized cells were exposed to the individual highest

allergen concentration (as shown in Supplementary Table S4 and

Supplementary Table S5) used for each serum, e.g., Patient 1:

125pM +/- Nb32ILZ. Total b-hexosaminidase release (100%) was

defined as described above. Plates were centrifuged and cell

supernatants were transferred to a fresh 96-well microplate

(Greiner) and mixed 1:1 with 0.16 mM 4-methylumbelliferyl N-

acetyl-b-D-galactosaminide (Sigma-Aldrich) in 0.1 M citric acid

buffer (pH 4.2). After one hour of incubation, glycine buffer (pH

10.7) was added to stop the reaction, and b-hexosaminidase release

was measured by fluorescence (excitation wavelength: 360nm;

emission wavelength: 465 nm) with a TECAN infinite M200 pro
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plate reader. Allergen-specific releases are given as percentages of

the total mediator content (51). All results are shown as means of

technical triplicates and error bars indicate standard deviation (SD).
IgE-facilitated allergen binding assay

Human Epstein Barr virus transformed B-cell line (EBV B cells)

expressing CD23 (52, 53) were cultured in RPMI 1640 Medium,

GlutaMAX™ Supplement, further supplemented with 10% fetal

bovine serum (ThermoFisher Scientific), 1% penicillin-

streptomycin (ThermoFisher Scientific) at 37°C and 5% CO2. Cell

count for experiments was performed using a Sysmex XN-350 cell

analyzer. CD23 expression on the surface of EBV B cells was

confirmed by flow cytometry (BD LSRFortessa) using an anti-

human CD23 PE-labelled antibody (clone REA1222, Miltenyi

Biotec) in each experiment. For our initial experiment we

identified two sera containing high Bet v 1-specific IgE titer (>100

kUA/l, Patient 15 and 23, Table 1) to investigate the Bet v 1

concentration required to achieve optimal binding to B cells. In

detail, sera (20 µl) were incubated with Bet v 1 (final concentrations

ranging from 1 ng/ml – 1 µg/ml; 5 µl) at 37°C for 1 h to form

allergen-IgE complexes. EBV-transformed B cells (1x105/vial, 15 µl)

were then added to the Bet v 1-IgE mixture and incubated for one

hour on ice. Cells were washed and bound complexes were detected

using a polyclonal FITC-labelled goat anti-human IgE antibody

(KPL, Insight Biotechnology Limited) by flow cytometry (BD

LSRFortessa). In parallel, serum of a non-allergic individual with

IgE concentration <0.35 kUA/l (Patient 31, Table 1) was challenged

with the same Bet v 1 concentrations. Furthermore, as negative

control, all three sera were incubated with RPMI 1640 only to depict

IgE binding not complexed with allergen. Data analysis was

performed using the FlowJo_v10.7.1 software (data not shown).

Based on the results of the initial experiment, Bet v 1 (final

concentrations: 50 ng/ml and 100 ng/ml; 5 µl) was pre-incubated

for two hours at room temperature with either an excess (330 and

370 times, respectively; 10 µl) of Nb32 and Nb32ILZ, or with an

excess (330 times; 10 µl) of BIP 1, a Bet v 1-specific mouse IgG

antibody (40) or polyclonal Bet v 1-specific rabbit serum (diluted

1:1200 in RPMI 1640, 10µl) before incubation with patient´s serum

(20 µl). For control purposes, Bet v 1 was pre-incubated with an

unrelated nanobody (excess: 370 times, 10 µl), BIP 3, an unrelated

mouse monoclonal IgG antibody (excess: 330 times, 10 µl) (40) or

unrelated rabbit serum (diluted 1:1200 in RPMI 1640, 10 µl). Bet v

1-IgE complexes were added to EBV-transformed B cells (1 x 105/

vial, 15 µl) and processed as described above.
Statistical analysis

Differences in the IgE binding to Bet v 1, Aln g 1, Cor a 1, Mal d

1, and tested extracts pre-incubated with buffer, Nb32, or Nb32ILZ

(ELISA experiments) were analyzed using Friedman test after non-

normal distribution of the data was established by D’Agostino &

Pearson normality test. Results with a p-value <0.05 were

considered significant (* p <0.05, ** p <0.01, **** p <0.0001).
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Medians +/- interquartile ranges are indicated. Statistical analyses

were performed with GraphPad Prism Version 10.2 (GraphPad

Software Inc., San Diego, CA, USA).
Results

An isoleucine zipper domain enables post-
translational trimerization of Nb32ILZ

To increase the avidity and possibly the activity of the

previously isolated nanobody Nb32 (33), a trimer of Nb32 was

generated by the fusion of an ILZ domain to the Nb32 C-terminus,

termed Nb32ILZ trimer or Nb32ILZ, respectively. The DNA

sequence of Nb32ILZ was recorded in the GenBank database

under accession number OQ571471. The amino acid sequence

and a simplified sequence depiction of Nb32ILZ are shown in

Figures 1A, B.

On average 300 µg/ml of the Nb32ILZ were purified from half a

liter of WK6 culture using Ni-NTA chromatography. A molecular

mass of 23.4 kDa and a theoretical isoelectric point of 8.78 was

calculated for Nb32ILZ. Coomassie-stained sodium dodecyl

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and

Western blot, both under reducing and non-reducing conditions

showed purified Nb32ILZ of a size of approximately 23 kDa

corresponding to the estimated molecular mass due to the C-

terminally added ILZ (Figure 1C). Nb32 migrated around 20 kDa

as previously demonstrated (33). Figure 1D reveals the successful

post-translational trimerization of Nb32ILZ yielding a maximum

peak level at a retention volume of 16 ml corresponding to a protein

size of around 70 kDa. Bovine serum albumin (BSA, 66 kDa) and

carbonic anhydrase (CA, 30 kDa), used as protein standards, were

eluted at 16.3 ml and at 18 ml, respectively. Support for successful

trimerization of Nb32 via ILZ comes from structure predictions by

Alphafold2 (Figure 1E). Both approaches, full-length Nb32ILZ and

ILZ domain alone predicted a trimerization of the ILZ domains. For

five predictions of the ILZ domain alone scores of pLDDT = 88.9 -

90.5, pTM = 0.821 - 0.836, and ipTM = 0.808 - 0.824 were obtained.

The best-ranked model yielded pLDDT = 90.1, pTM = 0.836 and

ipTM = 0.824. Nb32ILZ trimer prediction gave five different models

exhibiting the same trimerization of ILZ domains but divergent

predictions of the three long hinge regions including the adjacent

Nb32. However, the trimerization of the Nb32 is forced by

AlphaFold2 and is less likely to occur, supported by the low

overall pTM/ipTM scores obtained for these calculations.

Altogether, we propose that the Nb32ILZ trimer is held together

by the trimerization of the ILZ domains that is connected with the

long flexible and unstructured hinge region (amino acids Glu128-

Glu150) to Nb32 that can freely move in solution (Figure 1E).
Nb32ILZ (cross-) reacts with Bet v 1 and
Bet v 1-related allergens

The Nb32ILZ trimer´s ability to recognize Bet v 1 and a panel of

Bet v 1 homologous recombinant and natural allergens was
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evaluated in comparison to the Nb32 monomer (33) by ELISA

(Figures 2A–D). Whereas Bet v 1, Aln g 1, Cor a 1, and Car b 1 were

equally bound by Nb32 and Nb32ILZ, cross-reactive allergens with

a lower degree of sequence identity but similar three-dimensional

structure barely reacted with Nb32 but did react with Nb32ILZ

(Figures 2A–C). Based on our recent finding that Nb32 binds to the

Bet v 1-derived C-terminal peptide 5 (33, 54), we compared the

sequence of peptide 5 with corresponding sequences of all tested

cross-reactive allergens (Supplementary Table S1). This revealed

sequence identities of 71% (Aln g 1) and 68% (Cor a 1 and Car b 1)

for cross-reactive allergens that are recognized by both nanobody

variants and sequence identities of 55% (Cor 1.04 and Mal d 1) or

lower (Pru p 1, Pru du 1, Fag s 1, Ara h 8, Gly m 4, Api g 1 and Dau c

1) for cross-reactive allergens that are only bound by Nb32ILZ

(Supplementary Table S1; Figures 2A–C). Neither Nb32 nor

Nb32ILZ bound the major grass pollen allergen Phl p 5

confirming their specificities (Figures 2A–C). Incubation of

allergens with detection antibodies only gave no signal

(Figures 2A–C; buffer). Furthermore, Nb32ILZ did not bind to

antigens unrelated to pollen including major allergens from house

dust mites (Der p 2) and from fish (Cyp c 1), bovine serum albumin

(BSA) and bovine IgG proving its specificity (Supplementary

Figure S1).

A similar outcome was seen testing birch, alder, hazel pollen,

and apple extracts (Figure 2D). While natural Bet v 1 and Aln g 1

were recognized equally, Nb32ILZ showed a higher reactivity to

natural Cor a 1 and Mal d 1. No binding was observed using an

unrelated nanobody (Figure 2D). Furthermore, when applying

separated, blotted pollen extracts, the binding of Nb32 and

Nb32ILZ to natural counterparts was confirmed as a distinct

protein band at around 17 kDa (Figure 2E). Antibodies from Bet

v 1-specific rabbit serum served as positive control. No signal was

found when using an unrelated nanobody or an unrelated

rabbit serum.
Nb32ILZ displays slow dissociation rates
from Bet v 1, Aln g 1 and Cor a 1

SPR-based kinetic studies were performed to examine the real-

time interaction between Nb32ILZ and Bet v 1 and its cross-reactive

allergens Aln g 1 and Cor a 1 (Figure 3A). Due to its avidity and

possibly due to a certain density of allergens immobilized to the

chip surface, Nb32ILZ trimers formed highly stable complexes with

all tested allergens. Since the evaluation software did not offer an

appropriate mathematical model to analyze avidity, recorded

kinetic data of Nb32ILZ (Figure 3A) are displayed as sensorgram

in comparison with recorded data of Nb32 (Figure 3B) using the

same chip surface and the same setting. Even without providing

technically sound dissociation rate constants, it is obvious that

Nb32ILZ forms more stable complexes (= lower dissociation rate)

than Nb32 based on multiple binding to the applied allergen.

Nevertheless, to illustrate Nb32ILZ trimers´ capacity to form

stronger complexes with all three allergens than Nb32, the 1:1

binding model was exploited. Dissociation rate constants (kds) of

7.3*10-6/s for Bet v 1, 1.9*10-5/s for Aln g 1, and 3.7*10-5/s for Cor a
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1 were calculated for Nb32ILZ while kds of 9.9*10
-5/s for Bet v 1,

1.0*10-4/s for Aln g 1, and 2.1*10-4/s for Cor a 1 were calculated for

Nb32 (Figure 3B; Supplementary Table S2). These results confirmed

dissociation rates found earlier (33).
Nb32ILZ inhibits polyclonal IgE binding to
Bet v 1, Aln g 1, Cor a 1, Mal d 1, and
pollen extracts

To investigate the ability of Nb32 and Nb32ILZ to block the

interaction between patients’ IgE antibodies and recombinant

(Figure 4A) or natural (Figure 4B) allergens from pollen extracts,

plate-bound allergens were incubated with an excess of Nb32 and

Nb32ILZ or buffer and exposed to patient sera. Both Nb32ILZ and

Nb32 significantly inhibited polyclonal IgE binding to Bet v 1, Aln g

1, and Cor a 1, whereas only Nb32ILZ was able to significantly

reduce IgE binding to Mal d 1 as well as natural allergens from birch

and alder pollen extracts (Figures 4A, B). In detail, Nb32ILZ

blocked more than 90% of Bet v 1-IgE binding in 15 out of 19

tested Bet v 1-sensitive patients (ranging from 73% to 97%

inhibition) while Nb32 reached a mean inhibition of 76%

(ranging from 57% to 92% inhibition) (Supplementary Table S3).

Patients’ IgE binding to cross-reactive allergens was always stronger

reduced by Nb32ILZ than by Nb32 (Aln g 1: 75% versus 65%, Cor a

1: 81% versus 48%, Mal d 1: 25% versus 4% inhibition, natural Bet v

1: 86% versus 67%, and natural Aln g 1: 84% versus 73%,

Supplementary Table S3). Individual blocking percentages for

Nb32ILZ and Nb32 are shown for al l 20 donors in

Supplementary Table S3.
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Nb32ILZ decreases allergen-induced b-
hexosaminidase release from
sensitized basophils

To evaluate the potential of Nb32ILZ to inhibit effector cell

degranulation, rat basophil leukemia (RBL-) assays were

implemented. Allergens pre-incubated with excess of Nb32ILZ,

Nb32 or buffer were added to IgE-loaded cells. Basophil

degranulation was reduced by both Nb32ILZ and Nb32 for most

patients reaching inhibition levels of more than 80% (Figure 5;

Supplementary Figure S2).

In detail, Nb32ILZ blocked over 60% of Bet v 1-induced

basophil degranulation in 8 out of 13 tested Bet v 1-sensitive

patients (ranging from 2% - 90%) while Aln g 1-induced

mediator release was suppressed much stronger for all tested sera

with an inhibition potential of at least 75% (ranging from 75% -

97% inhibition, Supplementary Tables S4, S5). Cor a 1-induced b-
hexosaminidase release was blocked in the range of 35% - 95% by

Nb32ILZ, whereas Mal d 1-induced effector cell responses could be

suppressed with a maximal inhibition of 66% (ranging from 0% -

66%, Supplementary Tables S4, S5). Individual blocking

percentages for Nb32ILZ for all applied allergen concentrations

and all tested sera are shown in Supplementary Tables S4, S5.

Comparing the potential of Nb32 and Nb32ILZ trimer to

inhibit effector cell degranulation, it turned out that Nb32 and

Nb32ILZ reduced Bet v 1- and Aln g 1-induced ß-hexosaminidase

release in the same range. This outcome is inconsistent with our

former findings where Nb32ILZ trimer had a superior blocking

effect on Bet v 1-induced basophil degranulation compared to Nb32

(33). Of note, Nb32ILZ caused a stronger reduction of Cor a 1- and
A

B

FIGURE 3

Sensor chip-based interaction study of the Bet v 1-specific Nb32ILZ (A) and Nb32 (B) with Bet v 1 and its cross-reactive allergens Aln g 1 and Cor a 1.
Allergens were immobilized on the chip and nanobodies were injected in two-fold increasing concentrations. Recorded curves (gold lines) are
shown. Superimposition of recorded curves (gold lines) and calculated (gray lines) curves are indicated for Nb32 (B). Signal intensities (RU) are
displayed (y-axes) versus time in seconds (x-axes). Dissociation rate constants (kd) and T values (indicator of parameter reliability, over 100 is
considered reliable) are shown. Displayed nanobody concentrations range from 0.172 nM to 44 nM (Nb32ILZ) and 0.313 nM – 40 nM (Nb32).
Featured graphs are representatives of four (Aln g 1) or six (Bet v 1, Cor a 1) independent experiments.
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Mal d 1-induced ß-hexosaminidase release, a result that proves the

enhanced cross-protection of trimeric Bet v 1-specific nanobodies

(Supplementary Figure S2, Supplementary Table S5).
Nb32ILZ reduces Bet v 1-IgE complex
formation and binding to CD23 expressed
on B cells

To examine the capacity of Nb32ILZ to prevent facilitated

antigen binding (FAB) to human B cells, Bet v 1 was pre-

incubated with Nb32ILZ, Nb32, a Bet v 1-specific IgG antibody

(BIP 1) and a Bet v 1-specific rabbit serum or corresponding

controls. While the polyclonal rabbit serum targeting various

epitopes on Bet v 1 fully inhibited IgE binding to CD23 on B

cells, a bivalent monoclonal antibody strongly reduced IgE binding.

Noteworthy, Nb32ILZ and also Nb32 decreased IgE binding.
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Neither the unrelated nanobody, nor the unrelated antibody BIP

3, nor the unrelated rabbit serum had any influence on the IgE

binding (Supplementary Figure S3).
Discussion

While allergen-specific nanobodies as tools for food surveillance

to identify traces of nut, lupine, and milk allergen contaminants

have already been explored, the application of allergen-specific

nanobodies as biologics for allergy prevention or treatment is a

rather new endeavour (31–33, 36, 55–57). Passive administration of

allergen-specific monoclonal antibodies has lately been proven to

provide a fast and efficient treatment option for allergies (21, 23). In

line with this, we very recently provided the first proof that allergen-

specific nanobodies similar to human monoclonal IgG antibodies

have great potential to shield IgE epitopes on Bet v 1 (33). However,
A

B

FIGURE 4

Scatter plot of serum IgE binding to (A) Bet v 1, Aln g 1, Cor a 1, and Mal d 1 or (B) birch and alder pollen extracts with and without nanobody
competition. Allergens were pre-incubated with Nb32ILZ, Nb32 or buffer and afterwards exposed to sera of birch pollen allergic patients. Displayed
OD values (y-axes) are shown as means of technical triplicates of each individual and correspond to the IgE - allergen interaction. Horizontal lines
within the charts show mean values and interquartile ranges. Significant differences (*p <0.05, **p <0.01, ****p<0.0001) are indicated.
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since the isolated Bet v 1-specific nanobody (Nb32) was able to only

partially inhibit Bet v 1-induced basophil degranulation, despite its

high affinity binding to Bet v 1, it became obvious that one single

specific nanobody is not sufficient to efficiently prevent allergen-IgE

interactions (33). This finding was not totally unexpected because it

has already been demonstrated that at least two monoclonal human

antibodies targeting non-overlapping epitopes are needed to fully
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cover Bet v 1 and inhibit IgE-mediated responses (20). In order to

optimize the blocking potential of Nb32 and to foster its cross-

reactivity and cross-protection to related PR-10 family allergens, we

formatted a trimeric nanobody, Nb32ILZ, based on the sequence of

Nb32. The difference to the original monomer is the addition of an

isoleucine zipper domain, enabling post-translational trimerization

(43). Trimerization of nanobodies turned out to be a reasonable
FIGURE 5

RBL cell assay to determine the potential of Nb32ILZ to suppress allergen-induced IgE-mediated degranulation of basophils. RBL cells transfected
with human FcϵRI were sensitized with sera from several birch pollen-allergic patients. Decreasing concentrations of Bet v 1, Aln g 1, Cor a 1, or Mal
d 1 (x-axes) were pre-incubated with Nb32ILZ (gold lines) or buffer (gray lines) and then added to the IgE-loaded cells. The percentage of b-
hexosaminidase release induced by Bet v 1, Aln g 1, Cor a 1, or Mal d 1 is displayed on the y-axes in relation to total b-hexosaminidase amount of
lysed cells. Values are shown as means of technical triplicates ± SDs.
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approach to enhance the avidity and size of nanobody monomers as

exemplified by a previous study demonstrating superior in vitro and

in vivo virus neutralization of nanobody trimers compared to their

monovalent precursor (42). Successful trimer formation of

Nb32ILZ was experimentally shown by size exclusion

chromatography, indicating a predominant presence of trimeric

nanobody molecules. This outcome was further supported by

AlphaFold2 calculations, which predicted the trimeric formation

of the isoleucine zipper domains, while the long hinge regions offer

a certain extent of flexibility for each of the three Nb32 monomers,

facilitating the interaction with the corresponding allergens.

However, since ILZ trimerization results from non-covalent

interactions, the presence of SDS as available in SDS-PAGE

induces separation of trimers into monomers. Thus the Nb32ILZ

migrates according to its molecular mass of 23 kDa (43, 58).

Trimerization and avidity is the most plausible reason for the

extended cross-reactivity of the nanobody trimer Nb32ILZ. While

Nb32 was only capable of recognizing Bet v 1 and Bet v 1-related

tree allergens but no pollen-related food allergens, Nb32ILZ bound

the whole panel of tested homologous allergens from tree pollen

and Bet v 1-associated foods. This result suggests a potential benefit

for birch pollen allergic patients suffering from birch pollen-related

food allergy. Since the binding site of Nb32 on Bet v 1 was mapped

on the C-terminus, which is reported to be the most variable region

in both length and sequence within the PR-10 allergen family, it

seems that a certain degree of amino acid sequence identity (around

70%) between Bet v 1 and homologous allergens is decisive for the

recognition by the nanobody monomer (33, 59, 60). Remarkably,

Nb32ILZ strongly reacted even with related allergens of low

sequence identities, e.g. Dau c 1 (26%), demonstrating that

similar three-dimensional structure and protein folding are

crucial for the cross-reactive interactions with the nanobody

trimer. Several studies support this finding, indicating that the

conserved three-dimensional structure of Bet v 1 relatives, i.e. the

Bet v 1 fold is a key factor for the extensive recognition regardless of

their amino acid sequence identities (9, 61–65). The broad ability of

Nb32ILZ to cross-react with related PR-10 allergens that prolong

allergic reactions beyond the birch pollen season renders Nb32ILZ a

valuable tool for the detection of allergenic load in the environment

and food and most importantly for the development of nanobody-

based birch pollen allergy treatment.

SPR-based kinetics revealed slower dissociation rate constants

of Nb32ILZ (at least 10-5/s) compared to the monovalent Nb32,

which were calculated to be in the range of 10-4/s (33). These stable

complex bindings are also above the reported SPR-measured

dissociation rate constants between 10-3/s and 10-4/s of Bet v 1/

monoclonal antibody complexes that have been already proven to

be effective in clinical studies (20, 23).

The capacity of Nb32ILZ to reduce the formation of Bet v 1-IgE

complexes and hence facilitated Bet v 1 binding (FAB) to B cells is

essential because it was already demonstrated that inhibition of FAB

is one important mechanism for the reduction of allergen-specific T

cell responses. Thus, our finding points to a diminished facilitated

Bet v 1 presentation and eventually T cell proliferation, an

assumption that is currently under investigation and will be

published elsewhere.
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Remarkably, the nanobody trimer’s distinct potency to inhibit

polyclonal IgE binding to Bet v 1 and tree relatives comparable to

reported Bet v 1-specific monoclonal IgG antibodies and its

pronounced suppression of IgE-triggered basophil degranulation

corroborated a prospective application of protective nanobodies to

treat allergy. As previously shown, over 90% IgE binding to Bet v 1

has to be blocked to achieve maximal inhibition of allergic effector

cell degranulation (20). This strong effect could only be reached

using a cocktail of monoclonal IgG antibodies binding

noncompetitively to Bet v 1 (20). Consequently, the capacity of

Nb32ILZ to decrease basophil degranulation up to ~ 90%, at least

for several patients, is remarkable and emphasize the inhibitory

potential of formatted nanobody multimers. The fact that the

inhibition of IgE antibodies to recognize natural allergens from

birch, as well as alder pollen extracts, occurred to the same extent as

of their recombinant counterparts is a hint that Nb32ILZ is a

promising candidate for inhibiting allergen-IgE interactions after

pollen exposure.

Of note, the moderate ability of Nb32ILZ to reduce Mal d 1-

triggered mediator release, our surrogate for Bet v 1-associated food

allergens, reflected its low cross-protection presumably based on the

observed reduced cross-reactivity of Nb32ILZ with Mal d 1. This

outcome might result from the fact that besides common IgE

epitopes also individual IgE binding sites are available on PR-10

family allergens (9). In line with this, it was reported that epitope

consistency at the C-terminal helical motif between Bet v 1 and Mal

d 1 is limited (62, 66).

To address this issue and to eventually develop multivalent

blocking nanobodies that are applicable for all patients, we need to

refine our current approach. Therefore, we aim to combine diverse

nanobody monomers to a superior heteromultimeric nanobody

format in order to target additional epitopes already proven to be

needed for efficient protection (20, 67, 68). To facilitate a versatile

generation of bi- or multiparatopic nanobodies, we plan to combine

nanobody monomers to a multimeric construct already at DNA

level without relying on post-translational multimerization.

Furthermore, multimeric nanobodies like the reported Nb32ILZ

(~ 70 kDa) offer the advantage of a molecular weight above the

critical size of approximately 50 kDa preventing rapid elimination by

glomerular clearance (69). The prolonged availability of a protective

nanobody in the circulation will be of great importance to defend

against repeated allergen contact during the pollen season. In this

context, pharmacokinetic/pharmacodynamic studies have already

demonstrated that antibody quantities of 10 mg/l suffice to block

Bet v 1 or Fel d 1-induced mast cell degranulation in passive

cutaneous anaphylaxis mouse models and offer sustained inhibition

of nasal allergic symptoms provoked by birch pollen (20, 22–24).

To experimentally evaluate the in vivo half-life, immunogenicity

and efficacy of a putative Bet v 1-specific nanobody trimer, mouse

models have to be established. Once verified to be protective,

allergen-specific nanobodies may provide some advantages

compared to conventional antibodies such as easy refinement by

reformatting and low production costs.

In conclusion, we succeeded to engineer Bet v 1-specific

nanobody trimers with promising potential to inhibit IgE-

mediated mediator release in vitro. Our Bet v 1-specific nanobody
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trimer Nb32ILZ is the first prototype of a next-generation

nanobody platform for the development of nanobody-based

allergy treatment.
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